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Abstract

Vestre Blomsterskardsbreen is the southernmost glacier outlet of southern Folgefonna, a
maritime temperate plateau glacier located on the Folgefonna peninsula in western Norway. It
drains into Lake Midtbotnvatn, which is located approximately 5 km from the present glacier
terminus.

Vestre Blomsterskardsbreen is an adequate area to reconstruct glacier fluctuations based on
interpretation of proglacial sediments. A limiting factor is the fact that Lake Midtbotnvatn is
regulated for the development of hydroelectrical power since AD 1953, which enlarged the
sedimentation rate many times over normal and hence prevents any interpretation of the

sediment with respect to glacial activity since then.

A continuous record of the relative glacial activity of the glacier outlet has been compiled for
the time period AD 1953 to 4235 cal. years BP, based on the DBD record of proglacial
sediments and according radiocarbon datings. The reliability of the results was limited by the
greatly disturbed sediment structure of the core.

Proglacial sediment studies revealed that Vestre Blomsterskardsbreen has been present in the
catchment at least during the past 4235 cal. years BP, with remarkable peaks in relative
glacial activity around 4200, 2650, 2150, 1800, 1600, 1100 and 140 cal. years BP. Lichen-
dated marginal moraines indicate, that the Little Ice Age (LIA) maximum advance occurred
during the first half of the 18" century. The latest LIA glacier expansion was dated to AD
1945,

The relative glacial activity record of Vestre Blomsterskardsbreen was linked to natural
climate archives. As a result, the glacier outlet is considered an indicator for winter climate
variability, the winter NAO index and the strengths of the westerlies at the west coast of
Norway. Furthermore the glacial record was compared to several selected glacier sites in the
Northern Hemisphere; four common glacier advances correspond to the overall relative

glacial activity pattern of Vestre Blomsterskardsbreen.
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Chapter 1 Introduction

1 Introduction and approach to the study area

1.1 Introduction

During the last decades, modern climate change has been receiving more and more public
attention, as has the fact that it has anthropogenic causes, mainly in form of steadily
increasing greenhouse gas emissions. To understand past natural climate variations and
present global warming, and to be able to model future natural climate developments and the
human impact on those, it is important to achieve as much knowledge as possible about past
climates.

Glaciers in general are good climate indicators, reacting on changes in summer temperature
and winter precipitation of different scales. Folgefonna glacier in southern Norway is, due to
its maritime setting, considered as a very sensitive indicator for climate variations in this part
of the North Atlantic region.

My supervisor, Dr. Jostein Bakke, has performed much research work at Folgefonna with
focus on glacier fluctuations and climate variations. The theme of this Master’s thesis was his
suggestion: glacier fluctuations and sediment transport of Vestre Blomsterskardsbreen, which

is the southernmost glacier outlet of southern Folgefonna.

1.2 Purpose of the study

The purpose of this study is to reconstruct Holocene glacier fluctuations at Vestre
Blomsterskardsbreen. Reconstructions are based on quaternary mapping of the study area
including lichenometric dating of marginal moraines, and, more importantly, analyses of
proglacial sediments brought up from Lake Midtbotnvatn, which is the lake Vestre

Blomsterskardsbreen drains into. The main research questions in this study are

1. Can sediment from the distal glacier-fed lake Lake Midtbotnvatn be used to
reconstruct past glacier fluctuations at Vestre Blomsterskardsbreen?

2. How did the glacier Vestre Blomsterskardsbreen fluctuate during the Late Holocene?

3. What is the timing of the LIA maximum extent of the glacier Vestre
Blomsterskardsbreen, and how is this glacier behaving compared to other glaciers in
the Northern Hemisphere?

4. How does a maritime glacier outlet like Vestre Blomsterskardsbreen respond to

climate variations, also compared to other glacier sites of the Northern Hemisphere?
1



Chapter 1 Introduction

1.3 Approach to the study area

Folgefonna glacier in western Norway is located on the Folgefonna peninsula in the area of
high mountains between the Sgrfjord, the Akrafjord and the Hardangerfjord, oriented in a
north-south direction. The temperate plateau glacier, with its location close to the west coast
of Norway, is maritime, which indicates that precipitation, not temperature, is the decisive
factor for the glacier’s existence (Ryvarden and Wold 1991; Bakke et al. 2005c). The winter
precipitation in turn is strongly related to the North Atlantic Oscillation index; therefore
maritime glaciers in southwestern Norway are considered important indicators for the winter
climate variation patterns in the North Atlantic region back in time (Six et al. 2001; Hurrell et
al. 2003; Bakke 2004). Today Folgefonna is separated into three parts: northern, middle and
southern Folgefonna, covering a total area of 219 km? (as of 1988) (@strem et al. 1988).
Southern Folgefonna is the third largest glacier in Norway; it has 17 glacier tongues, covers
an area of 185 km? (as of 1988) and ranges between 490 m and 1660 m in altitude a.s.l.
(Dstrem et al. 1988). The ice thickness of southern Folgefonna is around 155 m on average
(Tvede 2008, 27).

Figure 1.1 3D-illustration showing the Folgefonna peninsula in south-western Norway and the three parts
of Folgefonna glacier: northern, middle and southern Folgefonna. The red line indicates the study area,
located at the south side of southern Folgefonna. (lllustration: Kjell Helge Sjgstram, University of Bergen)

2



Chapter 1 Introduction

1.4 Description of the study area

The study area is located at the southern part of southern Folgefonna, covering the drainage
basin of Lake Midtbotnvatn, which is located in front of the glacier tongue Vestre
Blomsterskardsbreen, also called Svelgabreen (Helleland 2008, 425).

The geographical coordinates of the study area are N59°54°20°” to N59°57°10’ in north-
south direction and E06°10°40°* to E06°19°30”” in east-west direction. The study area covers
approximately 45 km?, around 26 km? of this is covered by glacier ice.

Vestre Blomsterskardsbreen is an outlet glacier of southern Folgefonna, reaching up to 1640
m a.s.l. in elevation, while its lowest point at the terminus is 820 m a.s.l. (Tvede and Liestal
1977). The aspect of the accumulation area slope of the glacier tongue is south, the one of the
ablation area is south-west (Jstrem et al. 1988). In 2007, Vestre Blomsterskardsbreen covered
an area of 22.5 km? (Kjgllmoen 2009); due to its size and its comparative shallowness the
glacier tongue is considered to have a longer response time than other, smaller outlets of
southern Folgefonna.

Vestre Blomsterskardsbreen drains into Lake Midtbotnvatn (2 km? lake area), which is
located approximately 5 km southwest of the glaciers’ terminus, in between partly steep rock
faces; the highest point in the surroundings is Bladalshorga in the south, with an elevation of
1302 m a.s.l. (see Figure 1.2).

The glacier outlet of Blomsterskardsbreen is divided into two tongues and as such into two
hydrological units, Vestre Blomsterskardsbreen (22.5 km? in 2007) and @stre
Blomsterskardsbreen (22.8 km? in 2007) (Tvede and Liestsl 1977; Smith-Meyer and Tvede
1996; Kjgllmoen 2009). With the development of hydroelectric power since the middle of the
20™ century in the Folgefonna area, the drainage system of Vestre Blomsterskardsbreen was
regulated. In 1970, a tunnel was constructed to lead the drainage water from @stre
Blomsterskardsbreen, which previously flowed into river Londalselv, to river Bladalselv,
Insta Botnane, where the meltwaters from both glacier tongues coalesce. Today the drainage
system of Vestre and @stre Blomsterskardsbreen can therefore be seen as that of one glacier
unit (Tvede and Liestgl 1977). Further regulations were implemented since the early 1950s. In
1953 a 650 m long tunnel to Lake Bladalsvatn was build to drain water. That way, Lake
Midtbotnvatn could be drained down 40 m (Tjelmeland 1992). In 1958 Lake Midtbotnvatn
was dammed to keep the large amount of water which came as meltwater from the glacier in
summer, in order to have enough water in winter time for the production of hydroelectric
power (Tjelmeland 1992). This dam was enlarged and amplified in 1967, 1983 and 1992;
today Lake Mitdbotnvatn has a capacity of 102 million m*® water between highest and lowest

3
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water level. The total height of regulation of Lake Midtbotnvatn is 70 m (Tjelmeland 1992);
the regulated minimum and maximum values of elevation of Lake Midtbotnvatn are 700-770

m a.s.l. The maximum water depth is approximately 100 m.
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Figure 1.2 General map of the study area that is indicated with red line (UTM grid system WGS84, Zone
32V) and location of the study area in a map of south Norway.
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1.5 Bedrock geology

Two orogenic phases influenced the bedrock geology of the Folgefonna peninsula: the
Sveconorwegian orogeny (1250-900 million years BP) and later the Caledonian orogeny
(600-400 million years BP) (Askvik 1995).

Of those, the Caledonian orogeny is the one that had the greatest geologic impact. In the
beginning of this period the large continent broke apart; America and Eurasia started to drift
apart from each other, so that the first Atlantic sea, the so-called lapetus Sea, developed
between them (Askvik 1976, 1995; Fossen 2004a). This sea also covered the flat land which
is today’s Norway, depositing huge amounts of sediments which in the course of time became
rock. Due to the tectonic plate movement the American and Eurasian plates closed the
Atlantic sea again and collided with each other. Bedrock was folded and metamorphosed,
parts of the bedrock slid to some extent over the remainder, and additionally, there was
volcanic activity (Askvik 1976; Fossen 2004a). Today metamorphosed and volcanic bedrocks
dominate the geology of Folgefonna peninsula, accompanied by reams of foldings and
downthrows; and due to various metamorphological and intrusive processes a large amount of
different bedrock exists (Askvik 1976; Fossen 2004a).

The Caledonian orogeny influenced mainly the northern part of the Folgefonna peninsula,
where the bedrock geology is linked with the geology of the Telemark Supergroup, which to a
great extent is in the Telemark area, and whose deposition started around 1250 million years
BP (Askvik 1976, 1995).

In the southern part of the Folgefonna peninsula, older orogenies than the Caledonian orogeny
probably had the most decisive influence (Fossen 2004b). Precambrian rocks, formed deep
within the Earth’s crust during the time period 1000-1500 million years BP, dominate the
bedrock geology in the study area, which more precisely is basically composed of granite,
gneiss and, to a minor extent, gabbro and amphibolite. This can be gleaned from the

geological map of the Geological Survey of Norway (NGU), (Lutro 2005); cp. Figure 1.3.
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Geological map of the Folgefonna Peninsula
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Figure 1.3 Geological map of the study area (red line) (Modified from Lutro 2005)

1.6 Climate

1.6.1 Today’s climate

Today’s climate in the study area is exemplary for the climate at the west coast of Norway,
where the influences of the warm water masses of the Gulf stream and the position of the
atmospheric polar front are essential (see Figure 1.4) (Bakke 2004; Bakke et al. 2005c). The
polar front is the front zone between the warm and humid air masses coming from the south
and the cool and dry air from the north, appearing around 60°N (Bakke 2004; Utaaker 2004).
When pressed against each other, the lighter warm and moist air masses move above the
heavier cold air and cool off, resulting in front precipitation when the dew-point temperature
is reached (Skaar 2004). Large temperature anomalies within the polar front, which have their
6
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cause in the heat transport of the sea at Norway’s west coast, generate cyclones within the
North Atlantic zone of westerlies, which, migrating across Scandinavia, cause the prevailing
westerly and south-westerly winds (Broecker 1991 in Bakke et al. 2004; Hopkins 1991 in
Bakke et al. 2004; Bakke 2004; Utaaker 2004). Accordingly, the precipitation rate at the west
coast of Norway is dominated by strong westerlies in autumn and winter times (Skaar 2004;
Nordli et al. 2005). The westerlies, characterized as mostly wet air masses coming from a
western and south-western direction, release large amounts of precipitation when forced
uphill by the range of mountains trending in a north-south direction in south-western Norway
(Bakke 2004; Skaar 2004). Much of the precipitation, especially the winters, in the
Folgefonna area is thereby the result of orographically intensified front precipitation (Bakke
2004; Skaar 2004). The precipitation amount at the Folgefonna peninsula mainly depends on
the position of the atmospheric polar front with respect to quantity and strengths of the
cyclones within the westerlies, and on the temperature of sea surface (SST) of the North
Atlantic Sea (Bakke 2004; Nesje et al. 2004). The high winter precipitation rates at
Folgefonna, which bring enough snow to compensate for what melts away due to higher
temperatures during summer, are the reason for the glacier’s existence (Nesje et al. 2004).

The intensity of the westerlies is strongly related to the North Atlantic Oscillation index
(NAO index), which reflects the winter climate variation patterns in the North Atlantic region
(Six et al. 2001; Hurrell et al. 2003; Bakke 2004). The NAO index is defined by the pressure
difference between a subpolar low-pressure system near Iceland and a subtropical high-
pressure system near the Azores, calculated on mean centered pressures (Six et al. 2001;
Bakke 2004). A positive NAO index corresponds to mild and wet winter weather conditions
in northern Europe, while a negative NAO index corresponds to anticyclonic cold and dry
conditions, respectively (Six et al. 2001). The existence of a high-pressure field over
Scandinavia or western Russia can have a blocking impact on the preavailing westerlies,
which in that case are directed either north or south of south-western Norway; in south-
western Norway the zonal atmospheric winter circulation of the North Atlantic is in such
cases replaced by a quasimeridional circulation, and hence anticyclonic impact then
dominates the weather (Bakke 2004).

The net mass balances of the maritime glaciers in south-western Norway generally correlate
best with their winter net balance, and both the glacier mass balances and the winter
precipitation in the area are strong positively correlated to the NAO index (Bjune et al. 2005;
Nesje et al. 2008). Accordingly, long-term changes in atmospheric and oceanic circulation are
reflected in glacier variations in south-western Norway (Bakke 2004).
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Figure 1.4 Map of the modern North Atlantic region. Study area at the Folgefonna peninsula is shown in
the red frame. The average position of the atmospheric polar front is indicated by red arrows. The low-
pressure field near Iceland and the high-pressure-field over Scandinavia or western Russia have
important impact on the climate of Norway’s west coast. The black arrows indicate the mean ocean
currents of today’s North Atlantic region. (Modified from Bakke 2004, 3)

1.6.2 Today’s equilibrium line altitude

Today’s equilibrium line altitude of Vestre Blomsterskardsbreen was calculated to be at 1328
m as.l. (in 2007). The calculation was based on digital contour intervals of Vestre
Blomsterskardsbreen received from laserscanning in 2007 (Sylvia Smith-Meyer, NVE,

personal communication, 2010) (see Chapter 4).
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1.6.3 Precipitation

The high amounts of winter precipitation, mainly appearing as orographically enhanced front
precipitation, are the main reason for the existence of Folgefonna glacier (Bakke 2004; Nesje
et al. 2004; Skaar 2004). On annual terms, approximately 70% of the precipitation is snow,
while 30% falls as rain (Nesje et al. 2004). The western and the highest southern parts of
Folgefonna, including Vestre Blomsterskardsbreen, receive most of the precipitation (Nesje et
al. 2004). Annual precipitation values of up to 5500 mm at Blomsterskardsbreen are the
maximum values for the entire Folgefonna glacier (Tvede 1973; Tvede and Liestgl 1977;
Nesje et al. 2004). With such large winter precipitation at Blomsterskardsbreen, raising
summer temperatures due to climate change could until the 1970s not induce the significant
retreat of the glacier tongue, as could be observed at all other tongues of Folgefonna glacier,
and generally at most Norwegian glaciers (Tvede 1973; Jansen et al. 2007; Nesje et al. 2008).
For precipitation data, the measurements over the normal periods 1931-1960 and 1961-1990
of two climate stations, no. 47900 Indre Matre and no. 49490 Ullensvang Forsgksgard, are
used (see Table 1 and Table 2; accumulation season is from October to April, ablation season
from May to September (Paterson 1994)); data source is the Norwegian Meteorological
Institute (Det Norske Meteorologiske Institutt 2008).

Climate station no. 47900 Indre Matre is located 24 m a.s.l., at about 17 km air-line distance
from Vestre Blomsterskardsbreen in a southwesterly direction. Climate station no. 49490
Ullensvang Forsgksgard is located 12 m a.s.l., ca. 30 km in air-line distance northeast of the

study area.

Table 1 Normals of precipitation in mm 1931-1960 and 1961-1990, for station no. 47900 Indre Matre
(Det Norske Meteorologiske Institutt 2008)

INDRE MATRE
Normals Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec | Abl Acc. Year
1931-1960| 275 233 168 194 110 180 172 229 305 353 311 316 | 996 1850 2846
1961-1990| 284 204 247 126 136 185 195 223 370 389 355 356 | 1109 1961 3070

Table 2 Normals of precipitation in mm 1931-1960 and 1961-1990, for station no. 49490 Ullensvang
Forsgksgard (Det Norske Meteorologiske Institutt 2008)

ULLENSVANG FORS@KSGARD

Normals Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec | Abl.  Acc. Year
1931-1960 | 143 110 69 96 44 67 68 83 130 160 132 150 | 392 860 1252
1961-1990 | 144 94 110 51 50 64 75 92 157 181 163 169 | 438 912 1350
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Figure 1.5 A) Mean annual precipitation (mm/year) in south Norway during the normal period 1961-1990.
The precipitation values at the southwest coast of Norway are very high compared to the inland. The
study area is marked with red frame (Modified from Det Norske Meteorologiske Institutt 2009a). B)
Diagram of the measured mean monthly precipitation rates in the normal period 1961-1990 at the climate
stations Indre Matre and Ullensvang Forsgksgard (Det Norske Meteorologiske Institutt 2008)

In the normal period 1931-1960, the mean annual precipitation rate at Indre Matre was 2846
mm. In the normal period 1961-1990, increased values of mean annual precipitation were
measured, 3070 mm.
The mean annual precipitation rate at Ullensvang Forsgksgard in the 1931-1960 normal
period was 1252 mm, which was less than half of the value of Indre Matre. For the normal
period 1961-1990, the measured mean annual precipitation value at Ullensvang Forsgksgard
was 1350 mm, which represents a slight increase compared to 1931-1960, but still remarks a
great difference compared to the Indre Matre precipitation values.
The remarkable lower mean annual precipitation rates at Ullensvang Forsgksgard have their
main reason in the fact that the majority of the annual precipitation at Folgefonna results from
orographically intensified front precipitation (Bakke 2004; Nesje et al. 2004; Skaar 2004),
which causes high precipitation rates at the windward areas located to the western and
southwestern parts of Folgefonna, and lower ones at the leeward areas located to the eastern
side. A minor contributing explanation for the differing precipitation values is the height
above sea level of the two climate stations; Indre Matre is located 12 m higher and, according
to the fact that precipitation values increase with altitude (Haakensen 1989), Indre Matre
would be expected to receive more precipitation then Ullensvang Forsgksgard. Due to the
study area’s location at the southwestern side of Folgefonna, the climate station Indre Matre is
expected to indicate most closely the local mean annual precipitation there.
The exponential increase of precipitation with 8%/100 m altitude also causes that mean
annual precipitation values on the Folgefonna glacier itself differ from the climate stations
10



Chapter 1 Introduction

Indre Matre and Ullensvang Forsgksgard (Haakensen 1989). The measured mean
accumulation season precipitation value at Indre Matre climate station in the normal period
1961-1990 was 1961 mm. Calculations from the assumption of an exponential increase of
precipitation with 8%/100 m altitude indicate a mean winter precipitation rate of 3361 mm at
Lake Midtbotnvatn (700 m a.s.l.) and of 5333 mm at today’s ELA (1328 m a.s.l. in AD 2007)

Based on a study of ten Norwegian glaciers that exist at present in both maritime and
continental climate regimes, a close non-linear (exponential) relationship (Liestal
relationship) between mean ablation-season temperature (1. May — 30. September) and annual

winter precipitation at the ELA was proved (Figure 1.6) (Liestal in Sissons 1979; Sutherland
1984; Dahl et al. 1997, 170).
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Figure 1.6 Based on ten at present existing Norwegian glaciers in both maritime and continental climate
regimes, a close non-linear (exponential) relationship between mean ablation-season temperature (t) (1.
may — 30. september) and annual winter precipitation (A) at the ELA is demonstrated. (1. Alfotbreen, 2.
Engabreen, 3. Folgefonna, 4. Nigardsbreen, 5. Tunsbergdalsbreen, 6. Hardangerjgkulen, 7. Storbreen, 8.
Austre Memurubreen, 9. Hellstugubreen, 10. Grasubreen) (Dahl et al. 1997, 170)
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This relationship corresponds to the following regression equation:

A = 0.915¢%%
(r? =0.989; P < 0.0001)

Equation 1 The regression equation for the relationship between mean ablation-season temperature and
annual winter precipitation (Ballantyne 1989, 105)

A is winter precipitation expressed in meters water equivalent and t is temperature in °C; ris a
measure of correlation, r? is the coefficient of determination and P is a measure of probability
(Ballantyne 1989; Dahl et al. 1997).

Based on the Liestal relationship, the mean annual accumulation season precipitation at
today’s ELA (1328 m a.s.l.) is calculated to 4346 mm. The differences between the calculated
winter precipitation at today’s ELA based on the Liestal relationship (4346 mm) and the one
based on the assumed exponential increase with 8%/100 m altitude (5333 mm) are attributed

to local topographical variations.

1.6.4 Temperature

The location of the Folgefonna glacier at the west coast of Norway, so close to the North
Atlantic sea and the Gulf Stream which transports warm water masses northwards, causes a
maritime climate of the setting (Ryvarden and Wold 1991; Bakke et al. 2005c¢).

As for precipitation data, the temperature data of the climate stations no. 47900 Indre Matre
and no. 49490 Ullensvang Forsgksgard are used (Table 3 and Table 4); data source is the

Norwegian Meteorological Institute (Det Norske Meteorologiske Institutt 2008).

Table 3 Normals of temperature in °C 1931-1960 and 1961-1990, for station no. 47900 Indre Matre
(Det Norske Meteorologiske Institutt 2008)

INDRE MATRE

Normals Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec | Abl Acc. Year
1931-1960| 0.7 06 27 58 103 127 148 142 113 77 49 26 | 127 3.6 7.4
1961-1990) 1.1 08 26 58 103 132 142 136 108 8 43 2 124 3.5 7.2

Table 4 Normals of temperature in °C 1931-1960 and 1961-1990, for station no. 49490 Ullensvang
Forsgksgard (Det Norske Meteorologiske Institutt 2008)

ULLENSVANG FORS@KSGARD

Normals Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec | Abl Acc. Year
1931-1960| -0.7 -06 16 55 104 134 157 147 109 67 38 13 13 25 6.9
1961-1990| -0.2 -04 1.7 52 10.2 138 15 141 105 7.1 3.1 09 | 127 25 6.8

12
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Figure 1.7 A) Mean annual temperature (°C) in south Norway during the normal period 1961-1990. The
study area is marked with black frame (Modified from Det Norske Meteorologiske Institutt 2009b). B)
Diagram of the measured mean monthly temperature values (°C) in the normal period 1961-1990 at the
climate stations Indre Matre and Ullensvang Forsgksgard (Det Norske Meteorologiske Institutt 2008)

The average annual temperature value at Indre Matre in the 1931-1960 normal period was
7.4°C. In the 1961-1990 normal period, the average annual temperature value was slightly
lower, 7.2°C.

At Ullensvang Forsgksgard the average annual temperature value was 6.9°C in the normal
period 1931-1960; and 6.8°C slightly lower in the normal period 1961-1990.

Higher ablation-season temperatures and lower accumulation-season temperatures compared
to the Indre Matre climate station indicate less maritime influence at the Ullensvang
Forsgksgard climate station, which is located at the lee side east of Folgefonna glacier. Due to
the south-western location of Vestre Blomsterskardsbreen, the Indre Matre climate station is
assumed to be the most reliable one for the study area.

The temperature on the Folgefonna glacier is due to increased altitude lower than the
measured values at the climate stations Indre Matre and Ullensvang Forsgksgard. Based on
comprehensive research work in western Norway, Dahl and Nesje (1992) indicate the
adiabatic lapse rate being 0.6°C/100 m altitude. The mean ablation-season temperature of the
normal period 1961-1990 was 12.42°C, which, assuming a decrease in temperature of
0.6°C/100 m altitude, indicates a mean summer temperature of 8.36°C at Lake Midtbotnvatn
(700 m a.s.l.) and 4.60°C at today’s ELA (1328 m a.s.l.).

13
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1.6.5 Wind

The westerlies are the most important influencing factor for prevailing wind directions and
strengths at the Folgefonna peninsula. Cyclones, generated mainly in the area southwest of
Iceland within the atmospheric polar front, migrate from the North Atlantic Sea inland across
south-western Norway (Utaaker 2004). The prevailing wind direction at the Folgefonna
peninsula are southerly, westerly, and southwesterly winds (Bgrresen 1987; Bakke 2004;
Utaaker 2004); and especially in autumn and winter times the westerlies dominate the
precipitation rate at the west coast of Norway (Skaar 2004; Nordli et al. 2005). Local
topography has a strong influence on the prevailing wind directions and strengths (Utaaker
2004). Moreover, Folgefonna glacier causes katabatic winds. Air upon the glacier is cooled by
the ice and thus gets heavier, resulting in downhill winds. In the valleys, the air then re-warms
and ascends (Nesje et al. 2004). According to the aspect of the glacier tongue, the katabatic
winds blowing down from Vestre Blomsterskardsbreen have prevailing north-eastern
directions.

During the accumulation seasons between 1970 and 1990 the strength of the average
westerlies in the North Atlantic region steadily increased (Tvede and Laumann 1996 in Smith-
Meyer and Tvede 1996). The result of this was an increase in the amount of snow
accumulation in the accumulation area of Blomsterskardsbreen during that period due to
higher snow blow-out from the west and southwest orientated parts of Mgsevassbreen. The
strengthened winds from west to east were, next to the precipitation rates, one of the main
contributing factors to the volume steadiness of Blomsterskardsbreen during the last century,

in contrast to many other glacier outlets at Folgefonna (Smith-Meyer and Tvede 1996).

1.7 Previous relevant investigations in the study area

The first person who wrote about Folgefonna was priest Peder Claussgn Friis in the year
1600. In 1752 Erich Pontoppidan mentioned the glacier in his book “Det forste forsgg paa
Norges Naturlige Historie” (Ryvarden and Wold 1991). The first explicit description
including scientific mapping, basically of the main glacier tongues Bondhusbreen, Buerbreen
and Blabreen, was created by priest S.A. Sexe within his book “Sneebreen Folgefond” in
1864 (Sexe 1864).

In the second half of the 19" century the photographer Knut Knutsen took pictures of
Folgefonna, which were later useful for scientific work in the region in order to reconstruct

the last great glacier advance (Bakke et al. 2000).
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Geologist Rekstad (1905) made observations of some of the largest glacier tongues of
Folgefonna in the very beginning of the 20" century. He described and took pictures of
Bondhusbreen, Pyttabreen, Buerbreen and Blomsterskardsbreen.

In the 20" century Folgefonna was mentioned and described in many yearbooks of the
Norwegian Tourist Association (Den Norske Turistforening) and in local village books
(bygdebgker) (Bakke et al. 2000).

Several Master’s theses about areas around Folgefonna were written. Risan (1950) created a
quaternary map of the Kvinnherad region. Among other areas, Bladalen was described. The
moraines that were located along the earlier rivers, which went down from Lake Mgsevatn
and Lake Midtbotnvatn, were supposed to be of the same stage since they were so close
together. They probably came from two glaciers that were calving into Lake Bladalsvatn
contemporaneously. Furthermore there were moraines located around Lake Midtbotnvatn, so
it seems likely that there was a glacier calving in here as well at some time.

Follestad (1970) described the ice movement and deglaciation history of the southwestern
Folgefonna peninsula after the Weichselian ice age. His research work was based on dates
from earlier studies in that area, air photographs, and on his own geomorphological
investigations.

As a result of an extensive development of hydroelectric power since the 1960s, Folgefonna
and the region around were the subject of many research studies containing among other
things mass balance and volume variation measurements, meltwater measurements, water
mass calculations and mapping (Pytte 1969; Tvede 1972, 1973; Tvede and Liestgl 1977;
Hagen et al. 1993; Tvede 1994). Many of the scientific works in that time period were
connected to the Norwegian Water Resources and Energy Directorate (Norges Vassdrags- og
Energidirektorat NVE). The research area in most of the studies was southern Folgefonna
(Kennett and Setrang 1987; Tvede 1994; Smith-Meyer and Tvede 1996; Elvehgy 1997,
1998).

In the 1970s and 90s the scientific works from Tvede (Tvede 1972, 1973; Tvede and Liestgl
1977; Tvede 1994) gave a comprehensive picture of Folgefonna. In his Master’s thesis in
1972, he made mass balance measurements of two balance years on different parts at middle
Folgefonna and on Blomsterskardsbreen, and compared the results. There were differences in
mass balances and in the height of the equilibrium line altitude for different parts of the
glacier area. Tvede concluded that the differences in regional glacio-climatic conditions in the
Folgefonna area were primarily driven by variations in precipitation. Moreover fluctuation

histories since the “Little Ice Age” (LIA) of different glacier tongues at Folgefonna were
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reconstructed, using methods such as lichenometry and interpretation of air photographs.
According to Tvede (1972), the northern parts of Folgefonna had their maximum expansion
around 1750, but the more southerly the glacier tongues are located, their maximum
expansion took place later. Some glacier tongues at the southern part of southern Folgefonna
had their maximum expansion during the LIA not before 1930, as for example @stre
Blomsterskardsbreen, which did not retreat significantly until 1972 (Tvede 1972). These
differences led to his conclusion that the recent glacial history of Folgefonna is different
compared to other southern Norwegian glaciers. In his study in 1973, Tvede confirmed this
and explained the phenomenon with higher winter precipitation rates because of the maritime
location and in case of Blomsterskardsbreen the south-western slope direction.

Tvede and Liestgl (1977) made a detailed study on Blomsterskardsbreen concerning mass
balance measurements and reconstructions of recent fluctuations. They came to the
conclusion that Blomsterskardsbreen had its LIA maximum expansion in 1940, which is in
strong contrast to other southern Norwegian glacier tongues that had earlier maximums.
During the last decade, a couple of Master’s theses and one dissertation with focus on the
Folgefonna area were written at the University of Bergen. In 1997 the HOLSCATRANS-
project (Holocene glacier and climate variations along a north-south Scandinavian transect)
was established with the goal to get continuous high resolution reconstructions of glacier
variations along a north-south transect in Scandinavia (Simonsen 1999). Connected to this
project, three Master’s theses in the Folgefonna area were completed, in order to reconstruct
glacier and climate variations during the Holocene. The studies included, among other things,
quaternary mapping, proglacial and terrestrial sediment studies and dating through
lichenometry. Bjelland (1998) worked in Buerdalen, southern Folgefonna, Simonsen (1999)
in Bondhusdalen, southern Folgefonna, and Bakke (1999) at northern Folgefonna.

In his dissertation, Bakke (2004) made a continuous reconstruction of the equilibrium line
altitude at northern Folgefonna during the Lateglacial and Holocene. Furthermore, glacier size
variations along a north-south transect in Norway were evaluated and implicated with
atmospheric circulation patterns. Glaciers along the west coast of Norway, including
Folgefonna, were used as paleoclimatic indicators for the development of the climate in the
western part of the North Atlantic region. In this connection the atmosphere-ocean interaction
is essential, for example fluctuations in the Atlantic Meridional Overturning Circulation
(AMOC) can influence the climate significantly (Bakke et al. 2005a). Further articles about
Folgefonna followed (for example Bakke et al. 2008).
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In 2006 Edvardsen and Bjgnnes completed their Master’s theses (Bjennes 2006; Edvardsen
2006). Both had study areas located at southern Folgefonna. Edvardsen (2006) reconstructed
the paleoclimate of Sauabreen. Bjgnnes (2006) worked at Mgsevassbreen and reconstructed
glacier fluctuations and climate variations during the Holocene, based on analyses of
glaciolacustrine sediments and quaternary mapping. Moreover she linked the results of her
study to the influence of the sea surface temperature (SST) of the western part of the Atlantic
Ocean on maritime glaciers like Folgefonna.

Voster (2007) wrote a Master’s thesis about variations of the mountain vegetation and tree
line in Raunsdalen, northern Folgefonna, as a result of land use and climate changes.

In 2008 Tolo finished her Master’s thesis. She investigated glacier fluctuations and climate
changes of Dettebreen, northern Folgefonna, during the late Holocene, based on quaternary
mapping and analyses of glaciolacustrine sediments; and she compared the results amongst
other things with the NAO index, the SST of the North Atlantic of the last 3000 years, and
temperature data from Greenland ice cores (Tolo 2008).

Two definitive books, “Naturhistorisk Vegbok Hordaland” and “Folgefonna og
Fjordbygdene”, were published in 2004 and 2008, respectively. Both works contain
comprehensive information about the Folgefonna peninsula with respect to topics such as
geomorphology, geology, history, ecology, climatology, glaciology, and hydrology (Helland-
Hansen 2004; Brekke et al. 2008).
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2 Quaternary mapping of the study area

This chapter contains the description of the method of quaternary mapping, and of the
equipment used in the preparation for and during fieldwork in the study area, and for
subsequent data handling. The results are presented in the quaternary map of
Blomsterskardsbreen and Midtbotnvatn (see Appendix 1) and interpreted in this chapter.
Finally, the dating method of lichenometry is described and applied on marginal moraines in

the field area.

2.1 Quaternary mapping - method description

Quaternary mapping is a method used to investigate superficial deposits that have their origin
in the time period of the Quaternary. There are two main purposes of quaternary mapping in
this study. The first one is to give an overview of the deposits in the study area. Here are type,
form, expansion and thickness of the superficial deposits relevant. The second purpose is to
interpret the results and that way to understand the processes that formed the landscape in the
past and the ones that are still active in present. Moreover, the quaternary map is an important
feature when it comes to the interpretation of proglacial sediments of Lake Midtbotnvatn.
Firstly with regard to distinguishing between glacial and non-glacial origins of the lake
sediments, and secondly to correctly link the signals achieved from analysis of the proglacial
sediments to paleoclimatic conditions (cp. Steren 2006; Tolo 2008).

Special emphasis is moreover laid on mapping and lichenometric dating of marginal moraines
in front of Vestre Blomsterskardsbreen, in order to reconstruct the glacier’s positions during
different time periods of the LIA and former ELASs. (cp. Bakke et al. 2005a).

Fieldwork for the quaternary map was done in August and September 2008 and August 2009.
The data obtained then formed the basis for the quaternary map of Blomsterskardsbreen and
Midtbotnvatn (see Appendix 1). The legend, including colours and symbols for the superficial
deposits, follows the standard of the Geological Survey of Norway (Bergstrgm et al. 2001).

2.1.1 Aerial photographs

A Wild Heerbrugg mirror stereoscope and aerial photographs were used in the preparation for
the fieldwork to get an overview of the study area, and afterwards while drawing the map.
The aerial photographs were black-and-white ones by Fjellanger Widerge a/s, scale 1:40 000,
series 7083, NFL 81 01 14-8 photography 06-07, and NLF 81 01 14-7 photography 08-10,
date 07.08.1981.
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Geometrically corrected digital aerial photographs (Statens Vegvesen et al. 2006) were

helpful to ascertain the extents of different deposits while drawing the map.

2.1.2 Base maps
The following maps provided the basis for the fieldwork:

e The Norwegian Mapping Authority (Statens Kartvesen) (2003): series M711, map
sheet 1314 IV (Fjeera), edition 5-NOR, scale 1:50 000, contour interval 20 m; and
prints from the digital issue.

e The Norwegian Mapping Authority (Statens Kartvesen) (2003): series M711, map
sheet 1214 | (Rosendal), edition 5-NOR, scale 1:50 000, contour interval 20 m; and
prints from the digital issue.

e Ugland IT Group (2006): turkart Folgefonna nasjonalpark, scale 1:50 000, contour
interval 20 m. This hiking map is based on the map database N50 KARTDATA.

2.1.3 Fieldwork equipment

Equipment used during fieldwork was composed of a slide calliper, a scraper, a digital
camera, binoculars, a mirror compass with inclinometer, measuring tape and coloured pencils.

A GPS (Garmin Oregon 300) was used to outline and log the different deposits.

2.1.4 Programs used for data handling (quaternary mapping)

The data obtained during fieldwork was digilised and processed with the computer program
Adobe Illustrator CS3. Digital orthophotos (Statens Vegvesen et al. 2006) were also
processed with Adobe Photoshop CS3.

2.2 Presentation and interpretation of locations

The glacial activity of Folgefonna has had a significant impact on the study area in the course
of the Quaternary. The glacier is temperate, which implies that it erodes the ground surface
that lies beneath it (Paterson 1994). Thus all superficial deposits that are located in the study

area at present must have been deposited after the glacier’s last retreat.
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Exposed bedrock, exhibiting small-scale forms of glacial erosion and to a small extent
covered by superficial deposits, dominates the study area. In the following, the deposits are
presented and interpreted according to the agents that deposited them.

2.2.1 Glacial deposits

2.2.1.1 Marginal moraines

Marginal moraines are ridges of moraine material (see Chapter 2.2.1.2) that are formed along
the present or past margins of glaciers (Benn and Evans 1998). They evolve when moraine
material is either pushed by an advancing glacier, or they form during a steady-state phase of
the glacier which is in a general retreat period (Nesje 1995). They can appear as distinct
formed ridges or as non-coherent ridges in belts and zones. In some areas, only small belts of
moraine material or just boulders mark an earlier position of a glacier tongue (Nesje 1995).
Meltwater can subsequently modify or even destroy marginal moraines (Summerfield 1991).
Marginal moraines are formed below the steady-state ELA of the glacier, a fact that enables
these forms to be used to reconstruct former ELAs (Dahl et al. 2003) (cp. Chapter 4.1.).
Marginal moraines deposited along the side of a glacier are named lateral moraines, the ones
formed along a glacier’s terminus are named end- or terminal moraines (Nesje 1995).
Complex interactions of different paraglacial and glacigenic processes are the cause of
numerous deposition forms that characterize and term different types of marginal moraines
(Benn and Evans 1998).
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Figure 2.1 Map of the marginal moraines (M-1 to M-32) in the study area. M-1 to M-22 are interpreted to
be deposited by Vestre Blomsterskardsbreen, M-23 to M-32 are interpreted to be deposited by

Magsevassbreen.
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M-1 Observation

Ridge-formed depositions close to river Bladalselv south of the terminus of Vestre
Blomsterskardsbreen, UTM 469777 to UTM 470255, 835 m a.s..

M-1 consists of ridge-formed depositions on three close to each other located islets in the
river Bladalselv. Only the main islet was reachable during fieldwork, here the ridge-form is
most distinctive. It consists of boulders of up to 1.5 m in diameter, which are partly covered
by vegetation. The river has washed out the fine fractions and considering the amount of
meltwater available in the area today, which must have been even more during past
deglaciation periods after glacier advances, downstream transport of bigger blocks of more
than 1 m in diameter is seen as a realistic assumption. This explains the distribution over three
islands downstream the river. The ridge form on the biggest islet is 120 m long and up to 1.5
m high. It is orientated north-south. The proximal angle is 25°, and the distal angle is 20°. The
deposition can be followed up the two smaller islets downstream in the river, and on the
eastern side of river Bladalselv, where it consists of some spread individual boulders of 0,5 m

to 1.5 m in diameter.

Picture 1 Marginal moraine M-1, which is strongly modified by river Bladalsev. Picture is taken looking
to the north.
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M-1 Interpretation

M-1 is interpreted as a terminal moraine representing the maximum glacier advance during
the Little Ice Age (LIA). Lichenometric measurements were performed; datings are presented
in Chapter 2.3.2. River Bladalselv must have worked on the moraine a long time, and has
drastically modified and reduced it. Directly after deposition, the moraine was probably much

higher, orientated in a general east-west direction.

M-2 Observation

Ridge located south of the terminus of Vestre Blomsterkardsbreen, UTM 471200, 838 m a.s.l.

M-2 is a ridge located at the southern end of the small lake located approximately one km
south of the terminus of Vestre Blomsterskardsbreen. The ridge is 230 m long, 3-4 m high,
and its length axis is orientated in a north-west to south-east direction. The material is not
sorted and consists of sub-angular and rounded blocks of up to 2 m in diameter; the smallest
grain size observed is gravel. Since the ridge material was very coarse, angle measurements
were difficult to perform; proximal and distal angles are approximately 40°. No vegetation
was discovered on the ridge. On the south-eastern part, the ridge borders an area of rapid
mass-movement deposits. This material is angular to sub-angular, and can partly be observed

also on the ridge itself.

Picture 2 Marginal moraine M-2 at the southern end of the small lake, which is located approximately one
km south of the glaciers’ terminus. Picture is taken looking to the south.
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M-2 Interpretation

M-2 is interpreted as a terminal moraine representing the maximum glacier advance during
the LIA. Lichenometric measurements were performed; care was taken not to measure lichen
thalli on boulders interpreted as rapid mass-movement deposit. Datings are presented in
Chapter 2.3.2.

M-3 Observation

Four blocks in a row deposited south of Vestre Blomsterskardsbreen, in Insta Botnane, UTM
476244, 890 m a.s.l.

M-3 is a deposit of four blocks in east-west direction; each block has a diameter of
approximatley 1 m. Angle measurements were not performed due to the coarse character of
the deposit. The blocks are not covered by vegetation, nor are the surroundings, which is

mainly pure bedrock.

M-3 Interpretation
The deposit is interpreted as part of a crucially washed-out lateral moraine deposited by the
last glacier advance during the LIA. Lichenometric measurements were performed on the four

blocks; datings are presented in Chapter 2.3.2.

M-4 Observation

Ridge located southeast of Vestre Blomsterskardsbreen, in Insta Botnane, UTM 485100, 935
m a.s.l.

M-4 is a 120 m long ridge orientated west — east. It borders exposed bedrock in the south. The
unsorted material ranges in size from gravel to many rounded and sub-angular blocks of up to
2 m in diameter. Within, angular blocks can be observed, which is interpreted as rapid mass-
movement deposit originated from a small tear-off edge above the moraine. The material is

too coarse for angle measurements. The ridge is not covered by vegetation.

M-4 Interpretation

M-4 is interpreted as a lateral moraine representing the maximum glacier advance during the
LIA. Lichenometric measurements were performed; care was taken not to measure lichen
thalli on boulders interpreted as rapid mass-movement deposit. Datings are presented in
Chapter 2.3.2.
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M-5 Observation

Ridge located southeast of Vestre Blomsterskardsbreen, in Insta Botnane, UTM 487397, 927
ma.s.l.

M-5 is a 250 m long ridge with a length axis orientated in north-northwest — south direction.
The height is 5-6 m, the proximal angle is 40° and the distal angle is 30°. The material is
unsorted and consists of grain sizes from sand up to large blocks with 1-5 m in diameter,
which are angular or aub-angular. There is well-established vegetation on the ridge, mainly
mosses, blueberries and grasses. Many single big blocks are free of vegetation. The ridge can
be followed up at the southern side of the meltwater stream, where it is approximately 110 m

long, showing the same characteristics as the northern part.

M-5 Interpretation

The ridge is interpreted as a lateral moraine originated by a glacier advance or steady-state
position during the LIA, later divided into two parts by the glacial meltwater stream, which
flows through it. Lichenometric measurements were performed on the parts of the ridge

without vegetation; datings are presented in Chapter 2.3.2.

Picture 3 Southern part of marginal moraine M-5, which is located in the area of Insta Botnane and has
been modified by meltwaters. Picture is taken looking to the west.
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M-6 Observation

Ridge located southeast of Vestre Blomsterskardsbreen, in Insta Botnane, UTM 487955, 929
m a.s.l.

M-6 is a ridge formed deposit of 80 m length, with a northwest — southeast length axis
orientation. It is around 4 m high, the proximal angle is 35° and the distal angle is 30°. Grain
sizes ranging from sand up to rounded and sub-angular and partly angular large blocks with 1-
5 m in diameter could be observed. There is well-established vegetation on the ridge, mainly
consisting of mosses, blueberries and grasses. Many single big blocks upon are free of

vegetation.

M-6 Interpretation
The ridge is interpreted as a lateral moraine, reflecting a glacier advance or steady-state

position during the LIA. Lichenometric measurements were not performed.

M-7, M-8, M-9 Observation

Three ridges located in a valley side southeast of Vestre Blomsterskardsbreen, in Insta
Botnane, UTM 489971, 940 m to 960 m a.s.l.

M-7, M-8 and M-9 are three ridges located downhill in a valley side.

M-7 is located from ca.1000 m down to 930 m a.s.l. It is orientated northeast — southwest, in
the west it is bordered by exposed bedrock. This ridge is approximately 470 m long and up to
6 m high, the distal angle is 35°. It consists of sub-angular to rounded unsorted material with
grain sizes from sand to big, angular to sub-angular boulders of up to 2 m in diameter. The
surroundings are steep, and many big blocks with diameters of up to 3 m are located at the
eastern bottom line of the ridge; those probably fell or rolled down after deposition. Some
smaller, angular blocks can be observed within the ridge material, assumed to be originated
from rapid mass-movement, mainly rockfall. The ridge itself is completely covered by
vegetation, only some large blocks are partly uncovered.

M-8 is located east of M-7 at ca. 1000 m to 980 m a.s.l. The ridge is 110 m long, 4-5 m high,
and north-east — southwest orientated. The proximal angle is 35° and the distal angle is 30°.
As M-7, it consists of sub-angular to rounded unsorted material with grain sizes from sand to
big boulders, and it is covered by well-established vegetation, but on some parts with large
angular to sub-angular boulders of up to 1 m in diameter on top. Angular rapid mass-

movement deposits can be observed in between.
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M-9 is located at the east side of the valley, consisting of two parts in the beginning,
coalescing to one ridge further downhill. The western ridge starts at a height of 980 m a.s.l.,
the eastern one at a height of ca. 995 m a.s.l.; the two ridges coalesce at a height of 950 m
a.s.l. and can be followed down to ca. 935 m a.s.l. The total length of M-9 is approximately
380 m, and shows the same characteristics as M-7 with respect to material, orientation of
length axis and proximal and distal angle.

Between the three ridges, angular and sub-angular boulders of up to 2 m in diameter can be
observed, which are not covered by vegetation. This is interpreted as till and rapid mass-

movement deposit.

Picture 4 Marignal moraines M-7, M-8, and M-9, located in a valley side in the area of Insta Botnane.
Picture is taken looking to the north.

M-7, M-8, M-9 Interpretation

In the whole study area it can be observed that there is much more material deposited in
valley sides than on the peaks; the latter often appear almost free of any vegetation and
deposits. Based on investigations of landforms in Norway formed by the impacts of the last
ice age and the following deglaciation, Gjessing (1978) points out that smaller glacier
advances could form marginal moraines in valleys were enough material was available to be

pushed up, whereas on heights either discontinuous or no moraines were deposited. This as a
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result of material availability and the fact that glaciers often are located further back on
heights than in valleys (Gjessing 1978, 95).

M-7, M-8 and M-9 are interpreted as a set of lateral moraines pushed up and deposited by
glacier advances or steady-state positions of close temporal proximity during the LIA.
Lichenometric measurements were performed on the eastern and the coalesced part of M-9,
emphasis was put on not measuring lichen thalli on boulders originated from rapid mass-
movement deposit; datings are presented in Chapter 2.3.2.

M-10 Observation

Ridge located southeast of Vestre Blomsterskardsbreen, in Insta Botnane, UTM 490011 956
m a.s.l.

M-10 is a 220 m long and up to 6 m broad ridge. It is orientated in a west-east direction. The
proximal angle is 45°, as is the distal angle. It consists of sub-angular to rounded unsorted
material with grain sizes from silt to big sub-angular boulders of 0,5 m to 2.5 m in diameter.
The ridge is overgrown by mosses, blocks upon are few.

M-10 Interpretation

M-10 is interpreted as a lateral moraine formed by a glacier advance or steady-state position
during the LIA. This moraine originated probably in close temporal proximity to M-7, M-8
and M-9. Lichenometric measurements were performed; datings are presented in Chapter
2.3.2.

M-11 and M-12 Observation

Two ridges located in a small valley side, southeast of Vestre Blomsterskardsbreen, in Insta
Botnane, UTM 496047 1010 m to 1040 m a.s.l.

M-11 and M-12 are two ridges located downbhill in a valley side; their length axes have a
north-east — south-west orientation. M-11 is 235 m long, ranging from 1010 m to 1025 m
a.s.l.; M-12 is 200 m long and located in a height of 1020 m to 1040 m a.s.l. They are up to 10
m in height, the proximal angle of M-11 is 45°, and the one of M-12 is 40°. The distal angles
of M-11 and M-12 are 40°. The two ridges consist of grain sizes ranging from sand to large
rounded and sub-angular blocks of 0,5 m to 12 m in diameter; the material is unsorted.
Angular rapid mass-movement deposits could be observed some places. Well established

gramineous vegetation covers the ridges, huge blocks upon are free of vegetation. The rest of
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the valley is covered by till, many huge boulders could be observed; rapid mass-movement

deposits could be identified in between.

M-11 and M-12 Interpretation

Being located in a till-rich valley, M-11 and M-12 are interpreted as lateral moraines pushed
up and deposited by glacier advances or during steady-state positions during the LIA.
Lichenometric measurements were performed, taking care not to include lichens located on

rapid mass-movement deposits; datings are presented in Chapter 2.3.2.

M-13, M-14, M-15, M-16 and M-17 Observation

Five ridges located in a broad valley side, southeast of Vestre Blomsterskardsbreen, in Insta
Botnane, UTM 498782, 1010 m to 1060 m a.s.l.

M-13 to M-17 are five ridges located in a broad valley at the eastern end of Insta Botnane.
The ridges are all between 5 m and 10 m high; the orientation of their length axes is north-east
— south west. They are all of the same composition: sub-angular to rounded unsorted material
with grain sizes from sand to big boulders, covered by well established gramineous vegetation
with numerous large angular and sub-angular boulders of 1 m to 8 m in diameter upon.
Angular rapid mass-movement deposits can be observed some parts in between, especially
upon M-13, the eastern part of M-16, and upon M-17, which border rapid mass-movement
deposit areas in the west and in the east, respectively. The areas between the ridges are
covered by till including boulders with diameters of 1 m and up to 15 m, not covered by
vegetation.

M-13 is the westernmost ridge, bordering an area of rapid mass-movement deposits in the
west. It is 230 m long, and ranges from 1020 m to 1050 m a.s.l. The proximal angle is 35°,
and the distal angle is 40°.

M-14 is located east of M-13, 290 m long, from 1010 m up to 1050 m a.s.l. The proximal
angle is 40°, as is the distal angle.

M-15 is a rigde north-east of M-12 with a length of 170 m, 1050 m to 1070 m a.s.l. Proximal
and distal angles are 40°.

M-16 starts as two ridges on ca. 1070 m a.s.l., coalescing on 1025 m a.s.l, and reaching down
to 1015 m a.s.l. The western part is 270 m long, the eastern 210 m; 120 m of this is together.
Proximal and distal angles are 40°.

M-17 is the easternmost ridge in the valleyside, surrounded and partly covered by huge

amounts of rapid mass-movement deposits which are in general more angular than the
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material the ridges consist of. As M-16, the ridge starts as two, coalescing further downhill
and continuing as one ridge. The western part is in total 360 m long, ranging from 1050 m
down to 1005 m a.s.l., the eastern part is 270 m long, 1040 m to 1005 m a.s.l. They coalesce
at a height of 1020 m a.s.l., continuing 190 m further down. Proximal and distal angles are
40°.

M-13, M-14, M-15, M-16 and M-17 Interpretation

The ridges M-13 to M-17 are interpreted as a set of lateral moraines, formed by glacier
advances that pushed up the valley material or steady-state positions of close temporal
proximity during the LIA.

Lichenometric measurements were performed on all of the ridges, lichen thalli located on
rapid mass-movement depositions were avoided, though the huge amounts of rapid mass-
movement deposits made lichenometric measurements difficult, especially on M-13 and M-

17. Datings are presented in Chapter 2.3.2.

M-18 and M-19 Observation

Two ridges located in a valley side, southeast of Vestre Blomsterskardsbreen, in Insta
Botnane, UTM 498930, 1015 m to 1040 m a.s.l.

M-18 and M-19 are two ridges in the easternmost valley of Insta Botnane. Their location is of
difficult accessibility, for time reasons they could not be reached during fieldwork. Angle
measurements and lichen measurements were therefore not performed on these ridges. But
they could clearly be seen from the valley entrance. Based on aerial photographs
(Statens Vegvesen et al. 2006), the following observations could be made: M-18 is
approximately 200 m long, ranging from ca. 1020 to 1040 m a.s.l. M-19 is approximately 150
m long, ranging from ca. 1015 m to 1030 m a.s.l. They are covered by vegetation with a few

larger boulders upon; and the ridges are surrounded by till.

M-18 and M-19 Observation

M-18 and M-19 are due to their ridged forms and their locations interpreted as lateral
moraines. The temporal origin of the easternmost moraine, M-19, is interpreted as being
linked to the origin of M-1, M-2 and M-4, representing the maximum glacier advance during
the LIA. Since lichenometric measurements were not performed, this assumption cannot be

verified.
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M-20 and M-21 Observation

Ridge system located in the north of Kjerringebotn, UTM 468100 to UTM 470475, 795 m to
812 ma.s.l.

M-20 is a large, ridge-formed deposition located in the north of Kjerringebotn. It is 270 m
long, 110 m at its broadest, and around 10 m in height. Its length axis is orientated (north-)
east to (south-) west. All grain sizes from silt to large sub-angular and rounded boulders could
be observed, the material is unsorted. The ridge is covered by vegetation of mainly mosses,
grass and blueberries, and many huge boulders of up to 5 m in diameter are located upon it. It
is bordered by exposed bedrock in the north and a lake in the south, which made angle
measurements not possible. The ridge can be followed through the river Bladalselv, where
boulder depositions could be observed on islets within the river, probably washed out in the
course of time. On the western side of the river, the ridge form carries on, numbered as M-21.
Here, it appears as a 110 m long ridge form; the length axis is orientated in (north-)west to
(south-)east direction. M-21 consists of large sub-angular to rounded boulders not covered by
vegetation. They reach heights of up to 2.5 m. The material was too coarse for angle

measurements.

Picture 5 Marginal moraine M-21, divided by river Bladalselv. Picture is taken looking to the west.
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M-20 and M-21 Interpretation

M-20 and M-21 are interpreted as one terminal moraine, deposited during a glacier advance
earlier than the LIA. Lichenometric measurements were performed on both M-20 and M-21;
datings are presented in Chapter 2.3.2. Right after deposition, it was probably arch-formed,
with a general east - west orientation, and much higher than today, containing all grain sizes.
River Bladalselv modified it in the course of time; the moraine was washed out, and today

only remnants of the moraine can be observed.

M-22 Observation

Ridge system located in the southwest of Kjerringebotn, UTM 465405, 805 m to 830 m a.s.l.
M-22 is a huge ridge located at the southwestern end of Kjerringebotn. It is surrounded by a
thick layer of till in Kjerringebotn. The ridge is 180 m long, 15 m high, and the length axis is
orientated in a north-northeast to south-southwest direction. It is covered by a thick layer of
humus and well-established vegetation, mainly grasses and blueberries. On top of the ridge,
many big, rounded blocks of up to 2 m in diameter are located, which are not covered by
vegetation. All grain sizes could be observed, ranging from silt to huge, rounded or sub-
angular boulders; the material is unsorted. The proximal angle is 45°, and the distal angle is
approximately 35°. At the southeastern part of the ridge, an area of angular rapid mass-
movement deposits is located. The ridge can be followed up on the northern riverbank of the

river Bladalselv, were huge blocks are spread over an area of ca. 80 m downstream.

M-22 Interpretation

Due to the fact that no bedrock exposures could be observed that could have decisive impact
on the form of the ridge, it is interpreted as a terminal moraine deposited earlier than the LIA,
and earlier than M-20/M-21. The river Bladalselv cut into the moraine after deposition and
washed out the northern part of it, which originally must have been orientated in a more
north-east to south-west direction. Lichenometric measurements were performed on the ridge
part located south of the river; the area of rapid mass-movement deposits in the southern part

of the ridge was excluded. Datings are presented in Chapter 2.3.2.

M-23 Observation

Ridge located south of Lake Mgsevatn, UTM 450919, 901 m a.s.l.

M-23 is a 110 m long and up to 2 m high ridge located south of Lake Mgsevatn. The length
axis is orientated north-east to south-west. It consists of rounded to sub-angular blocks of 0,5
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to 2 m in diameter, individual blocks up to 5 m; it is in some parts covered by mosses. The

ridge is surrounded by till and block-rich surface.

M-24 and M-25 Observation

Two ridges located south of Lake Mgsevatn, UTM 446282, 775 m to 810 m a.s.l.

M-24 and M-25 are two ridges located in a valley side south of Lake Mgsevatn close to river
Bladalselv. The ridges are up to 4 m high; the observed material is unsorted and ranging from
gravel to blocks of up to 1.5 m in diameter. M-25 could be followed up on the eastern side of
the river, where the deposits consists of only blocks, while finer fractions were washed out.
The orientation of ridges M-24 and M-25 is north-west to south-east; the loose depositions on
the eastern riverside are orientated north-east to south-west. M-24 and M-25 are covered by a

well-established layer of gramineous vegetation. The ridges are surrounded by till depositions.

M-26, M-27, M-28, M-29, M-30, M-31 and M-32 Observation

Seven ridges located in a valley side south of Lake Mgsevatn, UTM 442400, 780 m to 840 m
a.s.l.

M-26 to M-32 are seven ridges located within one valley side. The individual height of the
ridges is up to 6 m. Unsorted material of all grain sizes could be observed; the ridges are
covered by a thick layer of well-established vegetation, consisting of mainly ling, blueberries
and grasses. The length axes of M-26 to M-28 are north-east to south-west orientated, the
ones of M-29 to M-32 north-west to south-east. In between the ridges flow small streams,
which indicate that the ridges once were connected in an east-west direction across the valley
side, but then were washed out.

M-23 to M-32 Interpretation

M-23 to M-32 are interpreted as marginal moraines formed by glacier advances of
Mgsevassbreen.

Due to their close location to each other within one valley side, M-24 and M-25 and the loose
depositions in the east of the valley are interpreted as to represent one moraine, which was
washed out by the river that connects Lake Mgsevatn and river Bladalselv. The morain is
assumed to have been higher right after deposition, but afterwards reduced and modified by
the river.

Due to their location so close to each other within one valley side, M-26 to M-32 are

interpreted as one moraine set.
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Based on ELA reconstructions of Mosevassbreen from these moraines, Bjgnnes (2006)
assumed that the moraines M-23 to M-32 were deposited during the preboreal and in the time
period 10 550 — 10 450 cal. years BP. Within these two time periods two glacier advances
could be proved at northern Folgefonna, “Jondal 1 event” and “Jondal 2 event”. “Jondal 1
event” corresponds with a time period of lower summer temperatures during the preboreal,
and “Jondal 2 event” is a result of increased winter precipitation in the time period 10 550 —
10 450 cal. years BP. Moraines M-23 up to and including M-32 are interpreted as being

formed during “Jondal 1 event” and “Jondal 2 event” (Bjgnnes 2006 and references therein).

2.2.1.2 Till

Material transport within a glacier can take place subglacially, englacially and supraglacially
(Nesje 1995). Most of the material transported within a temperate glacier is located at the
glacier base, where a layer of dirty ice often forms the interface between clean ice and solid
rock (Paterson 1994; Nesje 1995). This basal layer, which can have a thickness of up to
several meters, is an important feature with respect to the glacier’s ability of eroding its bed,
and transporting and crushing the material between the glacier ice and the glacier bed
(Paterson 1994; Nesje 1995). When the glacier retreats, this material is deposited as till
(Sulebak 2007). Till, also referred to as ground moraine, is moraine material which is
characterized as unsorted material of all grain sizes ranging from clay to large boulders
deposited by a glacier (Gjessing 1978). Depositions of till may allow conclusions about where
within a glacier material was transported and finally deposited (Nesje 1995).

Till can appear as continuous cover (thickness greater than 0,5 m and up to several tens of
meters), or as discontinuous or thin cover on bedrock (thickness of deposit normally smaller

than 0,5 m, occasionally thicker) (Bergstram et al. 2001).

Observation and interpretation of till

Till is observed at multiple places in the study area. Amongst others in Midtbotn (UTM
439259, 770-940 m a.s.l.), Kjerringebotn (UTM 469655, 790-880 m a.s.l.) and parts of Insta
Botnane (UTM 487768 and UTM 498610, 930-1080 m a.s.l.). Thickness and size of the
moraine material vary. On the quaternary map, till is marked as discontinuous or thin cover on
bedrock, because the thickness of the deposits observed are normally smaller or only at some
locations a little thicker than 0,5 m; the form of the underlying bedrock is generally apparent,
and often small bedrock exposures are observed within areas of till deposits, as for example in

Insta Bothane.
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The till observed in the study area contains boulders of all grain sizes, rounded or with sub-
angular; the material is unsorted. All areas where till is observed are marked on the quaternary
map of Blomsterskardsbreen and Midtbotnvatn (see Appendix 1).

2.2.1.3 Erratic blocks

Erratic blocks are large boulders (size exceeding 10 m®) transported and deposited by glacier
ice during melt off, and therefore often rounded or sub-angular (Gjessing 1978; Bergstram et
al. 2001; Ahnert 2003). When they consist of different rock than the bedrock they are
deposited on, this is an indicator of their area of origin, which may give evidence on the
direction of the glacier ice movement (Ahnert 2003; Sulebak 2007).

Observation and interpretation of erratic blocks

Erratic blocks ranging in diameter size between approximately 1 m and 20 m, can be observed
at multitudinous places all over the study area, mostly deposited on bedrock or till (one
example is located at UTM 454055, 785 m a.s.l.). Mapping all of them would exceed the
framework of the master’s thesis, but some of them are marked in the quaternary map of

Blomsterskardsbreen and Midtbotnvatn (see Appendix 1).

Picture 6 Erratic block of ca. 2 m in diameter located north of Lake Midtbotnvatn; person for scale.
Picture is taken looking to the south. (Picture: Stephanie Wegscheider)
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2.2.2 Glacial erosion forms

The glacial erosion process has two constituent parts, plucking and abrasion (Nesje 1995).
Plucking is when moving glacier ice lifts out boulders of any grain size from the underlying
bedrock, previous loosening by freezing and accompanied expansion of water within joint
fractures is decisive (Nesje 1995). Abrasion is when glacier ice moves over the underlying
bedrock, transporting all plucked abundant rock fragments, which cause friction and that way
scrape and grind the bedrock surface in the direction of the ice-movement (Nesje 1995;
Strahler and Strahler 2006). Resulting forms on the bedrock are for example glacial striae,
crescentic fractures and crescentic gouges, which, in addition to others, may indicate the
direction of the ice-movement (Nesje 1995; Bergstram et al. 2001). Glacial striae are defined
as (sub)parallel stripes at the bedrock surface evolved through abrasion (Nesje 1995).
Crescentic gouges and fractures develop when glacier ice presses a boulder against a point on
the bedrock surface, so that the pressure spreads out to surrounding parts of the bedrock.
Crescentic gouges are induced by yield stress in front of the pressure point, resulting in arc-
shaped gouges facing downwards. Crescentic fractures evolve when the yield stress behind
the pressure point causes parabola-formed fractures concave in the direction of the ice-
movement (Nesje 1995).

Observation and interpretation of glacial erosion forms

Glacial striae, crescentic gourges and crescentic fractures are observed at innumerable
locations within the study area. They are orientated in south-western (for example UTM
472891, 847 m a.s.l.), southern (for example UTM 469983, 818 m a.s.l.) and western (for
example UTM 466405, 805 m a.s.l.) directions. Mapping all of them would exceed the
framework of the master’s thesis, but some of them are marked in the quaternary map of

Blomsterskardsbreen and Midtbotnvatn (see Appendix 1).

2.2.3 Glaciofluvial deposits

Glaciofluvial deposits are material transported and deposited by glacial meltwater streams
(Thoresen 1991; Nesje 1995). Within a glacier, meltwater can flow subglacially,
supraglacially and englacially (Menzies 1995). Depending on the individual characteristics of
a glacier, such as amongst others type, topographic setting and mass balance, and moreover
on the thermal conditions within a glacier and on climatic conditions and seasons, the flow

conditions of meltwaters within a glacier vary temporally (for example daily, seasonally and
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on long-period-scales), in flow velocity and amount of discharge (Summerfield 1991;
Paterson 1994; Menzies 1995). Reaching the margins of a glacier and flowing out, meltwaters
develop into glacial meltwater streams, which have a typical green-greyish-white colour due
to their high amount of fine sediment originated by glacial abrasion (Summerfield 1991;
Menzies 1995; Ahnert 2003). Because of the eroding activity of glaciers, glacial meltwater
streams transport and thus deposit more sediment than normal rivers (Summerfield 1991).
Glaciofluvial sediments can be deposited either in direct contact with the glacier, or in the
proglacial environment beyond the ice front (Leeder 1982; Summerfield 1991). Glaciofluvial
deposits are often less rounded than fluvial depositions, and generally more rounded than for
example moraine material, the latter characteristic increases the longer the material is
transported (Nesje 1995). Glaciofluvial deposits can generally be observed as sorted layers of
different grain sizes, the so-called stratification is a key characteristic (Summerfield 1991;
Nesje 1995). Varying properties concerning thickness and grain sizes of the layers reflect

variations in the flow conditions of glacial meltwater streams (Nesje 1995).

Observation and interpretation of glaciofluvial deposits

Glaciofluvial deposits can be observed in some places in the study area, mostly in connection
with the glacial meltwater stream Bladalselv. The dam built at the north-eastern end of Lake
Midtbotnvatn has impacts on the stream, such as amongst others an increase in water level
and a decrease in flow velocity. Result is that glaciofluvial deposits can be observed at many
parts of the riverside (one example is in Kjerringebotn UTM 467917, 800 m a.s.l.),
characterized by sorted layering and small grain sizes. In other parts, the glaciofluvial deposits
are more scattered, thinner, and partly very discontinuous (as for example south of the river
mouth at UTM 446712, 777 m a.s.l.).

Glaciofluvial deposits can as well be observed north-west of the small lake in front of the
glacier tongue of Vestre Blomsterskardsbreen (UTM 474613, 869 m a.s.l). These are
interpreted to represent sediments transported and deposited while the glacier tongue of
Vestre Blomsterskardsbreen was greater than today, having passed a local overflow gap
(spillway) and sending glacial meltwater streams more easterly and through the small lake.
These sediments may have originated in connection with the outflow of a proglacial lake that
deposited the terrace that is today located in front of the glacier’s terminus, consisting of
glaciolacustrine sediments deposited during the LIA (cp. Chapter 2.2.4).

All areas where glaciolacustrine deposits can be observed are marked in the quaternary map
of Blomsterskardsbreen and Midtbotnvatn (see Appendix 1).
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2.2.4 Glaciolacustrine deposits

Glaciolacustrine deposits are sediments deposited within a proglacial lake (Leeder 1982).
Incoming water is rich in suspended fine-grained material (cp. Chapter 2.2.3), which then is
deposited in laminations at the lake bottom (Leeder 1982; Thoresen 1991). Variations in
sedimentation rates in proglacial lakes, observed through differences in layering structures
and grain sizes, can reflect changing glacier and melt water conditions (Leeder 1982); though
there are many controlling factors regarding capacity of meltwater streams and sediment
disposal (Leonard 1985). See Chapters 3.1 and 3.2 for a more detailed description of
glaciolacustrine sediments and deposition factors.

Observation and interpretation of glaciolacustrine deposits

Glaciolacustrine deposits can be observed in some places in the study area, where they reflect
the former presence of proglacial lakes. A terrace in front of the terminus of the glacier tongue
of Vestre Blomsterskardsbreen is interpreted as glaciolacustrine sediments (UTM 474832,
860 m a.s.l., Picture 7), originated during the time period of the late LIA, when the glacier’s
terminus was located further south than today (see also Helleland 2008, 434f). The location of
moraine M-3, dated to 1945 (cp. Chapter 2.3), is interpreted to reflect the position of the
terminus of Vestre Blomsterskardsbreen which enabled the presence of a proglacial lake by
blocking the meltwaters flowing in the western part of the valley and instead leading those
more eastwards creating the proglacial lake. The meltwater then ran further southwards,
depositing glaciofluvial sediments and later creating a glaciofluvial drainage channel (cp.
Chapter 2.2.3 and 2.2.5); these features are all marked in the Quaternary map of
Blomsterskardsbreen and Midtbotnvatn (see Appendix 1). The material of the glaciolacustrine
sediments is fine-grained and laminated, and several meters thick. After deposition, is has
been modified and partly been washed out by meltwaters from the glacier.

Another place where glaciolacustrine material can be observed is south of Lake Mgsevatn
(UTM 449653, 881 m a.s.l.); for a closer description see Bjgnnes (2006).

Due to the varying water level of Lake Midtbotnvatn, scattered, thin and discontinuous
glaciolacustrine deposits can also be observes some parts around the lakefront.

All areas where glaciolacustrine deposits can be observed are marked in the quaternary map

of Blomsterskardsbreen and Midtbotnvatn (see Appendix 1).
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Picture 7 Glaciolacustrine deposits in front of the glacier tongue of Vestre Blomsterskardsbreen; modified
by meltwaters. Picture is taken looking to the north-west.

2.2.5 Glaciofluvial erosion forms

Due to high flow velocities, especially high peak discharges and huge contents of fine and
coarse suspended materials, glacial meltwater streams can have strongly erosive impact on
both superficial deposits and exposed bedrock (Summerfield 1991). Glaciofluvial drainage
channels, meltwater channels and glaciofluvially eroded canyons are examples for the erosive
effect of glaciofluvial streams on landforms (Bergstrem et al. 2001).

Observation and interpretation of glaciofluvial erosion forms

Glaciofluvial erosion plays an important role in the study area. The huge amount of
meltwaters that annually naturally flow from Vestre Blomsterskardsbreen through river
Bladalselv and into Lake Midthotnvatn has been intensified by the development of
hydroelectric power, in 1970 by the construction of a tunnel leading the drainage water from
@stre Blomsterskardsbreen also into the river Bladalselv, and in 1983 by damming Lake
Midtbotnvatn and river Bladalselv and enlarging the dam in 1992, resulting in a total height of
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regulation of 70 m (Tvede and Liestel 1977; Tjelmeland 1992). Also in the area of Insta
Botnane small dams and a tunnel were constructed.

The area in front of the glacier tongue of Vestre Blomsterskardsbreen is therefore extremely
washed-out (UTM 473056, 860 m a.s.l.), as are many parts of the study area located close to
the river Bladalselv.

A glaciofluvial drainage channel can be observed, leading from the glaciolacustrine deposits
in front of today’s glacier front down to the small lake (from UTM 474930, 860 m a.s.l. to
UTM 473981, 839 m a.s.l.), indicating a former drainage pattern during the LIA, which was
located more easterly than today’s (cp. Chapter 2.2.4). This glaciofluvial drainage channel is

marked in the quaternary map of Blomsterskardsbreen and Midtbotnvatn (see Appendix 1).

2.2.6 Rapid mass-movement deposits

Rapid mass-movement deposits can be originated by rock falls, snow avalanches or debris
avalanches (Thoresen 1991; Bergstram et al. 2001; Ahnert 2003).

Rock fall is the fall of individual blocks with a mass of up to 100 m* from vertical faces
steeper than 40-45°; the material is angular and contains grain sizes from silt to large boulders
(Summerfield 1991, 169; Sulebak 2007). The fallen material has a sorted grain size
distribution, forming a talus built up at the foot of the face, with a slope angle of 35-40°; the
smallest grain sizes are at the top of the talus and the bigger blocks, which have the highest
kinetic energy during the rock fall, can be found at the bottom (Gjessing 1978; Sulebak 2007).
A snow avalanche is the catastrophic low friction movement of snow and ice, in some cases
with rock debris, precipitated by fall or slide (Summerfield 1991, 169).

A debris avalanche is a catastrophic low friction movement of rock debris of up to several
kilometers, in some cases with ice and snow, usually precipitated by a major rock fall and
capable of overriding significant topographic features (Summerfield 1991, 169).

Avalanche tracks can develop on rock faces that exhibit steep zones that are marked by joint

fractures where weathering efficiently can affect the bedrock (Gjessing 1978).

Observation and interpretation of rapid mass-movement deposits

Rapid mass-movement deposits can be observed multitudinous places in the study area. The
deposits have a thickness between approximately 0,3 m and several meters, though they are
discontinuous and scattered in some parts. The material can be located on bedrock or above
other superficial deposits, for example till. Some places, clear avalanche tracks can be seen in

the rock faces above the deposits. Some examples for locations of rapid mass-movement
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deposits are presented: At the northern foot of Bladalshorga (UTM 427800, 775 m to 850 m
a.s.l.) there is a huge area covered by rapid mass-movement deposits, the boulders, mainly
originated from rockfall, are very angular and range in sizes from a few cm to approximately
15 m. The absence of vegetation in this area indicates the activeness of the process there. At
the steep rock face in the eastern part of Lake Midtbotnvatn (UTM 447381, 770 m up to 980
m a.s.l.), avalanche tracks can be seen, and during fieldwork in April 2008, traces of snow
avalanches including debris could be observed. The material falling down here ends up in
Lake Midtbotnvatn in the majority of cases. How rapid mass-movements may influence the
sedimentantion is discussed in detail in Chapter 3.5.4. A talus with avalanche track above can
be observed in the area of Insta Botnane (UTM 485447, 974 m a.s.l.).

On the quaternary map, there is no distinction made between the different processes that
deposit mass-movement material. All mass-movement deposits with sufficient extent are

marked in the quaternary map of Blomsterskardsbreen and Midtbotnvatn (see Appendix 1).

2.3 Lichenometry

2.3.1 Lichenometry — Method description

Lichenometry is a biological dating method that uses the size of lichens to obtain the
minimum age of the rock substrate it grows on, using the numerical relationship between the
two factors (Karlén 1979; Matthews 1994; Bradley 1999; Matthews 2005). Lichenometry can
be used to date surfaces of up to 500 years of age (Innes 1985a; Winkler 2003).

Knowing the growth rate of the investigated lichen species in the study area, the minimum
age of the surface of rock deposits can be estimated through the largest lichen on it (Matthews
1994; Bradley 1999; Matthews 2005). In areas that earlier where covered by ice, lichenometry
thus makes it possible to date the time rock substrate became deglaciated (Bradley 1999).
Continuous glacier chronologies for the time period of the LIA can be reconstructed using this
method (Beschel 1950; Winkler 2003), as Bakke et al. (2005a) did in the forelands of northern
Folgefonna glacier, where a sufficient number of terminal moraines enabled the successful
establishment of relative-age chronologies for the investigated moraine sets.

The growth rate of lichen is not linear with time, it varies for each lichen species with
different climate conditions and rock types (Matthews 1994, 2005); and generally it is rather
fast at the beginning, becoming slower and slower with time, until it reaches a more or less
constant rate (Beschel 1950). That’s why a lichenometric growth curve should be established
for each study area, using points of known age in or as close as possible to the study area,

42



Chapter 2 Quaternary mapping

which is the “indirect approach” of lichenometry (Matthews 1994; Winkler 2003; Matthews
2005). So-called control points are used to achieve this (Matthews 1994); by measuring the
largest lichen on a rock with known age, where other dating methods were applied, or where
historical writings, photographs or paintings report the age (Bradley 1999; Winkler 2003;
Matthews 2005).

There is also a “direct approach” that can be used to construct a lichenometric dating curve in
a study area. Hereby, a lichen growth curve is established by directly measuring lichen growth
over several years (Matthews 1994). This method must be applied on a long-term basis with a
minimum requirement of measurements being done over several years, and even then the non-
linearity of lichen growth over time cannot adequately be taken into account; the impact of
this fact increases with the increasing age of the investigated surface (Matthews 1994).
Matthews (1994) means that the “indirect approach” gives the best results when the
lichenometric dating technique is applied on short time-scales over not more than five
centuries, as long as sufficient independent dating control is provided. These are the reasons
why in many studies the “indirect approach” is preferred to the “direct” one (Matthews 1994),
as it is also done in this study. In southern Norway, lichenometry has been successfully
applied several times by several authors, especially with respect to the time period of the LIA
(cp. Matthews 1975; Erikstad and Sollid 1986; Innes 1986; Bickerton and Matthews 1992,
1993; Matthews 1994; McCarroll 1994, 2001; Bakke et al. 2005a; Matthews 2005).

There are some sources of error that may affect the results of lichenometry. It is important that
the measured lichens are all of one species, and that the largest ones are measured (Bradley
1999; Winkler 2003). Both quantity and quality of the control points must be adequate: there
should be the same environmental conditions, especially concerning moisture supply, at the
control points and at the surfaces that are to be dated (Matthews 1994, 2005). Further
important influencing environmental factors on lichen growth, that increase the environmental
heterogeneity of an area, are temperature, light intensity, substrate lithology, substrate
stability, snow cover, wind exposure, altitude, aspect, continentality and competition with
other plant groups, which should be taken into account when constructing a dating curve
(Innes 1985a; Matthews 1994). The greater the distance between study area and control
points, the more environmental differences are to be expected, which makes the results less
accurate (Matthews 1994, 2005). The reliability of dating results decreases generally as the
age of the surfaces to be dated increases, since fewer control points are available further back
in time (Matthews 1994).
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The non-linear growth rate may also have been influenced by long-term climatic fluctuations,
such that there were most likely times when lichen growth was quite fast and times where it
was interrupted, for example when the rock substrate was covered by snow (Bradley 1999;
Winkler 2003). Furthermore, the dating of the reference points can be inaccurate. These two
factors may cause uncertainties in the growth curve (Bradley 1999).

The sometimes quite significant delay between exposure of the rock surface and colonisation
of the surface by lichens can vary between study areas (Bradley 1999).

Rock substrate movement, for example through rockfall or snow avalanches, which leads to
mixtures of older and younger rocks, can falsify results (Bradley 1999).

Measurements themselves are affected by subjective interpretations of the person performing;
concerning, for example, ability to discover the largest lichen thalli, the choice of measuring
or rejecting a lichen thallus, and accuracy in measurement (Erikstad and Sollid 1986).
Bickerton and Matthews (1992) dated LIA moraines at Nigardsbreen in Norway to an
accuracy of 10%, which means an error between £5 and +20 years depending on the age of

the moraines.

2.3.2 Lichenometry — Application

Measurements of lichen thalli were performed on marginal moraines in front of the glacier
tongue of Vestre Blomsterskardsbreen in the summers of 2008 and 2009. The yellow-green
lichens of the subgenus Rhizocarpon, species Rhizocarpon geographicum, were subject of
investigation (cp. Innes 1985b; Bickerton and Matthews 1992). The longest diameters of the
largest lichen thalli observed were measured with a slide calliper and a measuring tape, with
accuracy to the nearest millimeter. Up to 40 measurements were performed within up to four
ca. 4x10 m (40 m?) rectangles (sites) on each moraine. On some smaller moraines the number
and size of the rectangles were reduced. The rectangles were placed from the moraine tops
down the proximal side, the side facing towards the glacier, to ensure the closest possible
approximation to the minimum date of each moraine (cp. Innes 1985a; Bickerton and
Matthews 1992). Due to the fact that snow stays longest in the lowest parts of a moraine,
where it is better protected from sun and wind, the rectangles were located closer to the top
than to the bottom of the moraines. Longer lasting snow layers reduce the length of the
growing season and can decrease the growth of lichens, which in extreme cases, when several
years pass without significant snowmelt, can culminate in “snow kill”, the dieback of lichens
(Innes 1985a).

A prerequisite for a successful application of lichenometry is that the maximum diameter of

the largest lichen, which grew as uniformly radial as possible, is measured (Bradley 1999).
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This is based on the assumption that the largest lichen represents the most optimum
environmental conditions of the study area and thus can give the best minimum dating result
(Matthews 1994; Bradley 1999; Winkler 2003; Matthews 2005). Since it never can be
guaranteed that the largest lichen could be found, normally the average of the five largest
lichens is taken (e.g. Karlen 1979; Bickerton and Matthews 1992; Winkler 2003, 2004;
Matthews 2005). Karlén (1979) points out that the five largest lichens can be useful to
evaluate the quality of the measurements: the smaller the differences in size of the five largest
lichens are, the higher is the reliability of the dating results.

The mean of the single largest lichens of each site on the moraines was used to date the
moraines in the study area, based on the lichen growth curve for Rhizocarpon geographicum
“Folgefonna — compiled data”, which was established through several control points around
Folgefonna glacier (Figure 2.2, Table 5, Table 6) (Bakke et al. 2005a).

Table 5 Lichenometric measurements (mm) at observed moraines in front of Vestre
Blomsterskardsbreen; calculations are based on Winkler (2003, 89). Datings interpreted as reliable are
marked bold.

Moraine  Largest Largest lichen Mean of five Mean of five Sites per

lichen (max)1 (mean)2 largest lichens largest lichens moraine
(max)® (mean)”

M-1 116 111 105 103 3

M-2 118 115 113 110 4

M-3 27 25 24 24 1

M-4 131 121 115 113 3

M-5 114 108 109 104 4

M-9 113 106 108 101 4

M-10 111 105 106 100 4

M-11 102 96 98 92 4

M-13 114 109 110 105 4

M-14 115 110 109 104 4

M-15 94 90 90 86 4

M-16 108 103 102 98 4

M-17 116 112 112 108 4

M-20° 300 219 217 196 4

M-21° 134 128 120 118 3

M-22° RV 259 254 249 4

1 Single largest lichen of all sites on the moraine (mm)

2 Mean of the single largest lichens of every site on the moraine (all sites, up to 4, included) (mm)

3 Highest value for the mean of the five largest lichens of all sites on the moraine (mm)

4 Mean of the means of the five largest lichens of every site on the moraine (all sites, up to 4, included) (mm)

5 Assumed pre-‘Little Ice Age’ moraine (see text). Dating by lichenometry was not applied for methodological reasons
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Reference points:

1)Jo-1 - Jordalsbreen

2)Jo-2 - Jordalsbreen

3)Jo-3 - Jordalsbreen

4) Jo-4 - Jordalsbreen

5)5-1 - Josrdalsbreen

6)S-2 - Jordalsbreen

7)AD 1870 - Buerbreen

8)AD 1930 - Buerbeen

9) AD 1880 - Pyttabreen

10)AD 1930 - Pyttabreen

11)AD 1750 - Ruklebreen

12)AD 1890 - Ruklebreen

Dated moraines:

13) M@sevassbreen

14) Mgsevassbreen

15) Mg@sevassbreen

16) Mg@sevassbreen

17) M-2 Vestre Blomsterskardshreen
18) M-3 Vestre Blomsterskardshreen
19) M-5 Vestre Blomsterskardsbreen
20) M-10 Vestre Blomsterskardsbreen
21)M-11 Vestre Blomsterskardsbreen
22)M-16 Vestre Blomsterskardsbreen
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Figure 2.2 The lichen growth curve for Rhizocarpon geographicum “Folgefonna — compiled data”, based
on several control points around Folgefonna glacier (blue rhombuses), was used to date moraines of
Vestre Blomsterskardsbreen, marked with red triangles (Modified from Bakke et al. 2005a, 184). Dates
from Mgsevassbreen are included (green rectangles) (Bjgnnes 2006). Scientific studies indicate an early
LIA glacial advance at many glacier outlets of Folgefonna close to AD 1750, and later readvances between
AD 1870 and 1890 and during the 1930s (Bakke et al. 2005a and references therein)

Table 6 Dating results of observed moraines in front of Vestre Blomsterskardsbreen based on the
lichenometric dating curve “Folgefonna — compiled data” (Bakke et al. 20053, 184). Dates interpreted as

reliable are marked bold.

Moraine Lichen size (mm)

111
115
25
121
108
106
105
96
109
110
90
103
112
219
128
259

Age BP
246
264
55
292
233
225
222
189
237
242
171
214
250

> 300
> 300
> 300

AD * 10% (years)

1754 + 25
1736 + 26
1945+ 6
1708 + 30
1767 + 23
1775 + 23
1778 + 22
1811 +19
1763 + 24
1758 + 24
1829 + 17
1786 + 21
1750 + 25
before 1700
before 1700
before 1700
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There are several factors that especially may reduce the reliability of the dating results in the
study area.

First, rapid mass-movement deposits, mainly originated from rockfall, could be observed
many places in the study area close to or upon several moraines, especially on those located
within valley sides. In particular, this feature was sporadically observed at M-2, M-4, M-9, M-
11, M-12, M-14, M-15, M-16, and at M-22, and very distinct at M-7, M-8, M-13, and M-17.
Rapid mass-movement processes can transport material of older or younger age to the
moraine, which, if it remains unidentified, can falsify the lichenometric dates. Therefore, care
was taken not to measure lichen thalli on boulders interpreted as rapid mass-movement
deposit. On M-2, M-4, M-16 and M-22, only limited parts of the moraine ridges were affected
by sporadic or distinct rapid mass-movement deposits, these parts were carefully excluded
from lichenometric measurements.

Second, well-established vegetation is present on many moraine ridges in the study area,
complicating lichen thalli growth, observations and measurements. M-5, M-6, M-7, M-8, M-
9, M-10, M-11, M-12, M-13, M-14, M-15, M-16, M-17, M-18, M-19, M-20, M-22 were, to
different extends, covered by mainly gramineous vegetation, mosses, and small bushes like
blueberries and ling. At these ridges, lichen growth is in competition with or covered by the
vegetation, and therefore natural lichen growth rate is restrained; lichenometric dating results
may be younger than the real age of the moraine.

Third, the huge amounts of melt- and run-off water in the study area impact many moraines,
modifying the ridges and restraining the natural lichen growth in past and present. M-1, M-3,
M-5, M-20, M-21 and M-22 were heavily washed-out and modified by running water. The
high annual precipitation rate in form of rain and especially snow, and the hence resulting
long annual snow cover also can have negative influence on the natural lichen growth.

Less measurement sites due to small sizes of the moraines reduced the reliability of the dating
results at M-1, M-3, M-4 and M-21.

The moraines interpreted to have reliable dating results are M-2, M-3, M-5, M-10, M-11 and
M-16.
M-20, M-21, M-22 and M-23-32 have lichen thalli diameter larger than 150 mm, for
methodological reasons dating by lichenometry could therefore not be applied (cp. Winkler
2003).
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2.3.3 Lichenometry — Interpretation

Observed moraine ridges of Vestre Blomsterskardsbreen in the study area were dated by the
use of the lichen growth curve for Rhizocarpon geographicum “Folgefonna — compiled data”,
which is based on several control points around Folgefonna glacier (Figure 2.2) (Bakke et al.
2005a). The fact that the control points are located in several regions around Folgefonna
indicates that some environmental factors which influence lichen growth, such as temperature,
moisture supply, light intensity, substrate lithology, substrate stability, snow cover, wind
exposure, altitude, aspect, continentality or competition with other plant groups, may be
different in the study area (cp. Innes 1985a; Matthews 1994). The lichen growth curve
“Folgefonna — compiled data” thus is an approximation to the real conditions in the study
area, a fact that may affect the accuracy of the dates. The limited time period covered by the
control points is another limiting factor for the reliability of the dating results, the growth
curve had to be interpolated for the time before AD 1750 and after AD 1942 (cp. Bakke et al.
2005a).

The outermost moraines which lichenometric dating successfully could be applied on were
M-1, M-2, and M-4. M-1 and M-2, with mean diameters of the five largest lichens of 111 mm
and 115 mm, were dated to an age of 246 and 264 years BP, respectively, which corresponds
to an origin in AD 1754 and AD 1736. M-4, with a mean lichen diameter of 121 mm,
reflecting an age of 292 years BP, is according to lichenometric measurements assumed to be
deposited in AD 1708. Since M-1 to a great extend was reworked by river Bladalselv, and M-
4 was influenced by rapid mass-movement deposits, lichenometric measurements on M-2
seem the most reliable. M-1, M-2 and M-4 are interpreted as reflecting the maximum glacier
advance of the LIA in the first half of the 18" century, dated to AD 1736. M-19, on which
lichenometric dating was not applied, is due to its location interpreted as being part of this set.
The spatial closeness of M-18 indicates that the retreat from M-19 to M-18 must have gone
comparatively fast. This cannot be verified since neither M-18 nor M-19 could be subject to

lichenometric measurements during fieldwork.

M-5 and M-17, with mean lichen thalli diameters of 108 mm and 112 mm, are dated to an age
of 233 and 250 years BP, which indicates a deposition in AD 1767 and AD 1750,
respectively. The distinct impact of rapid mass-movement deposit may falsify the dating

results of M-17; M-5 and M-17 are therefore interpreted as one moraine set reflecting a
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glacier re-advance or steady-state position of Vestre Blomsterskardsbreen during the LIA in
AD 1767.

M-10 and M-16 have mean lichen diameters of 105 mm and 103 mm, which results in an age
of 222 and 214 years BP, indicating an origin in AD 1778 and AD 1786, respectively. Due to
the fact that lichenometry in general is assumed to have an error of up to 10% (Bickerton and
Matthews 1992), and the somewhat limited accuracy of the applied growth curve, these
moraines are interpreted as to be one set, deposited by a glacier re-advance or a phase of
steady-state during the LIA around AD 1780. According to the lichenometric dating results,
the glacier retreated comparatively fast from the moraine set M-5 and M-17 (AD 1767) to M-
10 and M-16 (AD 1780).

Rapid mass-movement deposits and vegetation cover made lichenometric measurements
difficult or even impossible at M-7, M-8, M-9, M-13, M-14 and M-15, reliable dating results
could not be achieved for these moraines. M-11, with a mean lichen thalli diameter of 96 mm,
is interpreted as reliable, dated to an age of 189 years BP, which corresponds to an origin in
AD 1811. Smaller glacier (re-)advances are assumed to be able to form marginal moraines in
valleys were enough material was available to be pushed up, whereas on heights either
discontinuous or no moraines were deposited; this is a result of material availability and the
fact that glaciers often are located further back on heights than in valleys (Gjessing 1978, 95).
Based on this assumption, M-11 is assumed to reflect the innermost and thus youngest
moraine ridge in the sets of M-6 to M-9 and M-11 to M-15, located within three adjacent
valley sides, which all were deposited contemporaneously or in close temporal proximity,
reflecting small glacier re-advances or steady-state positions in a general phase of glacial

retreat during the LIA in the time span after 1780 to around 1811.

The mean size of the five largest lichen thalli on M-3 is 25 mm, which corresponds an age of
55 years BP. M-3 is thus dated to AD 1945. During the 1930s and 1940s, several glacier
tongues of Folgefonna advanced (Tvede 1972; Bjelland 1998; Bakke 1999; Simonsen 1999;
Bakke et al. 2005c; Edvardsen 2006). Since Vestre Blomsterskardsbreen, due to its size and
its comparatively shallowness, is expected to have a longer response time than other, smaller
and steeper glacier tongues of southern Folgefonna, the dating to AD 1945 is interpreted as
reliable. M-3 hence is interpreted to represent the last glacier advance during the LIA; this

moraine is the one observed closest to today’s glacier tongue position, and since then the
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glacier is interpreted as retreating until today. Furthermore, M-3 is interpreted to reflect the
position of the terminus of Vestre Blomsterskardsbreen which enabled the presence of the
proglacial lake that deposited the glaciolacustrine terrace (UTM 474832, 860 m a.s.l.) which
can be observed in front of today’s terminus of the glacier tongue (cp. Chapter 2.2.4).

Tvede (1972) and Tvede and Liestgl (1977) assume that @stre Blomsterskardsbreen had its
maximum LIA glacier advance as late as during AD 1920 and AD 1940, probably mainly in
the AD 1930’s. According to this assumption, the maximum LIA glacier advance at Vestre
Blomsterskardsbreen would be expected to be analogous. But based on the observed moraine
ridges in the study area and the obtained lichenometric dates, the maximum LIA glacier
advance for Vestre Blomsterkardsbreen is presumed to have occurred earlier, during the first
half of the 18" century. Since @stre and Vestre Blomsterskardsbreen are two glacier tongues
of the same glacier unit, this is difficult to explain. Important factors are slope aspect,
precipitation rate, prevailing wind direction and topographic conditions. A detailed discussion

is presented in Chapter 5.

Scientific studies indicate an early LIA glacial advance at many glacier outlets of Folgefonna
close to AD 1750, and later re-advances between AD 1870 and 1890 and during the 1930s
(Bakke et al. 2005a and references therein). Based on the observed moraine ridges in the
study area and the obtained lichenometric dates, both glacial advances during the mid-18" and
early 20™ century were proved at Vestre Blomsterskardsbreen. In contrary, an advance
between AD 1870 and AD 1890 could not be observed in the study area. This can be ascribed
to several explanations. First, a glacial advance of Vestre Blomsterskardsbreen may not have
occurred during the late 19™ century. Another explanation is that there was a glacier advance
during this period, but no moraines were deposited, or later eroded. Third, a glacier advance
occurred and moraines were deposited, but could not be observed during fieldwork. North-
east of Insta Botnane is a mountain area which is very difficult to access. The rough terrain
prevented this plateau area to be investigated. Assumed AD 1870/1890 moraines would
probably be deposited in that area, between the glacier and the moraines M-4 to M-19
observed and dated to AD 1811 or earlier in Insta Botnane. Moreover, huge amounts of
meltwater may have prevented or washed out any moraine depositions around the glacier’s

terminus in the area without significant high terrain.
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M-20 and M-21, interpreted as one moraine modified by river Bladalselv, were covered by
lichen thalli with diameters larger than 150 mm, therefore lichenometric dating could not be

applied. This moraine is interpreted to reflect a glacier advance earlier than the LIA.

On M-22, as well modified by river Bladalselv, also lichen thalli larger than 150 mm could be
observed, therefore this moraine is interpreted to reflect a glacier advance earlier than the
LIA. Due to its location further downvalley from today’s terminus of Vestre

Blomsterskardsbreen, M-22 is interpreted as being deposited earlier than M-20/M-21.
M-23 to M-32 are interpreted as marginal moraines formed by glacier advances of

Magsevassbreen deposited during the preboreal and in the time period 10 550 — 10 450 cal.
years BP (see Chapter 2.2.1.1) (Bjgnnes 2006 and references therein).
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2.4 Summary

- Quaternary mapping of the study area indicates that rapid mass-movement processes
are active in many places in the study area. The impact of such processes on the
sedimentation of Lake Midtbotnvatn is presented and discussed in Chapter 3.5.4.

- Several moraines originated by past glacier advances of Vestre Blomsterskardsbreen
could be observed in the study area.

- M-1, M-2, M-4 and M-19/M-18 are interpreted to represent the maximum glacial
advance of Vestre Blomsterskardsbreen during the LIA.

- M-5 and M-17 are interpreted as one moraine set reflecting a glacier readvance or
steady-state position of Vestre Blomsterskardsbreen during the LIA in AD 1767.

- M-10 and M-16 are interpreted to be one set, deposited by a glacier readvance or a
phase of steady-state during the LIA around AD 1780. According to the lichenometric
dating results, the glacier retreated comparatively fast from the moraine set M-5 and
M-17 (AD 1767) to M-10 and M-16 (AD 1780).

- M-11, dated to AD 1811, is assumed to reflect the innermost and thus youngest
moraine ridge in the sets of M-6 to M-9 and M-11 to M-15, located within three
adjacent valley sides, which all were deposited contemporaneously or in close
temporal proximity, reflecting small glacier re-advances or steady-state positions in a
general phase of glacial retreat during the LIA in the time span after 1780 to around
1811.

- M-3 is interpreted to represent the last glacier advance during the LIA, dated to AD
1945. This moraine is the one observed closest to today’s glacier tongue position, and
since then the glacier is interpreted as retreating until today.

- Moraines M-20, M-21 and M-22 are interpreted to represent glacier advances earlier
than the LIA. These moraines are too old to be dated by lichenometry. M-20 and M-21
are interpreted as one moraine, washed out by river Bladalselv; M-22 was deposited
earlier than M-20/M-21.

- M-23 to M-32 are moraines interpreted to be deposited by Mgsevassbreen during the
preboreal and in the time period 10 550 — 10 450 cal. years BP (“Jondal 1 event” and
“Jondal 2 event”) (Bjgnnes 2006).
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3 Analysis of proglacial sediments

The second and central part of the study is the analysis and interpretation of proglacial
(glaciolacustrine) sediments in order to reconstruct past glacier activities, continuous ELA
fluctuations and with that climate variations.

This chapter gives an overview of the theory behind proglacial sediments used as proxies for
past glacier fluctuations and climate variations; and it contains the description of the sediment
parameters used to analyze the sediment cores. Finally the analyses data are presented and

interpreted, age-depths models are created and sedimentation rates calculated.

3.1 Proglacial sediments

Proglacial sediments have their origin almost exclusively in glacial erosion and subsequent
meltwater transport (Karlén 1981; Bakke 2004). Especially temperate glaciers, having a
several meters thick basal ice layer containing rocks and debris particles, have high abrasive
effects on bedrock, which results in typical clay-silt size fractions transported downstream by
meltwaters and finally being deposited in proglacial lakes (@strem 1975 in Bakke 2004,
Haldorsen 1983; Leemann and Niessen 1994; Paterson 1994). A glacier produces all grain-
sizes, ranging from large boulders to clay (Vorren 1977 in Bakke et al. 2005c; Ashley 1995).
Depending on the power of the transporting meltwater stream to hold particles in suspension,
there is a downstream decline in sediment size, and fine-grained particles are carried longest
(Sundborg 1956 in Bakke 2004; Karlén 1981; Ashley 1995; cp. Chapter 3.4.4.).

The erosion rate of temperate glaciers, and with that the sediment delivery rate, is many times
higher than of rivers with comparable water discharge, and can vary significantly from glacier
to glacier and from year to year (Church and Ryder 1972; Embleton and King 1975 in Hicks
et al. 1990; Ashley 1995). Influencing factors are topography and bedrock type, but both
being constant for every glacier, erosion, transport, and sedimentation rate vary only with
size, thickness and activity of the glacier, and with the water discharge (dstrem 1975 in
Karlen 1981; Boulton 1979 in Leemann and Niessen 1994; Leonard 1985).

Leonard (1985) assumes that variations in sedimentation rates in proglacial lakes are complex,
but on a long term basis high sedimentation rates are caused by high glacial activity. Osborn
et al. (2007) agree with the fact that increased minerogenic sedimentation in a proglacial lake
is linked to an increased erosion and production rate of a glacier. During which phase of

activity (advance, maximum or rapid retreat) most material is produced has not been
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completely clarified yet (Karlén 1981; Leonard 1985). Release and transport of the eroded
material is probably greatest during the retreating phase, when water discharge is high due to

numerous and increased meltwater streams (Karlén 1981).

For research works with the goal of paleoclimate reconstruction, the proportion of
minerogenic material in the sediments is decisive, being related to the occurrence of a glacier
in the catchment (Karlén 1981; Dahl et al. 2003; Bakke et al. 2005c). The minerogenic
content can vary considerably in the composition of proglacial sediments, which is in contrast
to lakes without glacial meltwater inflow (Karlén 1981; Bakke et al. 2005c). These variations
can be linked to fluctuations in glacial activity (Karlén 1981; Haldorsen 1983; Karlén and
Matthews 1992; Matthews and Karlén 1992; Leemann and Niessen 1994; Souch 1994; Bakke
et al. 2005c; Osborn et al. 2007). Besides the organic and minerogenic content, also particle
size and sediment thickness can give information about glacier fluctuations (Nesje and Dahl
2000). Glacial activity in association with erosion, transport and deposition of sediments vary
with the size of the glacier in the drainage basin, its retreat or advance, and hence with climate
conditions (Karlén 1976, 1981; Leonard 1985, 1986b, 1986a; Karlén and Rosqvist 1988;
Benn and Evans 1998; Dahl et al. 2003; Bakke 2004; Bakke et al. 2005b; Bakke et al. 2005c;
Osborn et al. 2007; Nesje et al. 2008). This enables reconstruction of glacier fluctuations
through analysis and interpretation of proglacial sediments, through which a continuous high-
resolution record on climatic change can be obtained (Karlén 1976, 1981; Bakke et al. 2005c).
Dahl et al. (2003) gave an overview of former approaches on proglacial sediment studies (the
earliest by Karlén 1976; Karlén 1981 in northern Sweden; and Leonard 1985; Leonard 1986a;
1986b in western Canada) and proved in their studies that proglacial sediment parameters are
suitable to reconstruct past continuous variations of ELAs and glacial activity in Norway. The
approach of using proglacial lake sediments to reconstruct former ELAs extends works based
on lateral moraines that reflected ELAs only for certain time periods during a steady state of a
glacier. In addition, earlier studies were limited by a lack of historical records and
measurements, and the fact that many lateral moraines formed during the Holocene were
erased through advancing glaciers during the LIA around AD 1750 (Dahl et al. 2003).

The positive correlation between the minerogenic content of proglacial sediments, glacial
activity and hence climate fluctuations is also proven by a large amount of other Sandinavian
research studies (e.g. Roland and Haakensen 1985; Nesje and Kvamme 1991; Nesje et al.
1991; Karlén and Matthews 1992; Matthews and Karlén 1992; Dahl and Nesje 1994; Nesje et
al. 1995; Dahl and Nesje 1996; Matthews et al. 2000; Nesje et al. 2000a; Nesje et al. 2001,
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Sandgren and Snowball 2001; Rosqvist et al. 2004; Bakke et al. 2005a; cp. references in Dahl
et al. 2003, Bakke 2004, Bakke et al. 2005c).

In contrast to these approaches, Hicks et al. (1990) proved that in some environments the
sedimentation in proglacial lakes both in amount and variation as well can be dominated by
the erosion rates of precipitation and runoff, where the intensity is the determinant, and less
by the extent of the attendant glacier (cp. Hicks et al. 1990 and references). Benn and Evans
(1998) point out that besides meltwater streams as the main sediment source at temperate
glaciers, non-glacial sources can play a role in sedimentation as well, as for example slope
processes and fluvial processes. These factors are influenced by topography, lithology,
morphology, glacial activity, and climate conditions and vary therefore from basin to basin
(Benn and Evans 1998). Furthermore, already deposited sediments can be moved and re-

deposited again (Summerfield 1991).

3.2 Sedimentation and affecting factors in proglacial lakes

Proglacial lakes can primarily be divided into two types: ice-contact and distal lakes (Ashley
1995). Lake Midtbotnvatn is attributed to the latter, being physically separated from the
glacier ice. This characteristic may have varied in different times during the late glacial and
Holocene.

Distal lakes receive most of their sediments through meltwater streams, which include
suspended clay and silt particles in varying concentrations. The discharge of meltwater
streams is characterized by weather fluctuations, seasonal alternations and long-term
variations, which affect the nature of stratification of the lake sediments (Ashley 1995; Nesje
et al. 2000a). Climate variations on annual and decadal scale have great impact on both
sediment production and deposition in lakes (Nesje and Dahl 2000). Proglacial lakes are
generally characterized by continuous and relatively high sedimentation, a fact indicating the
high time resolution proglacial sediments can be analyzed on (Nesje et al. 2000a). Important
influencing factors that affect the deposition of suspended material in a proglacial lake are
among others lake type (ice-contact or distal lake), topography, bedrock lithology and
vegetation cover, local climate (temperature, precipitation, wind), size, altitude and aspect of
lake and catchment, lake bathymetry, water depth, water temperature, lake stratification
(seasonal affected thermal stratification, sediment stratification), relative densities of lake and
meltwater, the proportion of the catchment glacierized, glacier size and meltwater discharge,

distance to the glacier (transport distance), number of intervening lakes located upstream that
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act as sediment traps for coarser sediments, sediment sources (number and direction), position
of meltwater inflow into lake water column, extent and temporal existence of an ice cover
during the winter season, slope stability and avalanche activity related to slope angles around
the lake (influencing mass movement at the lake margin), ice rafting, coverage of superficial
deposits in the catchment, and anthropogenic impacts (Ashley 1995, 420ff; Nesje and Dahl
2000, 43; Dahl et al. 2003, 277). Birks et al. (2000) point out that the main influencing
external factor on a lake catchment during late glacial and early Holocene was temperature,
affecting length of the growing season and snow cover, vegetation types and soil processes;
furthermore, in interaction with precipitation and wind, temperature affects glacier mass
balance and water balance of the lake. In addition, there are direct effects of temperature
regarding to thermal water stratification and extent and temporal existence of an ice cover
(Ashley 1995; Birks et al. 2000).

With respect to paleoclimate reconstructions, variations in sedimentation rates of proglacial
lakes and their origins are very complex, due to the large amount of controlling factors
regarding capacity of meltwater streams and sediment disposal (Leonard 1985). In this
context it is on the one hand important to differentiate between organic and minerogenic
matter in the sediments, and on the other hand to distinguish and relate the different origins of
the minerogenic content. Besides glacial erosion and meltwater transport also paraglacial
processes can have decisive influence on glacial material dispersal, erosion and re-deposition,
among other things for example erosion through slope processes, (glacio-) fluvial erosion
through rivers and flood events, and runoff due to increased precipitation (Hicks et al. 1990;
Ballantyne and Benn 1994; Benn and Evans 1998; Ballantyne 2002; Osborn et al. 2007).

3.3 Coring location in a proglacial lake

The selection of a proglacial site as a coring location requires the careful evaluation of several
factors (Dahl et al. 2003). The area that is currently glaciated within the catchment must be
adequate for recording the amplitude of glacier fluctuations in the studied time span. Also, the
area/altitude distribution of the studied glacier must be taken into account; as well as the
glacier type (Dahl et al. 2003). Several downstream proglacial lakes are more appropriate as
study sites than one single lake; representative non-glacial control lakes in the area are
advantageous (Matthews and Karlén 1992; Dahl et al. 2003). Furthermore, the proglacial lake
should be dammed by a rock sill, and not by superficial deposits such as moraines, colluvial

fans or rock avalanches. A flat lake bottom, gentle slopes and no mixing of the water column
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to the lake base are preferable properties. On the contrary, sites located close to deltas and
similar unstable sedimentary environments, must be avoided. The residence time of the water
in a proglacial lake should be long enough for suspended sediment particles to settle, and
short enough that some material in suspension can continue and settle in lakes further
downstream. Another important factor is the existence of representative marginal moraines of
known age in the catchment; these are needed for the reconstructions of fluctuations in glacier
sizes and ELAs (Dahl et al. 2003). It is essential to take into account superficial deposits,
climatic factors and local active geomorphologic processes within the catchment, such as
landslides, debris flows and snow avalanches from adjacent valley sides, as well as turbidity
currents, river floods, biological and physical mixing like bioturbation and re-suspension, and
anthropogenic activity in the catchment (Nesje et al. 2000a, 1048; Dahl et al. 2003, 278ff; cp.
Chapter 3.8.).

3.4 Analysis parameters

The parameters used to analyze the proglacial sediments in this study are magnetic
susceptibility, loss on ignition, dry bulk density, grain-size distribution and p-Xrf

fluorescence.

3.4.1 Magnetic Susceptibility

Magnetic Susceptibility (MS) is a method used to get information about the magnetic
properties of lake-sediments, their composition, magnetic grain-size and mineralogy
(Sandgren and Snowball 2001). MS is defined as to what extent a material can be magnetized
in a magnetic field (Blum 1997). The minerogenic composition is determining for the MS of a
sample (Dahl et al. 2003). Ferromagnetic minerals, dominating the magnetic properties of
lake-sediments, have comparably high magnetic moments (Sandgren and Snowball 2001).
Based on a study of lake sediments in Northern Ireland, Thompson at al. (1975) came to the
conclusion that downcore variations in the MS of lake sediments are positively correlated
with variations in the amount of inwashed inorganic allochthonous sediment material.
Sandgren and Snowball (2001) agree that variations in MS in different depths of lake
sediments act as an indicator for changes in erosion and deposition. Erosion, transport and
finally deposition of minerogenic sediments, in so far as they are of glacigenic origin, vary
with the size of the glacier, and thus with climate conditions (Karlén 1976; Matthews et al.
2005). In conclusion, MS can, linked to glacial activity in the catchment of present and past

proglacial lakes, be used as a relative proxy-indicator for paleoclimate changes (Karlén 1976;
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Blum 1997; Dahl et al. 2003). Periods of high glacial activity induce high erosion at the
glacier bed, which implies increasing meltwater-induced transport and deposition of mineral
sediments at the ground of glacier lakes, resulting in higher measured MS (Karlén and
Matthews 1992; Sandgren and Snowball 2001).

MS measurements can simply be performed on all materials, the method is fast and non-
destructive, and the accuracy of MS is high (Blum 1997; Dearing 1999; Sandgren and
Snowball 2001).

A half core surface MS scanning was performed on the cores MIP-109 and MIP-209, using a
multi sensor core-logger Model MS2 (Bartington Instrument, Oxford, England) at the

Paleomagnetic Laboratory of the University of Bergen. The unit of MS is SI 10”.

3.4.2 Loss onignition

Loss on ignition (LOI) is a method used to estimate the organic content of lake sediments,
expressed in percent of the total weight of the sample (Karlén 1981; Heiri et al. 2001; Nesje et
al. 2001; Santisteban et al. 2004). The procedure is based on weighing samples from lake-
sediment cores before and after drying and heating up to certain degrees, and then determine
the weight per cent of organic matter and carbonate content through calculation (Heiri et al.
2001), based on linear relations between obtained LOI values and organic and carbonate
content (Santisteban et al. 2004). For a detailed description of the procedure, see Appendix 3.
Based on the assumption that the organic content of proglacial sediments is an inverse
indicator for the minerogenic sedimentation rate, LOlsso can be used as an indicator for glacial
activity in the lake catchment and thus for glacial activity; peaks coincide with reduced
glacier expansion (Karlén and Matthews 1992; Souch 1994; Nesje et al. 2001).

There are some factors that influence the results of the LOI method: sample size, exposure
time and position of the sample in the muffle furnace during combustion. Moreover, losses of
volatile salts, inorganic carbon and structural water can falsify the results of LOlsso (Heiri et
al. 2001). On drying the samples at 105°C, not only pore water is lost, but also water from
the organic content of the sample and lattice water from clays and salts (Santisteban et al.
2004), which indicates that the water loss on 105°C can vary with different compositions of
samples (Santisteban et al. 2004). Furthermore, some amounts of water which are bound to
the inorganic content of the samples are lost by heating up to 550°C, creating inaccuracies in
subsequent weight measurements. This absorbed water is dependent on grain size which

varies even within one core (Karlén 1981). Diverse lithologies with varying content of clays,
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salts and organic content within even one core can distort the results of the estimated carbon
content (Santisteban et al. 2004). Non-glacial allochthonous organic matter within the glacier-
lake sediments can corrupt the composition of the lake-sediments with non-glacial sediments
(Souch 1994). When the organic content in sediment cores is throughout below 5%, the
“signal-to-noise” ratio may be too low to obtain adequate LOI results for conclusions on past
glacial activity in the catchment. In that case, other physical sediment parameters can be used
to solve the amplitude of the glacial signal, such as dry bulk density (Bakke et al. 2005c).

3.4.3 Dry Bulk Density

When the LOI method is limited due to a too low organic component and/or high minerogenic
sedimentation, dry bulk density (DBD) is an adequate substitute physical parameter to
research glacier fluctuations (Bakke 2004). This was proved by Bakke et al. (2005c) in a
study area at northern Folgefonna, western Norway, where LOI values below 5% for some
times were insufficient to reconstruct coherent ELA fluctuations. DBD (gr/cm®) values
expressed fundamentally the same patterns as the residue after 550°C ignition (%) values, but
had larger amplitude in those parts where the residue values were, due to a high minerogenic
content of the sediments, very low. The two parameters showed a close relationship (r>=0.8)
(Bakke et al. 2005c¢).

Acting on the inorganic sedimentation of proglacial lake sediments as an additive parameter,
DBD reflects the porosity of a sediment (Bakke 2004). More accurately, DBD indicates how
powdery, fibrous, and granular sediment materials are packed and consolidated (Bakke 2004).
DBD is defined as the ratio of the dry mass of the sample (after drying on 105°C minimum
twelve hours) to the bulk volume (original sample volume including particle and pore
volumes) of lake sediments (Blake and Hartge 1986).

Figure 3.1 shows this relationship; sediments with a large content of both organic particles
and angular minerogenic particles result in low DBD values, whereas the highest DBD values
are reached in fine-grained poorly sorted densely packed glaciofluvial sediments (Bakke
2004; Bakke et al. 2005c). The water content of sediment is another important property,
inherently strongly related to both organic matter and DBD; water fills the pores between the
sediment particles and expresses the porosity of the sediment (Menounos 1997; Bakke et al.
2005c).

DBD is a physical sediment parameter and with that depending on both the production rate of

sediments through glacial activity, and on the runoff, which as well is controlled by the size of
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the glacier. Applied directly on proglacial sediments, DBD is therefore a suitable method to

research glacier size fluctuations (Bakke 2004).
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Figure 3.1 The relationship between water content and bulk density related to the type of sediment. The
porosity of sediment dominated of angular minerogenic particles is higher than the one dominated of
rounded glacially derived minerogenic particles; lowest bulk-density values are obtained from sediments
consisting of gyttja and angular minerogenic particles (Bakke et al. 2005¢, 171)

3.4.4 Grain-size distribution

Affecting the entrainment, transport and deposition of sediment particles, grain size is a
fundamental property of proglacial sediments. Grain size analysis can give important
information about the sediment origin, transport history and depositional conditions (Blott and
Pye 2001, 1237).

Grain-size distribution is a physical sediment parameter that can be used as a proxy for high-
resolution reconstructions of glacier fluctuations (Bakke et al. 2005c). In reconstructions of
coherent ELA variations it is used to validate the signal (Bakke 2004).

Variations in the grain-size distribution of lake sediments, especially of the clay and silt
contents, can be linked to past changes in the hydrological energy of a lake during

sedimentation, which again contains information about glacial activity with regard to erosion
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and water discharge (Dahl et al. 2003; Bakke et al. 2005b; Bakke et al. 2005c). Through the
grain-size analysis it is thus possible, in addition to other physical sediment parameters, to
obtain information about the different processes related to the minerogenic sedimentation in a
glacier-fed lake, including flow competency, transport mechanism and sediment availability
(Beierle et al. 2002; Bakke et al. 2005b). Depending on supply and transport of insoluble
particles, the sedimentation rate in proglacial lakes is related to glacial erosion, and this
association makes it possible to draw conclusions about earlier glacier size fluctuations from
the properties of proglacial sediments (Beierle et al. 2002; Bakke 2004; Bakke et al. 2005b).

But produced by the appropriate glacier, glacier-fed lake sediments normally contain all
grain-sizes (Vorren 1977 in Bakke et al. 2005c), and variations in grain-size distribution
therefore have their origin primarily in changes of lacustrine and fluvial systems (Bakke 2004;
Bakke et al. 2005c), and less in the size of the producing glacier and the length of the glacial
transport (Haldorsen 1981 in Bakke 2004). Glaciofluvial transport and sedimentation can be
explained by the Hjulstrom diagram (see Figure 3.2). Wether a grain is eroded, transported or
deposited depends on its grain size and the velocity of the water flow it is exposed to. To
erode a grain particle already settled, more energy is needed than to transport it when it

already is in motion (Nichols 1999).
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Figure 3.2 The Hjulstrém diagram shows the relationship between flow velocity of water and the
transport of loose grains. To erode a grain particle already settled, more energy is needed than to
transport it when it already is in motion (Nichols 1999, 42)

61



Chapter 3 Proglacial sediments

The grain-size distribution can in some parts of the sediments show clear differences from the
regular sedimentation. These interruptions may be caused in supplied material by
exceptionally different depositional processes, like for example major flood events or erosion
from the surrounding catchment (Arnaud et al. 2002; Bakke et al. 2005c).

For a detailed description of the procedure, see Appendix 4.

3.4.5 X-radiography and X-ray fluorescence

The X-radiography and X-ray fluorescence (XRF) analyses provide highly resolved
information about the optical, radiographic and elemental variations of sediment half cores
(Croudace et al. 2006). The non-destructive automated multi-function core scanner ITRAX is
used to perform continuous high-resolution down core geochemical, physical and textural
analyses, where an intense micro-X-ray beam is used to irradiate samples enabling both X-
radiography and XRF analysis (Croudace et al. 2006). From a split-sediment core, a two-
dimensional optical image, a micro-radiographic image and a high-resolution micro-X-ray

fluorescence spectrometry (U-XRF) elemental profile can be obtained (Croudace et al. 2006).

The RGB digital optical image of the sediment core surface is obtained using an optical-line
camera system; it can later be used to relate the radiographic image and elemental data to
visual colour features of the core sediments (Croudace et al. 2006).

The radiographic image is generated by measuring and recording the intensity of X-radiation
transmitted through the sediments; perfomed by a digital X-ray line camera. The resulting
image is a “radiographic positive”, which implies that parts of the sediment core with low
density appear light, and areas of higher density appear darker (Croudace et al. 2006, 54).

A high-resolution elemental profile of the sediment half core is obtained by the use of the
scanning micro-X-ray fluorescence analysis of the ITRAX core scanner. Proglacial lake
sediments often show annually laminated, so called “varved” layers, containing annual or
even seasonal information about paleoenvironmental conditions (Shanahan et al. 2008). In
this context, the u-XRF analysis provides an adequate method for continuous reconstruction
of past climate conditions (Shanahan et al. 2008).

In detail, the elemental compositions of different sediment laminations are analyzed, in order
to get information about annual changes within the catchment, with respect to sedimentation
factors and processes, also including individual run-off events and their sources in the
drainage basin, and thus environmental and climate changes (Shanahan et al. 2008). Two

approaches can be performed: elemental line-scanning of sediment cores and elemental
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mapping. Both are based on the identification and quantitative determination of a wide range
of major elements (Na-U) and trace element concentrations within a sample (Shanahan et al.
2008). Elemental mapping has a much greater spatial resolution, but accordingly this
approach takes disproportional more time and can thus hardly be used for entire sediment
cores, but may complement p-Xrf line scans (Shanahan et al. 2008).

The exposure to a primary x-ray source, such as molybdenum, makes the sample to be
analyzed emit secondary x-rays. The energy of this x-ray fluorescence varies for different
elements, a fact that is used to obtain the element type. The intensity of the fluorescence at
each energy level contains information about the elemental concentration, weather for
example heavier elements (like Fe or Ti) or lighter elements (like Al, Ca or Si) dominate;
while the elemental quantification can be obtained through theoretical calculations and/or
using known standards (Shanahan et al. 2008).

Advantages of the line-scan p-Xrf analysis are wide ranges of analyzed elements and
concentrations, non-extensive sample preparation, and comparatively short measurement
times (Shanahan et al. 2008).

In this work, XRF analysis was performed using an X-ray tube with a chromium target,
generating incident X-rays with the energy of 30 KeV 30 and 55 mA. The radiographic image
was taken from u-channels with a resolution of 60 pum, using an X-ray tube with a
molybdenum target, generating incident X-rays with the energy of 55 KeV and 45 mA.

There are some sediment properties that may negatively influence the data quality obtained
from ITRAX -radiography and Xrf-scanning, for example inhomogenities within a sample
such as varying density effects, mineralogy, grain-size, porosity and water content variations,
packing effects, and inconstant detector-sample distance (Croudace et al. 2006; Shanahan et
al. 2008). Further errors, related to the ITRAX system, may occur due to poor peak
discrimination in the X-ray spectra and low count rates (Croudace et al. 2006).

3.4.6 Dating

There are two dating methods that were applied on the proglacial sediments: radiocarbon
dating and lead dating. They are theoretically explained in the following.

3.4.6.1 Radiocarbon dating

14 (radiocarbon) isotopes originate in the upper atmosphere due to cosmic radiation; forming

4C0O, with oxygen, they enter the Earth’s carbon cycle (Bard et al. 1990; Smart and Frances
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1991; Bradley 1999). All living things contain the same concentration of **C while alive. The
radioactive *C has, balanced through continuous production, a natural decay to nitrogen and a
released B-particle (electron) in the global carbon reservoir (Smart and Frances 1991; Bradley
1999). After death, the “C rate lessens because no *C is absorbed anymore; the half-life of
14C is 5730 + 40 years (Godwin 1962 in Smart and Frances 1991). The upper limit of age for
radiocarbon dating is 50000 years BP. The conventional techniques to measure the **C rate of
a sample are based on counting emissions of B-particles. The direct method is based on
measuring the concentrations of the individual ions *°C, *C, and **C, using the Accelerator
Mass Spectrometry (AMS) (Smart and Frances 1991; Bradley 1999). The latter can be applied

in shorter time durations and on much smaller samples (Bradley 1999).

The *C rate of the atmosphere was not constant through the history of the earth, mainly due
to changes in the earth’s magnetic field as well as in solar activity, and furthermore changes in
ocean circulations (Bard et al. 1990; Aitken 1998; Bradley 1999). That’s why radiocarbon
years have to be calibrated to calender years. This is done through calibrating curves, which
are mainly based on dating with help of dendrochronology, annual layers (varves) of lake
sediments, and uranium (U/Th) series dating of corals (Bard et al. 1990; Stuiver and Reimer
1993; Aitken 1998). CALIB 6.0 and INTCALO9 are newest age calibration programs used to
calibrate conventional radiocarbon years to calendar years (Stuiver and Reimer 1993; Stuiver
et al. 2005). Before conversion to calender years, the dated age is expressed through years BP
(before present), which is before AD 1950. After calibrating, the dated age is often quoted as
years cal. BP (calibrated BP) (Aitken 1998). The differences between these two vary from a
few hundred to more than 40000 years, depending on the age of the sample (Aitken 1998).

A further error source is the “hard-water” effect. Some living things, for example aquatic
plants and freshwater molluscs, may not be in equilibrium with the **C rate of the atmosphere
due to lower **C/*C ratios in the water they live in (Smart and Frances 1991; Bradley 1999).
In those cases, the samples are dated older than they actually are (Bradley 1999). With respect
to dating lake sediments with radiocarbon, Smart and Frances (1991) advise investigating the
inorganic carbonate input into the lake both present and past.

Fractionation of the carbon isotopes *2C, **C and *C by plants is another error source; the
process of photosynthesis can cause changes in the normal carbon isotope ratio in different
plant groups so it is not similar to the atmospheres ratio. Through measuring the **C/**C ratio

and correcting the *C concentration, this is taken into account (Smart and Frances 1991).
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Further sources of error are the possible contamination of younger or older carbon through for
example bioturbation, the dating of organic matter which is characterized by long terrestrial
residence times (macrofossil types like wood and charcoal), and the “mineral carbon error”,

which results from a wash-in of non-organic older carbon (Bradley 1999; Oswald et al. 2005).

3.4.6.2 Lead dating

Based on the content of >!°Pb, a natural radioactive isotope of lead, lead dating is used to date
sediments up to 150 years back in time (Appleby 2008). The atmospheric origin and fallout of
219h, which occurs as one of the radionuclides in the *®U decay series by the natural decay
of ?*’Rn via a number of short-lived radionuclides, is seen to be constant in space in time-
scales of minimum annual character (S.Krishnaswamy et al. 1971; Appleby 2008). Its flux
however varies spatially, depending on precipitation and geographical location. In the
northern hemisphere, there is an east to west decline in ?°Pb fallout, attributed to the
prevailing wind directions. Supported ?°Pb results from in situ decay of natural ?*°Ra within
the sediment. Unsupported !°Pb is transported to the lake surface by dry deposition and
precipitation, and from there to the lake; it can be determined by subtracting supported from
total %°Pb activity. This component allows, due to known half-life, for estimation of the age
of the sediments (Appleby 2001, 2008).

The main factors affecting supply of fallout ?°Pb to lake sediments are atmospheric flux,
transport rate from the catchment, water residence time, mean particle settling velocity and
transport processes after deposition (cp. Appleby 2001, 178; Appleby 2008, 85). Influencing
factors on the differences between the atmospheric #*°Pb flux and sediment records are losses
via outflow and sediment focussing. In lakes were the sedimentation rate has varied through
time, the unsupported 2°Pb activity varies with depth, resulting in a non-linear #*°Pb profile,
also caused by physical, chemical and biological mixing (Appleby 2001).

Three basic models are used for calculation of °Pb dates. The CIC model assumes a constant
initial concentration of *!°Pb regardless of accumulation rates. The CRS model is based on the
assumption of a constant rate of supply of atmospheric fallout ?°Pb (Appleby 2008). The
CFCS model requires both constant flux and constant sedimentation rate (S.Krishnaswamy et
al. 1971; Arnaud et al. 2002). In this study, a combined CRS and CIC model were applied.
Chronostratigraphic dates of artificial fallout radionuclides, such as **’Cs or **Am, can be
used to validate the results. Artificial fallout radionuclides globally dispersed have their origin
mainly in the intense atmospheric testing of nuclear weapons in 1963 and the Chernobyl

nuclear power plant accident in Ukraine in 1986 (Appleby 2001, 2008).
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Error sources of the lead dating method are for example insecurities in sediment coring, such
as losses of the uppermost layers. Calibration against **'Cs can correct results falsified that
way, as well as errors originated in varying sedimentation and “*°Pb supply rates after 1963
(Appleby 2008). Variations and changes during the late 19" until the middle of the 20"
century however can only be adjusted through other chronostratigraphic approaches such as
pollen, diatom and trace metal records (Appleby 2001, 2008). When the concentration of
unsupported “°Pb in a sample is too low due to for example a strongly increased
accumulation rate caused by sediment erosion, dating cannot be performed in an adequate
way, and **'Cs-based resolving is essential. This also applies to enhanced **°Pb supply rates
due to for example sediment focusing or catchment inputs (Appleby 2008).

Flood events and earthquakes may lead to disturbances of the ?°Pb content with respect to the
investigated age-depth-relationship; such disturbed layers should be removed (Arnaud et al.
2002). In general, it is necessary to compare calculated :°Pb supply rates with an estimated

atmospheric flux of the investigated area (Appleby 2008).

3.5 Lake Midtbotnvatn

Proglacial sediments of Lake Midtbotnvatn are used in this study with the goal of
reconstructing Holocene glacial activity of Vestre Blomsterskardsbreen. In the following,

Lake Midtbotnvatn is presented as location for proglacial sediment studies.

3.5.1 Sitelocation Lake Midtbotnvatn

Lake Midtbotnvatn (UTM 436800, 700-770 m a.s.l., map sheet M711 1214 | Rosendal and
1314 IV Fjera) as a site location for proglacial sediment studies, with the goal of
reconstructing past glacial activity of Vestre Blomsterskardsbreen and Holocene climate
variations, has been chosen for several reasons. The glacier tongue Vestre
Blomsterskardsbreen and Lake Midtbotnvatn, located approximately 5 km southwest of the
terminus, have not been subject to extensive investigations with respect to reconstructions of
variations in glacial activity and climate in former times. Several glacier tongues located at
southern Folgefonna have already been study sites for master’s theses and further scientific
workings with similar approaches, Mgsevassbreen in the west (Bjonnes 2006), @stre
Blomsterskardsbreen (cp. Tvede 1972; Tvede and Liestgl 1977; Tvede 1994) and Sauabreen
(Edvardsen 2006) in the east.

The main requirements claimed of an adequate site location by Dahl et al. (2003) (cp. Chapter
3.3) are fulfilled by Lake Midtbotnvatn. The lake is surrounded by partly steep rock faces and
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originally dammed by a rock sill in the north-west, where the natural outflow is located (UTM
427885, 785 m a.s.l.). There are no other lakes located upstream Lake Midtbotnvatn, but river
Bladalselv flows ca. 5 km before it reaches the lake, being able to deposit coarser grain
fractions in some areas were flow velocity is reduced (for example in Kjerringebotn (UTM
467917, 800 m a.s.l.), were large sandbanks could be observed). The main inflow (UTM
443280, 700-770 m a.s.l.) of glacial sediment-carrying meltwater comes from Vestre
Blomsterskardsbreen (16.7 km?), and since 1970 due to a tunnel construction also from @stre
Blomsterskardsbreen (14.9 km?) (Tvede and Liestal 1977; Smith-Meyer and Tvede 1996).
The proglacial sedimentation is thus mainly derived from Blomsterskardsbreen, and before
1970 only from Vestre Blomsterkardsbreen, which indicates that a clear signal of this glacier
is expected to be observed in the minerogenic content of the sediments, at least before 1953,
which marks the beginning of regulations of the lake in the aid of producing hydroelectric
power. The present main outflow of the lake is located directly east of the dam (UTM 429011,
770 m as.l.), leading to Lake Bladalsvatn, and therefrom further down valley Bladalen to
Matre. The regulated minimum and maximum values of elevation of Lake Midtbotnvatn are
700-770 m a.s.l. The surface area of the lake is 2 km? at maximum water level; the maximum
water depth of Lake Midtbotnvatn is approximately 100 m.

Representative marginal moraines are present in the study area (for example in Insta Botnane
UTM 487397, 927 m a.s.l.), and the current size of Vestre Blomsterskardsbreen indicates that
the study site is adequate to investigate the amplitude of Holocene fluctuations of this glacier
tongue.

The residence time of the water in Lake Midtbotnvatn is evaluated as appropriate due to the
size of the lake which enables suspended sediments to settle and some material in suspension
to be transported further downstream. This evaluation is also supported by the observation of
the typical greyish-green colour of river Bladalselv, Lake Midtbotnvatn and Lake Bladalsvatn.
With respect to the large amounts of meltwater flowing into Lake Midtbotnvatn, the
sedimentation rate of the lake is estimated as high. The cores taken out for analyses may

therefore be too short to cover the entire Holocene time span.

3.5.2 Corelocations

The core locations were chosen with help of the bathymetric map of Lake Midtbotnvatn
(Figure 3.3). This map was drawn based on water depth measurements on Lake Midtbotnvatn

in August 2009, performed with an echo-sounder placed on a boat and a GPS. Twelve profiles
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were established, crossing the lake in varying directions, the water depth measured every 20

m. The registered data were illustrated to a bathymetric map in Adobe Illustrator CS3.
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Figure 3.3 Bathymetric map of Midtbotnvatn. Water depths in colour scale, dam, coring locations, inlet,
outlet, and inflowing streams are shown.

The cores were taken out in the deepest area of Lake Midtbotnvatn, in 80-100 m water depth
with respect to the maximum water level. The lake bottom surrounding the coring sites is
quite flat with only gentle slopes in a radius of several 100 m. The coring sites located so
central within the lake were chosen to avoid the impact on sedimentation of nonglacial water
streams and steep rock faces surrounding the lake, especially the one in the east; moreover the
main inflow in the north-eastern part of Lake Midtbotnvatn is in appropriate distance for the
cores to represent undisturbed proglacial sedimentation. According to Dahl et al. (2003), the
mentioned properties of the coring locations are appropriate for further analyses and

interpretations of the sediments.
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3.5.3 Coring

In April 2008, three cores were taken out of Lake Midtbotnvatn: MIP-108 (UTM 440312),
MIP-208 (UTM 437234), MIP-308 (UTM 439092), but large parts of the core sediments were
too disturbed to be used for analyses and interpretations. Coring was performed on the ice-
covered lake which was drained down to the minimum water level (700 m a.s.l., 30 m water
depth); the cores had therefore to be transported up to the street at the dam with help of a
snowmobile. This transport was probably the main factor for the disturbances of the cores. In
August 2009, two more cores were taken out of Lake Midtbotnvatn: MIP-109 (UTM 442323)
and MIP-209 (UTM 442462). Coring was performed from a float which had to be anchored,
the water level was at its maximum (770 m a.s.l., 86 m water depth). A piston corer with a
PVC sampling tube was used (cp. Nesje 1992). Several attempts coring a HTH-core at the
coring locations in addition to the piston cores, in order to get the upper 50 cm of the
proglacial sediments of Lake Midtbotnvatn, failed, due to too hard and densely packed
sediments. Therefore, it was not possible to verify how many centimeters of top sediments
were missed during coring of MIP-109 and MIP-209. Lead dating results meanwhile indicate
a loss of 22 cm at the top of MIP-209 (cp. Chapter 3.11.).

Both MIP-109 and MIP-209 were used for the analyses, interpretations and reconstructions
undertaken in this study, though the main focus is set on MIP-209 due to least disturbed core
sediments (cp. Chapter 3.6). Each core has a diameter of 110 mm (Nesje 1992); MIP-109 is
209.5 cm long, and MIP-209 has a core length of 201 cm. After coring, both cores were
parted into two parts and split lengthwise, to secure successful coring results and to ease the
transport to Bergen, and in general to handle and work with the cores during the analyses. The
cores were transported carefully and then stored in a cold storage room (4°C) at the
University of Bergen, in order to prevent the sediments from being disturbed or otherwise

negatively affected in quality.

3.5.4 Field observations and influencing factors on sedimentation in Lake
Midtbotnvatn

Field observations in the course of quaternary mapping indicate that the sedimentation in

Lake Midtbotnvatn is affected by several factors, which are presented in the following.

The main inflow of Lake Midtbotnvatn is river Bladalselv in the north-east (UTM 443280,

700-770 m a.s.l.), consisting of glacial sediment-carrying meltwater that comes from Vestre

Blomsterskardsbreen. Due to the size of the adjacent glacier tongue and the huge amounts of
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meltwater each year, the river is expected to have high hydraulic energy, especially during
snow-melt in the spring/summer months May until September; and it is seen as the main
transportation agent of the sedimentation in Lake Midtbotnvatn, causing a high sedimentation
rate. The coring sites were located in appropriate distance to the river mouth to avoid
disturbed sedimentation that maybe expected at the unstable sedimentary environment a river
mouth causes (cp. Dahl et al. 2003).

In the course of regulations for the development of hydroelectric power since 1953, water-
level regulations, including both draining and damming processes of Lake Midtbotnvatn, can
have enabled erosion and re-sedimentation processes, that way affecting the proglacial
sedimentation.

The Coriolis force, caused by the rotation of the Earth, has an anticlockwise impact on the
flow circulation of the water coming from the main inflow in the north-east to the main
outflow in the north-west. This impact is consistent, but, due to the small lake size, weak (Pye
1994).

One small glacial water stream from Lake Mgsevatn (UTM 448530, 877-824 m a.s.l.) flows
into river Bladalselv in the north-west (UTM 446775, 775 m a.s.l.); the existence and strength
of this stream depends on precipitation and glacial- as well as snow-meltwater variations. The
main outflow of Lake Mgsevatn is in the south-west of the lake (UTM 445468, 870 m a.s.l.).
In the 1960s, Lake Mgsevatn was regulated by several dams and tunnel constructions, the
main outflow until present remained, however, the one in the south-west (Bjennes 2006). The
impact of this glacial stream on the sedimentation of Lake Midtbotnvatn is estimated as small,
since it is of very little extent compared to the size of river Bladalselv, and due to the facts
that the majority of sediments originated from Magsevassbreen are deposited in Lake
Mgsevatn and that the main outflow is not leading into the catchment area of Lake
Midtbotnvatn.

Besides the glacial meltwater inflows, Lake Midtbotnvatn achieves water through surface
runoff and drainage streams of the area topographically constituted as the drainage area of the
lake. Numerous streams of non-glacial origin flow into Lake Midtbotnvatn (for example
flowing down Bladalshorga in the south-west, UTM 426777, 770 m a.s.l., and in Midtbotn in
the south-east UTM 440901, 770 m as.l.) and into river Bladalselv (for example in
Kjerringebotn UTM 465473, 780 m a.s.l.) (cp.Figure 3.3). The existence and flow conditions
of the nonglacial streams are inherently depending of variations in precipitation and snow

melt. The coring sites were located in some distance to the lakefront to minimize the impact
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on sedimentation of water streams carrying non-glacial minerogenic material into Lake
Midtbvotnvatn.

Active rapid mass-movement processes at the rock faces surrounding Lake Midtbotnvatn and
river Bladalselv are observed several places (cp. Quaternary map of Blomsterskardsbreen and
Midtbotnvatn, Appendix 1). Both rapid mass-movement processes themselves and washing-
out of rapid mass-movement deposits influence the sedimentation in the lake and moreover
the glacial signal of the sediments, being minerogenic sediment sources of non-glacial origin
(Matthews et al. 2005). To minimize this impact, the locations of the coring sites were
therefore chosen in appropriate distance to the lakefronts.

Due to the fact that Lake Midtbotnvatn is located in the glacier foreland of southern
Folgefonna, paraglacial activity is another influencing factor on proglacial lake sedimentation.
Paraglacial activity is defined as nonglacial processes directly defined by glaciation and
deglaciation, including both proglacial processes and processes in areas earlier glaciated,
directly conditioned by former glaciation and deglaciation (Church and Ryder 1972, 3059;
Ballantyne 2002, 1935). Such paraglacial processes which may affect the sedimentation in
Lake Midtbotnvatn through rapid reworking, erosion and re-deposition of glacigenic sediment
are for example slope failures and enhanced rockfall activity, debris flows, rapid snowmelt,
snow avalanches and slopewash, wind erosion and frost action, and the eroding, transporting
and depositing properties of rivers (Ballantyne and Benn 1994; Ballantyne 2002). The
catchment area of Lake Midtbotnvatn is characterized by little superficial deposits and robust
bedrock, which indicates that only few areas may have paraglacial impact on the lake
sedimentation. The coring sites located distal from the lakefront were chosen to avoid this
impact as far as possible.

Turbidity currents (underflows) and gravity processes due to steep areas in the lake
bathymetry can cause erosion and subsequent re-sedimentation of lake sediments (Pye 1994;
Benn and Evans 1998). In choosing the coring locations in the deepest and flattest area of the
lake basin of Lake Midtbotnvatn, the impact of such features is avoided as far as possible.
Due to the size and water depth of the lake, the influence of wind-induced surface wave
actions is estimated to not extend to the base of the water column; the influence of wind on
the sedimentation of Lake Midtbotnvatn must therefore be taken into account with focus on
surface flows and currents in the upper water layers; the same applies to surface heating
during the summer months which in smaller and shallower lakes could cause the non-
existence of stratification (Pye 1994; Ashley 1995).
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During the accumulation season, the average temperature in the study area is -0.56°C, the
mean annual temperature is 3.14°C (cp. Chapter 1.6.4.). There is no data available about the
water temperature and the water density of Lake Midtbotnvatn, two factors which play a role
for sedimentation in a lake (Pye 1994). The calculated temperatures in the study area and field
observations indicate that Lake Midtbotnvatn is covered by ice several months per year,
approximately from November until May.

As a consequence of the climatic conditions, there is a limited extend of vegetation in the
catchment area of Lake Midtbotnvatn, mainly consisting of gramineous vegetation, mosses,
and small bushes like blueberries and ling. Due to the small extend of vegetation in the area it
is expected that the organic allochthonous sedimentation and the organic production in the
lake are low, and only occurring during the summer months June until September, when Lake

Midtbotnvatn is not covered by ice.

3.6 Presentation of data from Lake Midtbotnvatn

The sediment cores to be analyzed in this study, MIP-109 and MIP-209, were split lengthwise
after coring, then the surfaces were cleaned from tube rests and disturbances that resulted
from the opening procedure. The better of the two core halves was declared the working half,
the one all analyses were to be performed on, while the other half, the reference part, was
stored, not to be used unless the working half couldn’t meet the requirements for all of the
analyses anymore. Before the analyses were performed on the working half, it was
photographed and logged; furthermore u-channels were taken.

The analyses performed on the cores were magnetic susceptibility, loss on ignition, dry bulk
density, grain-size distribution, X-radiography and p-Xrf fluorescence. On both cores, all
analyses were performed in the central part along the core. X-radiography was performed on
the u-channels, to secure a good quality of the results. Due to distinct sediment disturbances in
the second part of MIP-209 (107.5-201 cm), additional measurements of LOI and DBD were
performed, located ca. 2 cm to the right side along the core, in order to minimize the influence
of the disturbances. For the interpretation of the proglacial sediments of MIP-209, these LOI
and DBD records (central in the first half, 0-107.5 cm, and moved slightly to the right in the
second half, 107.5-201 cm) were used. Since the remaining analyses were recorded in the
central part along the core, some irregularities may occur, though the benefit of this
measurement spreading is that larger parts of the core could be anaylzed, which was an

important task with respect to the disturbances of the core.
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On both cores, magnetic susceptibility was performed in an interval of 0,2 cm, and loss on
ignition and dry bulk density with a resolution of 0.5 cm. The grain-size distribution was
measured in an interval of 1 cm on the first 50 cm of MIP-109 and the whole length of MIP-
209, and every 5™ cm on MIP-109 from 50 cm to 209.5 cm. p-Xrf fluorescence was perfomed
with a resolution of 500 um (0.05 cm).

On MIP-109, one radiocarbon sample was dated. On MIP-209, 18 samples at depths between
7 cm and 50 cm were dated through lead dating, and in addition, 10 radiocarbon dates were
performed.

The raw data of the analysis parameters and the dating results received from the responsible

laboratories are attached digitally in Appendix 2 (CD).

Both MIP-109 and MIP-209 are visually dominated of minerogen sediment, characterized by
similar material compositions and homogene greyish colours including some lighter and
darker shaded layers. Divison into sections therefore is mainly based on variations in analysis
parameters, and only to a minor extend on visual differences. The sections are presented from
oldest to youngest in the following chapters.

The fact that both cores are disturbed in wide parts (cp. logs in Figure 3.4 and Figure 3.7)
complicated the interpretations and lowered the quality of the results of the interpretation and
reconstruction of glacier fluctuations and sediment transport at Vestre Blomsterskardsbreen.

3.6.1 Programs used for data handling

The computer programs used for data handling of the analysis parameters were Microsoft
Office Excel 2007 and Matlab R2008b, for illustrations in addition also Adobe Illustrator CS3
and Adobe Photoshop CS3. For the SediGraph data, the program Gradistat 4.0 was used to
handle and save the raw data (Blott and Pye 2001).

3.6.2 Description of MIP-109 and presentation of analysis parameters

Section D (158 ¢cm-209.5 cm) contains minerogenic material; the dominating grain sizes are
very coarse, coarse and medium silt. The mean grain size is high, reaching the highest value
of the whole core in this section, as is very fine sand. The highest and lowest LOI values are
1.47% and 0.83%, the average LOI value is 1.16%. DBD values are below core average
except at 193-196 cm; from 196 cm they are falling towards the end of the core. MS values
are lower than in section C, though they show strong variations with several positive peaks at
158-165 cm and 184-205 cm. Ti, Si and Rb values are lower than in section C, though
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strongly varying above and below core average. The highest values are reached at 197-209.5
cm.

The visual sediment structure is disturbed through coring; olive gray and dark gray diagonal,
horizontal and vertical arched and disturbed layers can be observed in this section, in addition
to several sediment lenses.

Section C (96 cm-158 cm) contains minerogenic material; the dominating grain sizes are
medium, coarse and fine silt. The mean grain size is high; fine sand reaches the highest values
of the whole core in this section. The highest and lowest LOI values are 1.2% and 0.7%, the
average LOI value is 0.91%. DBD values are highest in the whole core in this section, as are
MS values, except at 117.5-123 cm (change of the core halfs). Ti, Si and Rb values are high
except for 115-120 cm.

The visual sediment structure is affected through coring, small lenses are visible within dark
gray almost structureless sediment.

Section B (71 cm-96 cm) contains minerogenic material; the dominating grain sizes are fine,
medium and coarse silt; the mean grain size is lower in the upper part of the section. The
highest and lowest LOI values of this section are 1.27% and 0.93%, the average LOI value is
1.07%. DBD values are varying: above core average at 76-87 cm, and below at 71-76 cm and
87-96 cm. MS values are above core average at 76.5-83 cm and 88-88.5 cm, otherwise below.
Ti, Si and Rb values are high in the upper part of the section and falling downcore.

The visual sediment structure is disturbed through coring, showing single sediment lenses of
different sizes within almost structureless, olive gray, gray and dark gray sediment.

Section A (0 cm-71 cm) contains minerogenic material; the dominating grain sizes are
medium, fine and coarse silt. The highest and lowest LOI values of this section are 1.27% and
0.77%, the average LOI value is 1.13%. DBD values are lower than in section B and C, in the
upper part of the section (12-29 cm) they rise above the core average, falling again towards
the top of the core. MS values are low except for 11-22 cm and 31-37.5 cm where they are
above core average. Ti, Si and Rb values are below core average at 7-21 cm and 26-36 cm,
and falling from 6 cm towards the top of the core.

The visual sediment structure is affected through coring, resulting in horizontal and, in the
lower part of the section, vertical arched layering with slightly varying shades of olive gray

and gray, and partly more disturbed sediment.

Figure 3.4 shows the illustration of MIP-109 including core picture, x-ray picture, visual
structure (log), sediment type, short description and section division.
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Figure 3.5 shows a graphical illustration of the sediment parameters of MIP-109: mean,
sorting, dry bulk density, magnetic susceptibility, loss on ignition, water content, titanium,
silicium, rubidium, and the XRF ratios fe/ti and inc/coh.

Figure 3.6 shows the grain size distribution of MIP-109.
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Core depthy Picture X-ray Visual Sediment type |Colour (Munsell) Description Section
(cm) structure
: ———a

olivegray (HUESY4/2) | Minerogenic material, A
sediment structure disturbed through coring:

arched layering with slightly varying shades of olive gray,
layers Tmm - Smm thick,

partly structure more disturbed and hardly visible

Minerogenic material, sediment structure disturbed through coring:

Teft side: on the left side of the core surface lighter and distinct, partly vertical, arched layering with slightly
gray (HUE Y 5/1) varying shades of gray, layers up to 3mm thick,

right side:
olivegray (HUESY4/2) | on the right side disturbed olive gray sediment with coarser grain sizes,

darklayers: : o )
darkgy (uesy 4y | Structureis hardly visible, some dark gray layers inbetween

spExuNKEEE

40—

czesassten

50—

saesEEuEELLER

sssasse

Minerogenic material, sediment structure disturbed through coring:

olivegray (HUESY4/2) | in the upper part of the section olive gray sediment with slighity darker horizontal layering on the right side
\ ) in the lower part on the left side disturbed olive gray sediment, structure is hardly visible

lower right side: R . N N . . . . .

gray (HUE5Y5/1) on the right side lighter sediment, partly horizontal layers inbetween with slightly varying shades of gray, B
layers up to 2mm thick

80— =

darkgray (HUESY4/1) | Minerogenic material, sediment structure disturbed through coring:
dark gray sediment, structure is hardly visible

90—

zesssessrase

100— =

110—

120—

130—

SscgacEuasasREgs

140—

150—

160—]

Minerogenic material, sediment structure disturbed through coring:

sasagsassEss

170—" darkgray (HUESY4/1) | in the upper part of the section diagonal disturbed layering from the left , dark gray sediment colour

changes to olive gray shading in this part, layers Tmm - 4mm thick

olive gray (HUE 5Y 4/2)

in the lower part of the section disturbed olive gray sediments with chaotic structure,

180— indistinct layering partly visible

190—

olivegray (HUESY4/2) | Minerogenic material, sediment structure disturbed through coring:

2007 arched layering with slightly varying shades of olive gray, layers Tmm - 7mm thick,

dark olive gray
(HUESY372)
in the lower part of the section almost structureless, dark olive gray sediment

= Eg=an 7] =mackorossies

0

LEGEND Sediment type:

Figure 3.4 Description of MIP-109. Figure shows picture, x-ray picture, visual structure, sediment type,
description and section division. The sediment structure was quite disturbed during the coring process.
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Figure 3.5 lllustration of sediment parameters of MIP-109: mean, sorting, DBD, MS, LOI, WC, Ti, Si, Rb,
Fe/Ti, inc/coh. In addition, core depth, picture, visual structure and sections are included. Division into
sections is mainly based on variations in analysis parameters, only to a minor extend on visual differences.
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Figure 3.6 Percentage distribution of the grain sizes of MIP-109. Measurements were performed in 1 cm
intervals from 0-50 cm, and thereafter in 5 cm intervals. Values of each grain size are presented in percent
of the whole sample.

3.6.3 Description of MIP-209 and presentation of analysis parameters

Section E (191 cm-201 cm) contains minerogenic material; the dominating grain sizes are
medium, coarse and very coarse silt. The mean grain size of this section is below core
average. LOI and DBD were measured in the right part of the core, which is in contrast to the
other parameters, in order to take into account the strong disturbances of this section. The
highest and lowest LOI values are 1.29% and 0.99%, the average LOI value is 1.11%. DBD
values are high in this section, as are MS and Ti, Si and Rb values, which all are above core
average.

The visual sediment structure is disturbed through coring, horizontally and vertically, arched
layers are visible with varying shades of gray and dark gray.

Section D (181.5 cm-191 cm) contains minerogenic material; the dominating grain sizes are
fine, medium and coarse silt. The mean grain size and also very coarse silt are reaching the
lowest values of the whole core in this section, though there is a positive peak slightly above
core average at 188 cm. LOI and DBD were measured in the right part of the core, which is in
contrast to the other parameters, in order to take into account the strong disturbances of this
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section. The highest and lowest LOI values are 1.56% and 1.09%, the average LOI value is
1.28%. DBD values are lower than in the sections E and C, and mostly below core average.
MS values are high in the upper part of the section, reaching the highest values at 183.5-187
cm, and below core average at 188.5-191 cm. Ti, Si and Rb values are varying above and
below core average in this section.

The visual sediment structure is disturbed through coring, containig arched and undulated
layering with varying shades of gray and dark gray.

Section C (107.5 cm-181.5 cm) contains minerogenic material and organic material; this
section is very disturbed through coring, especially at 107.5-166 cm. The dominating grain
sizes are very coarse silt, which reaches the highest values of the whole core in this section,
coarse and medium silt, with two exceptions: at 132.5-140.5 cm fine, medium and coarse silt
are prevalent, and at 144-149 cm very coarse, medium and fine silt are dominating. The mean
grain size in this section is the highest of the whole core, as is very fine sand. LOI and DBD
were measured in the right part of the core, which is in contrast to the other parameters, in
order to take into account the strong disturbances of this section. The highest and lowest LOI
values are 1.64% and 1.22%, the average LOI value is 1.07%. DBD values are the highest in
the whole core in this section, though several negative peaks can be observed. MS values are
low at 107.5-166 cm, except a positive peak at 136 cm, and high in the lower part of this
section at 166-181.5 cm. Ti, Si and Rb values are the lowest of the whole core in this section,
except for the parts 142-150 cm and below 166 cm, where they are above core average.

The visual sediment structure is strongly disturbed through coring. At 107.5-166 cm there is a
disturbed dark layer containing very fine sand and macrofossils visible on the left side of the
core. The sediment on the right core side is disturbed sediment with varying structures: partly
there is hardly any visible structure visible in the olive gray sediment, partly vertically and
horizontally arched, undulated and chaotic layers with varying shades of olive gray can be
observed, and partly darker layers containing coarser grain sizes and macrofossiles are visible.
Section B (65 cm-107.5 cm) contains minerogenic material; the dominating grain sizes are
coarse, medium and very coarse silt in the upper part of the section, and medium, fine and
coarse silt in the lower part. The mean grain size is low, and falling downcore, as is very
coarse silt. The highest and lowest LOI values are 1.11% and 0.72%, the average LOI value is
0.96%. DBD values are strongly varying below and above core average, in general a
downcore falling trend can be observed. MS values are above core average at 65-99.5 cm, and

then lower. Ti, Si and Rb values are high in this section.
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The visual sediment structure is affected through coring, arched layering with varying shades
of olive gray and gray and disturbed olive gray sediment vaguely structured are visible.
Section A (0 cm-65 cm) contains minerogenic material; the dominating grain sizes are coarse
silt, medium silt, very coarse silt and fine silt. The mean grain size is high in the uppermost
and lowest part of the section, and below core average at 16-56 cm, as is very coarse silt. The
highest and lowest LOI values are 1.42% and 0.72%, the average LOI value is 1.04%. DBD
values are the lowest in the whole core, raising downcore, being above core average at 37-42
cm and 44-64 cm. MS values are generally low but varying, at 29-41 cm they are above core
average. Ti, Si and Rb values are comparably high, except for the top of the core at 0-2.5 cm
and 40-55 cm where they are slightly lower than core average.

The visual sediment structure is affected through coring, arched and partly undulated

horizontal and vertical layering with slightly varying shades of olive gray are visible.

Figure 3.7 shows the illustration of MIP-209 including core picture, x-ray picture, visual
structure (log), sediment type, short description and section division.

Figure 3.8 shows a graphical illustration of the sediment parameters of MIP-209: mean,
sorting, dry bulk density, magnetic susceptibility, loss on ignition, water content, titanium,
silicium, rubidium, and the XRF ratios fe/ti and inc/coh.

Figure 3.9 shows the grain size distribution of MIP-209.
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Picture i
Core depth Visual Sediment type | Colour (Munsell) Description Section
structure | = s so% 75%

olive gray (HUE5Y 4/2) | Minerogenic material, sediment structure disturbed through coring:
vertical layering with slightly varying shades of olive gray A

10—
» olive gray (HUE5Y 4/2) | - Minerogenic material,
sediment structure affected through coring:
v arched layering with slightly varying shades of olive gray,
20— ¢ layers 0,5mm - 4mm thick
30
40— =
“ olive gray (HUE5Y 4/2) |  Minerogenic material,
. sediment structure disturbed through coring:
50— 2 vertically arched and undulated layering with slightly varying shades of olive gray,
;; layers up to 4mm thick
60—:

olive gray (HUE5Y 4/2),| - Minerogenic material, sediment structure affected through coring: B
arched layering with slightly varying shades of olive gray,

lighter layers: inbetween lighter layers visible,

gray (HUE5Y 5/1) layers 0,5mm - 3mm thick.

80—

Layered structure placed more to the right side of the core surface

90— olive gray (HUE5Y 4/2) |~ Minerogenic material, sediment structure disturbed through coring, partly only vaguely visible:

arched layering with slightly varying shades of olive gray and disturbed sediment without visible structure

olive gray (HUE5Y 4/2) |~ Minerogenic material, sediment structure disturbed through coring:

SSEIENSSTASISEENSBEEATBEIIIAFE

100— vertically arched and undulated layering with slightly varying shades of olive gray,
layers up to 4mm thick
o= olive gray (HUE5Y 4/2),| - Minerogenic material, sediment structure disturbed through coring: c

on the right side of the core surface disturbed sediment with varying structure:

partly horizontally and vertically arched, undulated and chaotic layers with varying shades of olive gray,
darker layers: partly some darker layers containing coarser grain sizes and macrofossiles,

dark gray (HUE5Y 4/1) | partly no structure visible;

120—

on the left side of the core surface disturbed dark layer containing coarser grain sizes and macrofossiles

130—

140 :

150—

= Minerogenic material, sediment structure disturbed through coring:
160—] olive gray (HUE 5Y 4/2)
on the left side arched layering with slightly varying shades of olive gray, layers 1mm - 1cm thick,

on the right side disturbed sediment with chaotic structure, in the lowest part of the section also layering

170— with slightly varying shades og olive gray, up to 2mm thick

gray (HUE 5Y 5/1) Minerogenic material,
sediment structure disturbed through coring:
dark gray (HUE5Y 4/1) | arched, undulated and chaotic layering with varying shades of gray,

180— =
] in the lower part of the section sediment dark gray and partly horizontal layers visible

200— =
LEGEND Sediment type:

- [ ] =meorssies

Figure 3.7 Description of MIP-209. Figure shows picture, x-ray picture, visual structure, sediment type,
description and section division. The sediment structure was quite disturbed during the coring process.

81



Chapter 3 Proglacial sediments

inc/coh
02 04 06 Uf
%
{i_

Ty ;
WW”“*NW““WMWM'WWNM«*‘*N’“WWWW’PM W MW*MWWMW W’Wﬁ

P
Eww MWWMMW g 2
% i I”'“ﬂw"w‘"l"*"“r,w’wﬁ““‘”VM'W%%r.rwu.,.,,*.r'»,«.;irm“*v'\m}Wﬁ'mMWW'WM'MWJ, % | W P'\Ww d ﬁ’*ﬁ“w‘"f'ﬂe‘w’m«'.n’ﬂ”yw.“\:“\\'ﬁ'“_%
3 $E5eas .oz M W
I

25
Water content (%)

20

081012 14

Loss-on-ignition (%)

Magnetic Susceptibility (S1-10")

Dry Bulk Density (gr/cm’)
12 13 14 1516

1
20 25 30 35
Sorting

Mean (pm)
0 20 30

Sections
A
i B
C
D
E

&
2
g
=
E
2

(cm)
10
20—
30 -
40
50 —
60 —
70 —
80 —
90 —
100—
110—
120
130—
140—
150—
160—
170—
180—
190—
200—

Figure 3.8 Illustration of sediment parameters of MIP-209: mean, sorting, DBD, MS, LOI, WC, Ti, Si, Rb,
Fe/Ti, inc/coh. In addition, core depth, picture, visual structure and sections are included. Division into
sections is mainly based on variations in analysis parameters, only to a minor extend on visual differences.
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Figure 3.9 Percentage distribution of the grain sizes of MIP-209. Measurements were performed in 1 cm
intervals. Values of each grain size are presented in percent of the whole sample.

3.7 Sediment parameters as proxy for glacial activity

In this study, proglacial sediments of MIP-109 and MIP-209 are analyzed with the main goal

of identifying variations in several sediment parameters that reflect variations in glacial

activity. Due to the high minerogenic sedimentation and a very low organic component (<5%)

in Lake Midtbotnvatn, LOI is a limited parameter to represent glacial activity (Bakke et al.

2005¢). In this regard, DBD is accepted as an adequate substitute physical parameter (Bakke
2004; Bakke et al. 2005c). The XRF ratio inc/coh is related to the total organic carbon content

(Guyard et al. 2007); due to the high error potential of LOI in this study, inc/coh is used as a

parameter for the organic content of the minerogenic sediments of the two cores.

Further important parameters that reflect increasing or decreasing glacial activity are MS,

grain-size distribution (Bakke et al. 2005c), and the XRF values of elements that usually are

interpreted as to be of detrital origin, such as Si, Ti and Rb. The calculated XRF ratio Fe/Ti

reflects changes in minerogenic wash-in and general conditions within and around the lake

not related to changes in glacial activity (Rothwell et al. 2006; Guyard et al. 2007).
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The comparatively small size of Lake Midtbotnvatn (2 km?) indicates that the water residence
time enables the settling of much of the glacially-derived sediments in suspension (grain sizes
up to fine sand), which is transported in through river Bladalselv. Grain sizes larger than fine
sand are most likely already deposited further upstream in areas where the river is shallow and
flow velocity is sufficiently low, as for example in Kjerringebotn (UTM 467917, 800 m a.s.l).
Due to the fact that the lake has an outflow in the northwest in addition to the inflow in the
northeast, it is probable that the water flow at least in the upper third of the lake water rarely
drops below ~0.1 ms™ (Ashley 1995, 427), which indicates that some amounts of the
suspended finest grain size fractions (very fine silt and clay) are not deposited, but transported
further downstream. The measured grain size distributions of MIP-109 and MIP-209 are in
agreement with these assumptions, since the prevailing grain size fractions are very coarse,
coarse, medium and fine silt.

Table 7 and Table 8 show the correlation values of the sediment parameters used to analyze
MIP-109 and MIP-209. The correlation values of both cores are partly quite poor, which is
attributed to the disturbed sediment structure.

Table 7 Correlation values of the sediment parameters used to analyze MIP-109. Correlations mentioned
in the text are marked bold.

MIP-109 DBD LOI WC MS Mean Sorting fine very very coarse medium fine very clay Ti Si Rb inc/coh  Fe/Ti
sand fine coarse silt silt silt  fine

sand silt silt

LOI -0.56 1

wcC -0.6 0.76 1

MS 0.32 -0.25 -0.25 1

Mean 0.14 -0.15 -0.32 0.21 1

Sorting 0.38 -0.44 03 0.09 -0.14 1

f.sand 0.27 -0.38 -0.19 0.1 -0.02 0.89 1

v.f.sand 0.15 -0.03 -0.21 0.23 0.77 -0.36 -0.44 1

v.c.silt 0.01 0.02 -0.21 0.06 0.79 -0.49 -0.56 0.88 1

c.silt -0.08 0.02 -0.19 0.05 0.74 -0.46 -0.28 0.47 0.65 1

m.silt -0.15 0.12 0.19 0.07 -0.37 0.01 0.27 -0.68 -0.64 -0.01 i

f.silt -0.08 0.12 0.36 -0.16 -0.93 0.23 0.12 -0.67 -0.77 -0.9 0.21 1

v.f.silt -0.02 0.07 0.21 -0.22 -0.86 0.19 -0.05 -0.45 -0.55 -0.88 -0.1 0.92 1

clay -0.18 0.09 0.13 -0.23 -0.66 0.23 0 -041 -0.43 -0.62 -0.07 0.63 0.67 1

Ti 0.18 -0.19 0.01 0.43 -0.03 0.18 0.26 -0.08 -0.24 -0.14 0.25 0.09 -0.06 -0.06 1

Si -0.05 0.07 0.28 0.39 0.09 0.15 0.33 -0.05 -0.22 -0.08 0.29 0.04 -0.19 -0.21 0.71 1

Rb 0.13 -0.07 0.07 0.37 0.06 0.14 0.17 0.02 -0.09 -0.04 0.14 -0.01 -0.13 -0.07 0.62 0.49 i

inc/coh 0 0.16 -0.1 -0.26 0.05 -0.05 -0.12 0.08 0.18 0.06 -0.25 -0.06 0.05 0.01 0.04 0.01 -0.01 1
FelTi -0.01 0.17 -0.17 -0.36 -0.04 -0.13 -0.21 0.02 0.15 0.09 -0.18 -0.03 0.09 0.05 -0.5 -0.63 -0.18 -0.01 1
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Table 8 Correlation values of the sediment parameters used to analyze MIP-209 Correlations mentioned
in the text are marked bold.

DBD LOI WC MS Mean Sorting fine very very coarse medium fine very clay Ti Si Rb inc/lcoh  FelTi
sand fine coarse silt silt silt  fine

sand silt silt

LOI 0.2 1

wcC -0.59 0.47 il

MS -0.07 -0.09 0.13 1

Mean 0.26 0.02 -0.29 -0.36 il

Sorting 0.04 0.14 -0.03 0.08 -0.26 1

f.sand 0.12 0.14 -0.12 -0.09 0.46 0.21 1

v.f.sand 0.3 0.11 -0.33 -0.36 0.93 0.03 0.5 1

v.c.silt 0.28 -0.01 -0.32 -0.37 0.97 -0.18 0.37 0.89 1

c.silt -0.28 -0.27 0.27 0.15 -0.17 -0.4 -037 -0.47 -0.08 1

m.silt -0.29 -0.06 0.32 0.37 -0.95 0.07 -0.43 -0.92 -0.98 0.22 1

f.silt -0.16 0.06 0.18 0.3 -0.93 0.23 -035 -0.79 -0.95 -0.16 0.89 1

v.f.silt -0.17 0.19 0.24 0.26 -0.87 0.34 -0.32 -0.7 -0.88 -0.24 0.78 0.94 1

clay -0.09 0.14 0.17 0.21 -0.53 045 0.1 -0.34 -0.54 -0.35 0.42 0.59 0.68 1

Ti -0.36 -0.17 0.42 0.52 -0.66 0.03 -0.34 -0.72 -0.63 0.45 068 0.5 04 0.18 1

Si -0.41 -0.32 0.43 0.47 -0.57 -0.14 -0.38 -0.7 -0.53 0.61 0.61 0.37 0.25 0.06 0.88 1

Rb -0.27 -0.19 0.38 0.51 -0.63 0.05 -03 -0.67 -0.61 0.37 0.65 0.49 0.41 0.24 0.82 0.75 1

inc/coh 0.42 0.19 -0.48 -0.42 0.64 0.01 036 0.72 0.6 -0.54 -0.66 -0.43 -0.35 -0.13 -0.7 -0.69 -0.59 1
FelTi 0.2 0.3 -0.14 -0.38 0.48 -0.03 0.27 0.55 0.42 -0.47 -0.47 0.3 -0.22 0 -0.6 -0.49 -0.32 0.38 1

DBD and very coarse silt show positive correlations (MIP-109: 0.01; MIP-209: 0.28); DBD
and very fine silt are negatively correlated (MIP-109: -0.02; MIP-209: -0.17), these correlate
inversely with each other (MIP-109: -0.55; MIP-209: -0.88).

To take into account the disturbed sediment structure, DBD values were correlated for several
sections of MIP-109 and MIP-209. The least disturbed sediment of MIP-109 and MIP-209 are
in the uppermost and lowermost parts of the cores.

The grain sizes which correlate to the highest degree with DBD values are very coarse silt
(positive correlation; MIP-109 160-210 cm: 0.67; MIP-209 165-201 cm: 0.37) and very fine
silt (negative correlation; MIP-109 160-210 cm -0.60; MIP-209 165-201 cm: -0.53).
Therefore, the grain sizes very fine silt and very coarse silt are interpreted as to reflect glacial
activity of Vestre Blomsterskardsbreen best, together with DBD and MS (MIP-109: 0.32;
MIP-209: -0.07). Moreover, the detritally originated elements Ti, Si and Rb, and the ratio
Fe/Ti are used in this study. Titanium has a positive correlation with DBD (MIP-109 0.18;
MIP-209: -0.36), silicon values follow variations in grain sizes (correlation mean and Si MIP-
109: 0.09; MIP-209: -0.57), and rubidium is connected to the clay content (MIP-109: -0.07;
MIP-209: 0.24), indicating that these parameters also can be used for inferences on glacial
activity (Rothwell et al. 2006; Guyard et al. 2007). The poor correlations between DBD and
MS, Ti, Si and Rb in MIP-209 are attributed to the fact that DBD measurements were
performed ca. 2 cm to the right, while all other parameters were measured in the central part

of the core; this to take into account sediment disturbances as good as possible.
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The ratio Fe/Ti is generally stabile when reflecting a glacial signal only, because a glacier
always produces the same ratio of these parameters. Changes in the Fe/Ti ratio (for example
through oxidation) therefore indicate changes not related to the glacier, such as episodic
events, or disturbed core sediments (Rothwell et al. 2006).

An increase in DBD, MS, detritally originated elements and very coarse silt and a decrease in

very fine silt is interpreted to indicate increased glacial activity.

3.8 Sedimentation processes

Proglacial sediment cores do not only represent glacial activity; other processes within a
drainage basin that influence the sediment yield are amongst others precipitation and runoff,
topography, geology, and vegetation (Hicks et al. 1990). The successful use of proglacial
sediments as proxy for glacial activity therefore requires a differentiation between depositing
agents. The main focus in this study is set on the continuous glacial sedimentation in Lake
Midtbotnvatn, which varies with glacial activity, in order to reconstruct glacier fluctuations at
Vestre Blomsterskardsbreen. Parts of the lake sediments which were deposited by episodic
events such as river flooding and gravitational processes strongly affect the sedimentation
record (Hicks et al. 1990; Nesje et al. 2000a). Such single-events may deposit as much
sediment within the short time period of hours or a few days as under normal circumstances is
deposited within years of continuous glacial sedimentation; corresponding parts of the
sediment cores must therefore be identified and isolated (Karlén 1981; Hicks et al. 1990).

The most important sedimentation processes in a proglacial lake and their main characteristics
with respect to the analysis parameters used in this study are theoretically explained in the
following; Figure 3.10 shows sections in MIP-209 interpreted as being deposited during
different hydrological conditions in the drainage area through accordingly different

sedimentation processes.

Glacial activity

Increased glacial activity

Increased glacial activity causes increased erosion at the glacier bed and increased stream
power of proglacial rivers, which in turn enlarge the amount of allochthonous clastic material
transported glaciofluvially, and with that the minerogenic sedimentation in the attendant
proglacial lake (Summerfield 1991; Nesje et al. 2000a). Accordingly, the amount of organic
material deposited decreases. Increasing DBD values and decreasing LOI and inc/coh values
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thus indicate increased glacial activity in a lake catchment. Reflecting the concentration of
magnetic minerals within the sediment, also increasing MS values indicate increased erosion
and transport of clastic sediment (Nesje et al. 2000a; Nesje et al. 2001). An increase with
increased glacial activity also applies for concentrations of elements of detrital origin (such as
Ti and Si) received by u-XRF measurements (Guyard et al. 2007). The downcore DBD and
MS values, and in addition element values associated with detrital characteristics, are
therefore commonly inversely correlated to the LOI values (Nesje et al. 2000a). Increased
glacial erosion, minerogenic sediment input and flow conditions of proglacial rivers effect
proglacial sedimentation also in terms of grain sizes; larger amounts of clastic sediments with
relatively increased grain sizes are produced, transported according to the Hjulstrom diagram
(Nichols 1999; cp. Figure 3.2) and finally deposited in a proglacial lake during periods of
increased glacial activity. The grain size very coarse silt is in this study interpreted as the one
with the strongest positive correlation to increased glacial activity, whereas very fine silt is

negatively correlated.

Decreased glacial activity

Periods of decreased glacial activity are characterized by reduced erosion at the glacier bed,
decreased hydrological energy in proglacial rivers, and hence a decreased minerogenic
sedimentation rate in a proglacial lake, together with an increase of the organic content (Nesje
et al. 2000a; Nesje et al. 2001). A decreased amount of glacially derived sediments, higher
percentages of finer grain size fractions, a relatively decreasing amount of larger grain sizes,
increasing LOI and inc/coh values, as well as decreasing values of DBD, MS and detritally
originated elements indicate decreased glacial activity in proglacial sediments. In this study,
very fine silt is interpreted as correlating positively with decreased glacial activity, while very

coarse silt correlates negatively.

In contrast to glacially derived sediments, which commonly are deposited continuously during
long time periods, are river floods and gravitational processes classified as episodic events,
which may cause large amounts of sedimentation during very short time periods. To create a
reliable age-depth model and successful reconstruction of the sedimentation rate of a
proglacial lake, it is therefore important to isolate episodically deposited sediment sections, in

order to exclusively reconstruct variations in glacial activity (cp. Hicks et al. 1990).
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Floods

During flood events the hydrological energy of proglacial rivers increases abruptly, both flow
velocity and stream power are then higher than normal, increasing the competence and the
capacity of the river flow (Summerfield 1991; Bakke 2004). The stream power of a river is
defined as the power per unit length of a stream (Summerfield 1991, 201). Moreover, the
surface runoff in the drainage basin is enlarged. These characteristics enable a more extensive
transport and deposition of material during river floods, affecting, according to the Hjulstrom
diagram (Nichols 1999; cp. Figure 3.2), also relatively larger grain size fractions, compared to
normal circumstances.

The “sorting” and “mean” parameters, derived through statistical analyses of the grain-size
data, reflect flood events in proglacial sediments with abrupt changes to higher mean grain
sizes and lower sorting values (more sorted sediment) in the beginning followed afterwards by
higher sorting values (less sorted sediments) (Arnaud et al. 2002; Bakke 2004).

Floods also increase the organic erosion in a drainage basin and wash-in into a proglacial
lake, resulting in higher LOI, inc/coh ratio and Fe/Ti values of flood layers within the
sediment cores. Wash-in of organic material can also cause limitations concerning the
radiocarbon dating technique, since such organic material may be older than the origin of the
flood layer.

The thickness of a flood layer in the lake sediments depends on the capacity and the duration
of the corresponding flood (Bge et al. 2006). Floods can cause sediment layers as thick as
normally deposited during several years of continuous glacial sedimentation; therefore it is of
crucial importance to identify according layers and isolate them before reconstructing the
sedimentation rate and age-depth model reflected in the glacial record only (Hicks et al. 1990;
Bakke 2004).

Flood events in the drainage basin of Lake Midtbotnvatn are mainly triggered by extensive

rainfall, snow melt and regulations.

Gravitational processes

Gravitational processes are very important mass movement and re-deposition agents,
transporting large amounts of debris. Subaquaeous mass flows can be differentiated into
debris flows and turbidity currents (Benn and Evans 1998, 293).

Debris flows are cohesive or cohesionless high-concentration plastic slurries in subaerial and
subaqueous environments. Cohesive subaquaeous debris flows are characterized by the

existence of clay matrix material, which, when mixed with water, can act as a fluid with
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cohesive strength. Cohesionless debris flows are high-concentration, non-turbulent flows
characterized by the partial or complete absence of cohesion as influencing factor for the
sediment strength. The latter produce upward dispersive pressures, causing expansion of the
flowing mass and forcing larger particles to the surface, the deposited sediments are therefore
characterized by an inverse grading (Benn and Evans 1998, 293f).

Turbidity flows are rapidly moving turbulent underflows. The main characteristic is that
grains (mainly finer fractions) within the flow body are held in turbulent suspension by fluid
turbulence (Shanmugam 1997, 203ff, and references therein; Benn and Evans 1998, 294, and
references therein). Turbidity currents can have erosive effect (Benn and Evans 1998). In
proglacial environments, turbidity flows are mainly triggered by density differences between
the lake water and sediment-laden meltwater streams that flow into the lake. The latter are
commonly denser, resulting in quasi-continuous underflows at the lake bottom (Benn and
Evans 1998, 295). The suspended sediment is re-deposited grain by grain through sediment
fallout, larger grains are deposited first due to higher settling velocity and finer ones later,
resulting in a normal size grading with an upward decline in grain size (Shanmugam 1997,
205f; Benn and Evans 1998, 294f).

All types of gravitational processes have episodic character; in the grain size distribution
analyses they may be identified through the mean values changing abruptly to larger grain
sizes, and the sorting values being commonly high, which indicates less sorting.
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Figure 3.10 Sections in MIP-209 interpreted as being deposited during different hydrological conditions
in the drainage area: increased glacial activity, decreased glacial activity, flood, gravitational process.

Division presented here is according to differences in grain size distribution.
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3.9 Interpretation

Based on the analyses results of the sediment parameters presented in Chapter 3.4 and 3.6,
MIP-109 and MIP-209 were divided into sections, in order to identify variations in glacial
activity and episodic events in the drainage basin of Lake Midtbotnvatn. The interpretations
of increased and decreased glacial activity were mainly based on DBD; DBD values above
core average are interpreted as to reflect increased glacial activity, and DBD values below
core average reflect decreased glacial activity, respectively. Floods and gravitational
processes were mainly identified via anomalies in the grain size parameters “mean” and
“sorting”; their validity was approved by the normal distribution of the grain size analyses
results of MIP-109 and MIP-209.

Throughout minerogenic sediments in both cores indicate that Vestre Blomsterskardsbreen
has been existent in the drainage basin of Lake Midtbotnvatn the whole periods MIP-109 and
MIP-209 represent. The glacier outlet is the dominating factor with respect to water discharge
and sediment transport into the proglacial lake; therefore MIP-109 and MIP-209 are
interpreted as to reflect the glacial signal of Vestre Blomsterskardsbreen when sediment parts
originated from episodic events are excluded.

Both MIP-109 and MIP-209 being disturbed through coring, it must be stressed that the

quality of the interpretations is limited by the sediment properties.

3.9.1 Interpretation of MIP-109

Section D (158-209.5 cm)

Based on DBD values, and the high mean grain size with dominating grain sizes very coarse,
coearse and medium silt, section D is interpreted as reflecting a period of decreased glacial
activity, including several episodic events which, due to the disturbed sediment structure, are
reflected in different depths from different parameters. The grain size distribution, mainly the
low peaks of the sorting parameter, the high peaks of the mean parameter and the variations of
very fine sand, very coarse silt and very fine sand, indicate that flood events are reflected at
the depths 158-171.5 cm, 178-181.5 cm, 187.5-198 cm. XRF parameters Ti, Si, Rb and Fe/Ti
decrease abruptly at 171-173 cm, 180-183 cm, and 190-198 cm,while inc/coh increases. MS
values indicate the same flood events at depths 171.5-173.5 cm, 182.5-184.5 cm, 189-197 cm
where the values show strong anomalies. The fact that these events are to the most degree
observable in the grain size distribution parameters is attributed to the grade of disturbances
of the sediment structure; grain size distribution is performed on greater intervals (5 cm in the

section), and with more sediment (1 cm) than are the other parameters, and therefore
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measurements on disturbed sediment negatively affect the grain size distribution to the
greatest extent, limiting the accuracy of the results.

On DBD values, these episodic events are interpreted as to be at 172.5-174.5 cm, 182.5-184.5
cm, and 190-197 cm; this assumptions are based on exceptionally lower DBD values for the
upper two events and increased DBD values for the lowest one, as well as on visible sediment
structures and the analyses results of the other sediment parameters.

Section C (96-158 cm)

DBD values are highest in the whole core in this section, as are MS values, except at 117.5-
123 cm. Ti, Si and Rb values are high, Fe/Ti values are stabile, inc/coh values are lower than
in section B and D. The mean grain size is high, with dominating grain sizes are medium,
coarse and fine silt. These parameters indicate that section C represents a time period with
increased glacial activity.

Both MS and all XRF values and ratios show anomalies around 115-123 cm, this is partly
attributed to the change of the core halves at 117.5 cm, where the sediment surface is slightly
lower, which enlarges the distance between core and sensor, resulting in falsified
measurements. The anomaly is so extensive, though, and moreover also observable in the
parameters DBD (115.5-122.5 cm) and grain size distribution (113-122.5 cm), which both are
indepent of sediment-sector-distances, that this sediment part is interpreted as partly of
artificial origin and partly episodic event. Increased mean and sorting parameters indicate that
it is a gravitational process.

The sediment structure in section C is probably disturbed, though distinct structures are not
visible and cannot be taken into account; this may affect the interpretation results negatively.
Section B (71-96 cm)

Based on the general trends of the sediment parameters, which is varying values of XRF,
DBD and MS, and an upcore decrease of the mean grain size and contemporaneous increase
in finer grain sizes, including several variations, Section B is interpreted as reflecting a period
of several comparably frequent changes of increased and decreased glacial activity, with
generally upcore decreasing intensity of glacial activity in either classification. DBD and MS
values indicate the subsections 71-77 cm representing decreased glacial activity, 77-87 cm
increased glacial activity and 87-96 cm again decreased activity.

The highly disturbed core structure in this section, including visible sediment lenses of finer
grain sizes than the surrounding darker sediment, explains the missing accuracy of sediment
parameter analogies for this interpretation, which therefore is mainly based on DBD values
and thus has to be treated with caution.
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Section A (0-71 cm)

The analyzed sediment parameters in this section do not show significant analogies that
enable certain interpretation. Several anomalies of the mean and sorting parameter though
may indicate episodic processes: the sorting parameter is exceptionally high at 8-11 cm, 21.5-
26.5 cm and 36-42 cm. The first and the last of these episodes are two distinct abrupt
increases only in the sorting parameter. Missing analogies with other sediment parameters,
especially the mean parameter and other grain sizes, prevent these sorting anomalies to be
interpreted as episodic events. The disturbed sediment structure, however, may have
falsifying impact on the measurements and accordingly this interpretation.

The subsection 21.5-26.5 cm shows increased mean and sorting, very coarse silt, DBD, Ti, Si,
Rb and Fe/Ti values, and decreased very fine silt, MS and inc/coh values. It is therefore
interpreted as a gravitational process.

In the lowest part of section A, all sediment parameters show anomalies, though not in the
exactly similar depths, which is attributed to the disturbed sediment structure. The mean and
sorting parameters show abrupt anomalies, increase and decrease, respectively, at around 57-
68 cm, indicating a flood event. This interpretation is supported by the other sediment
parameters: DBD shows abruptly slightly increased values at 68.5-72 cm; MS values are
abruptly increasing upcore around 69 cm. Ti, Si and Rb values are abruptly lower between 65
cm and 71 cm, inc/coh values are higher and Fe/Ti values are slightly lower, the latter in
addition showing stronger variations in this interval. This flood event is interpreted as the
beginning of the lake regulations in 1953.

Section A is interpreted as to represent the time period of decreased glacial activity during
which Lake Midtbotnvatn has been regulated for the development of hydroelectric power. All
sediment between 0 cm and 71 cm is hence influenced by the regulation, which could
frequently cause both draining and damming processes of Lake Midtbotnvatn; such changes
in the hydrological power of the system were capable of enabling erosion and re-
sedimentation processes, and that way eliminating any certain interpretation options through
sediment parameters used in this study. All interpretations of section A must therefore be seen
with caution. In general, the lack of (accurate) analogies in section A are attributed to the

adulterating impact of the lake regulations, and to the disturbed sediment structure.

Figure 3.11. shows MIP-109, the sections A to D with respective subsections, and their

interpretations.
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3.9.2 Interpretation of MIP-209
Section E (191-201 cm)

DBD values in this section are above core average, as are MS, Ti, Si and Rb values. The
inc/coh ratio is comparably low. These parameters indicate increased glacial activity. The
mean grain size values and very coarse silt values are below core average, though, when
isolating the parts identified as episodic events from the core record, both parameters are
above core average. In addition, the dominating grain sizes in this section are the coarser
fractions medium, coarse and very coarse silt. This supports the assumption that section E
contains minerogenic sediments deposited during a time period of increased glacial activity.
There is one subsection within this part of the core, 192.5-194.5 cm, where DBD, Ti and Si
values are low, while the parameters mean, sorting and MS are exceptional high. Moreover,
Fe/Ti shows an anomaly. This is interpreted as an episodic event; and with respect to high
sorting values identified as a gravitational process.

Section D (181.5-191 cm)

DBD values in this section are below core average, the content of very coarse silt sinks while
very fine silt rises. Dominating grain sizes are fine, medium and coarse silt; the mean grain
size values are lower than in section E. The ratio inc/coh is above core average, Ti, Si and Rb
values are lower than in section E. Based on these analyses values, section D is interpreted as
representing a time period of decreased glacial activity.

There is one subsection within this part of the core, 185.5-188.5 cm, where mean and sorting
values show anomalies; the sorting parameter reaches its highest peak of the whole core. The
values of MS, Ti, Si, Rb and Fe/Ti rise abruptly in this subsection, while inc/coh sinks. Very
coarse silt is higher than in the surroundings, very fine silt lower. DBD is slightly lower as
well. This subsection is interpreted as episodic event; the extraordinary high sorting values
indicate a gravitational process. MS values are high above core average between 183 cm and
188.5 cm, reflecting anomalies in larger amplitude than the other parameters. This is
attributed to the disturbed sediment structure.

Section C (107.5-181.5 cm)

The sediment structure of section C is to a high degree disturbed through coring. Therefore,
this sections parameters have to be interpreted partly independent from each other.

DBD values through the whole section measured on the right side of the core are above core
average, indicating a time period of increased glacial activity. Between 107.5 cm and 110.5
cm, and between 166 cm and 181.5 cm, this assumption is supported by MS values, Ti, Si,

and Rb values above core average, as well as inc/coh values lower than in section D.
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There are several subsections within section C that show great anomalies in several
parameters, and which therefore are interpreted as episodic events.

Subsection 171.4-174.5 cm is dominated by abruptly increasing mean values, as well as
strong sorting, MS, Fe/Ti as well as very coarse silt values. In contrary, DBD, Ti, Si, Rb and
very fine silt values are lower than the surroundings. Accordingly, this subsection is
interpreted as gravitational process.

The subsection 107.5-166 cm is visually dominated by a disturbed dark layer containing very
fine sand and macrofossils visible on the left side of the core. The core parts 132.5-140.5 cm
and 144-149 cm are only to a minor extent dominated by this layer, which is observable both
visual and in the parameter analysis results.

The sediment on the right core side is disturbed sediment with varying structures: partly there
is hardly any visible structure visible, partly vertically and horizontally arched, undulated and
chaotic layers can be observed, and partly darker layers containing coarser grain sizes and
macrofossils are visible.

All sediment parameters except DBD reflect the signal of the left core side, including huge
anomalies of several parameters. Based on the high mean grain size with high contents of
very coarse silt and fine sand and less very fine silt, a low sorting parameter, low values of
MS, Ti, Si, Rb and exceptional high values of Fe/Ti and inc/coh, , the layer is interpreted as a
flood event. The Fe/Ti record indicates an event or change in the drainage system not related
to the glacier, the inc/coh record reveals an increased organic content. The layer was crucially
disturbed through coring and is therefore dominating such large parts of it. None of these
parameters can therefore be used as indicators for glacial activity; this interpretation is only
based on DBD and hence cannot be strengthened or weakened by further parameters, a fact
that limits the reliability of the interpretation.

It could be observed that DBD values normally are lower than the surroundings when other
parameters indicate episodic events (cp. section D, E and the lower part of section C). Based
on visual observations of the sediment structure and several negative peaks of DBD, several
parts on the left side of section C are identified as influenced by flood events (either as part of
the disturbed large layer which dominates the left side of the core, or by additional flood
events): 157.5-159 cm, 158.5-159.5 cm, 146.5-147.5 cm, 141.5-143.5 cm, 137.5-138.5 cm
and 112.5-115.5 cm.

Section B (65-107.5 cm)

DBD values in this section are strongly varying above and below average; in general an

upcore rising trend can be observed. Dominating grain sizes are coarse, medium and very
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coarse silt in the upper part of the section, and medium, fine and coarse silt in the lower part.
Due to the dominating flood layer in section C, grain size distribution values of section B
cannot be compared to it. Section B is interpreted as reflecting a time period of comparably
frequent changes of increased and decreased glacial activity; in the upper part of the section,
between 65 cm and 92.5 cm, the sediment parameters indicate generally more glacial activity
both during periods of increased and decreased glacial activity.

Increased glacial activity is ascribed to the subsections 65-67.5 cm, 74-79 cm, 86-92.5 cm and
95-102.5 cm. Increased DBD values, MS values, Ti and Rb values indicate that. Based on
age-depth interpolation, the subsection 66.5 cm to 67.5 cm is interpreted as to indicate the
LIA maximum glacier advance in the first half of the 18" century (see Chapter 3.11.).
Decreased glacial activity is ascribed to the subsections 67.5-74 cm, 79-86 cm, 92.5-95 cm
and 102.5-107.5 cm. Decreased DBD values, MS values, Ti and Rb values indicate that.

The fact that the grain size distribution values do not significantly support these
interpretations is attributed to the grade of disturbances of the sediment structure; grain size
distribution is performed on greater intervals and with more sediment than are the other
parameters, and therefore measurements on disturbed sediment negatively affect the grain size
distribution to the greatest extent, limiting the accuracy of the results. The lack of significant
anomalies of the mean and sorting parameters, and of Fe/Ti, indicate that no episodic events
occurred in this time period. The reliability of this interpretation is weakened by the grade of
disturbances of the sediment structure.

Section A (0-65 cm)

Section A is interpreted as to represent the time period of decreased glacial activity during
which Lake Midtbotnvatn has been regulated for the development of hydroelectric power. The
analyzed sediment parameters do not show significant analogies that enable certain
interpretation. Several anomalies of the mean and sorting parameter though indicate episodic
processes: the parts 3.5-5.5 cm, 10-18 cm, 23-25 cm, 28-30 cm and 40-42.5 cm may be
interpreted as sediment deposited through gravitational processes, because mean and sorting
values rise abruptly. This interpretation is weakened by the fact that even layering is visible in
section A especially from 0 cm to 40 cm, indicating continuous regular deposition; and
moreover by the other parameters, which show variations in this section, but it is not possible
to observe a certain scheme which fits to this interpretation. The missing analogies in section
A are attributed to the adulterating impact of the lake regulations. The parts 0.5-2 cm, and
especially 55-60 cm and 61-65 cm, show abruptly increasing mean values and abruptly
decreasing sorting values, and are therefore interpreted as flood events. Observations of the
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sediment structure between 56 cm and 72 cm indicate that the flood layers 55-60 cm and 61-
65 cm actually represent one flood layer, disturbed through coring. This flood event is
interpreted as the beginning of the lake regulations in AD 1953; all sediment between 0 cm
and 65 cm is hence influenced by the regulation, preventing any certain interpretation options
through sediment parameters used in this section (cp. MIP-109 section A; Chapter 3.9.1.). All
interpretations of section A must therefore be seen with caution.

Figure 3.12. shows MIP-209, the sections A to E with respective subsections, and their

interpretations.
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Figure 3.12 MIP-209: sections A to E with respective subsections, and their interpretations. Sections
interpreted as increased glacial activity are marked green, decreased glacial activity is marked yellow,
subsections interpreted as floods and gravitational processes are marked blue and red, respectively.
The proglacial sediment parameters DBD, very coarse silt, very fine silt (invers indicator) and the
detrital XRF parameters Ti, Si, and Rb were used to interprete glacial activity. The parameters mean
and sorting as well as the XRF ratios Fe/Ti and inc/coh were used for interpretation of episodic events.
In addition, radiocarbon and lead datings are included, reliable ones are marked red.
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3.10Comparison of MIP-109 and MIP-209

MIP-109 and MIP-209 are taken in very close distance from each other in Lake Midtbotnvatn.
Therefore it is to be expected that the two cores basic characteristics are comparable. A
comparison between two proglacial cores of the same lake can be used to draw conclusions
about sedimentation differences within different areas of the lake, among other things with
respect to sedimentation rate and episodic events, and furthermore there is the possibility to
detect levels with special characteristics, which were dated in one core, also in the other, that
way providing a better basis for the creation of an age-depth model in either of the two cores.
Both MIP-109 and MIP-209 contain exclusively minerogenic sediment, indicating that VVestre
Blomsterkardsbreen was permanently present in the time periods the cores represent.

Figure 3.13. shows the parameters DBD and LOI of MIP-109 and MIP-209 in comparison.
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Figure 3.13 Comparison of the cores MIP-109 and MIP-209; the sediment parameters DBD and LOI are
used. Dotted line indicates interpreted beginning of the regulation of Lake Midtbotnvatn, dashed lines a
and b indicate interpreted changes in glacial activity observable in both cores. Visual sediment structures
of both cores are included.

100



Chapter 3 Proglacial sediments

Due to the regulation of Lake Midtbotnvatn it is not possible to compare the uppermost
sections of MIP-109 and MIP-209. In Figure 3.13, the dotted line indicates the interpreted
beginning of the lake regulations.

Based on the illustrations in Figure 3.13, and the interpretations of the different sediment
parameters presented in Chapter 3.9, two compared lines could be drawn (dashed):

The first dashed line (a) indicates the interpreted downcore change to increased glacial
activity, in both cores DBD values increase downcore, as well as LOI values decrease. In
MIP-209, LOI values increase shortly afterwards; this is attributed to the impact of the
recorded flood layers in this section.

The second dashed line (b) indicates the interpreted downcore change to decreased glacial
activity, DBD values decrease in both cores, and LOI values increase.

In MIP-109 there is no evidence for another section of increased glacial activity, as can be
observed in MIP-209 (section E, cp. interpretation). But, a reliable radiocarbon dating to 4405
+ 130 cal. years BP at 198-199 cm in MIP-109 states that MIP-109 reaches further back in
time than MIP-209, which was dated to 4235 + 175 cal. years BP at 198 cm.

Of episodic events, only gravitational processes can occur locally, reflecting a signal only in
one of the cores. Floods, in contrary, affect the whole lake, the whole hydrological system,
and should therefore be observable in both cores.

None of the interpreted flood layers in the lower part of MIP-109, which is interpreted as to
reflect decreased glacial activity, can be recognized in MIP-209. Furthermore, the huge flood
layer in MIP-209 cannot be recognized in MIP-109 in the main section interpreted as
increased glacial activity.

These controverses are attributed to the intensive sediment structure disturbances in both
cores, especially in MIP-109, which may falsify interpretations. Moreover, it was not possible
to correlate any radiocarbon dates between the cores.

Based on the great differences between MIP-109 and MIP-209, and the comparably higher
grade of disturbation in MIP-109, only MIP-209 is used in the further course of this study.

3.11Datings

Ten samples of terrestrial and aquatic macrofossils and one bulk sample were radiocarbon
dated by accelerator mass spectrometry (AMS) at the Poznan Radiocarbon Laboratory in
Poland; see in Figure 3.11 and Figure 3.12 where the dates were taken out; reliable dates are
marked red. Datings were performed on one sample of MIP-109 (macrofossils) and ten

samples of MIP-209 (nine macrofossils and one bulk-sediment sample, cp. Table 9).
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In addition, 18 samples at depths between 7 cm and 50 cm were dated through lead dating at

the Gamma Dating Center, Institute of Geography, University of Copenhagen.

For radiocarbon dating, 1 cm sections of each core depth which came into consideration were
sieved in 125 um and 63 um sieves with distilled water. The remained organic material was
determined in a microscope, in order to find adequate material for dating: mainly terrestrial
plant remains. Inadequate material, such as insect remains, was taken out. The macrofossils
were then dried at room temperature, put in small clean glasses of known weight, and
weighed. During determination of organic material, emphasis was put on avoiding aquatic
organic material as far as possible, though the characteristics of Lake Midtbotnvatn as a
proglacial lake crucially limit the existence of vegetation in the surroundings (cp. Ashley
1995). To reach the minimum limit of 0.4 mg of macrofossils to date on per sample, aquatic
plant remains could not be avoided completely in neither MIP-109 nor MIP-209. On one
sample of MIP-209 (160-161 cm), observed macrofossils were assumed to not be sufficient;
therefore a bulk-sediment radiocarbon dating had to be performed.

The data programme Calib 6.0.1., Intcal09 was used to calibrate calendar years BP from
radiocarbon years BP (Stuiver and Reimer 1993). The dates obtained from radiocarbon dating
are shown in Table 9. The dates used in this study are the median values of the calibrated

dates with a standard deviation of two sigma (AD 1950).

Precambrian acid rocks, such as granite and gneiss, dominate the bedrock geology in the
study area, which indicates that there is no substantial supply of inorganic carbon to Lake
Midtbotnvatn. The “hard-water” effect, which could negatively affect the radiocarbon dates,
especially the bulk-sediment date and the ones performed on aquatic plant remains (Smart and
Frances 1991; Bradley 1999, cp. Chapter 3.4.6.1.), is therefore not expected to affect the
radiocarbon dates of MIP-109 and MIP-209 (cp. Moore et al. 1998; Barnekow 1999). This is
also supported by the measured amount of inorganic carbonate (C;) within the two cores,
which can be determined by heating the samples to a temperature of 950°C and then weigh
the loss on ignition (Heiri et al. 2001, cp. Chapter 3.4.2.). LOlgso was performed in 5 cm-
intervals on MIP-109 and MIP-209, resulting amounts of inorganic carbonate did not exceed
1.08%. This fact emphasizes the assumption that the “hard-water” effect has no sufficient

impact on the sediments in Lake Midtbotnvatn.
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Table 9 Radiocarbon dates obtained from the cores MIP-109 and MI1P-209. Dates assumed as reliable are
marked bold.

LAB.NR. DEPTH TYPE OF WEIGHT  AGE “C-years BP AGE cal. years  AGE cal. years AGE BP
(cm) MATERIAL (mg) BP (AD 1950) BP (AD 1950) (AD 1950)

+lo +2¢ Median +2¢

MIP-109

[MyZRPIe7 M 198-199  aquatic and . 3970450 4406-4522 4281-4534 4408 + 127

terrestric

mosses
MIP-209
Poz-33261 aquatic and . 246070 2451-2544 2355-2718 2537 +£182

terrestric

mosses

Poz-33262 [RelY) aquaticand 0.6 2330+60 2307-2461 2290-2500 2359 + 105
terrestric
mosses

P0z-33254 ke mainly 0.86 4670+50 5344-5423 5306-5483 5395 + 89
aquatic
mosses

P0z-33255 QY] mainly 0.8 5490460 6267-6322 6182-6408 6295 + 113
aquatic
mosses

RYACYI X 160-161  bulk- 0.44 4170+50 4641-4762 4568-4839 4704 + 136
sediment

[My2cyLROm 161-162  aquatic and 0.59 4900+60 5588-5663 5577-5750 5664 + 87
terrestric
mosses

P0z-33256 [NY aquatic and 0.85 3790450 4088-4243 4067-4299 4183 + 116
terrestric
mosses

Poz-33257 QK] mainly 0.45 3560+70 3818-3929 3685-4000 3843 + 158
aquatic
mosses

P0z-33259 [KSK] aquatic and 0.55 3230460 3381-3485 3346-3588 3467 +121
terrestric
mosses

P0z-33260 QL] aquaticand  0.55 3790470 4082-4290 4058-4408 4233 + 175
terrestric

mosses

Of the eleven performed radiocarbon dates, the one in MIP-109 (198-199 cm, 4405 +130 cal.
years BP), and two in MIP-209 (90 cm, 2360 + 105 cal. years BP; and 198 cm, 4235 £ 175
cal. years BP) are assumed to be reliable.

From the remaining, four are inverted (MIP-209: 114 cm, 142 cm, 160-161 cm, 161-162 cm),
which is interpreted as being the results of erosion and resedimentation of terrestrial plant
material from the lake surroundings during river flood events (cp. Bakke et al. 2005c); hence
these dates are seen as not reliable. Another radiocarbon date of MIP-209 (62 cm) is, based on
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the core sediment interpretations (cp. Chapter 3.9), taken from sediment which is assigned to
have been deposited during a river flood event as well, and therefore rejected. The remaining
three radiocarbon dates (MIP-209: 172 cm, 186 cm, 193 cm) are, based on the core sediment
interpretations (cp. Chapter 3.9), interpreted as containing plant material deposited through
gravitational processes, which, besides river floods, are important mass movement and re-
deposition agents with respect to sedimentation in proglacial lakes (Benn and Evans 1998);
therefore these dates are not assumed to be reliable either.

Lead dating was performed on core MIP-209; 18 samples at depths between 7 cm and 50 cm
were analyzed for the activity of #°Pb, *Ra and '¥'Cs via gamma spectrometry at the

Gamma Dating Center, Institute of Geography, University of Copenhagen (see Table 10).

Table 10 Lead dating results of core M1P-209

Original Corrected Age Error age Date (years)
core depth core depth (years)  (years)
cm cm
0.0 2009
3.6 2 1 2007
7.2 4 1 2005
10.8 7 1 2002
14.4 8 1 2001
18.0 10 1 1999
21.6 12 1 1997
25.2 14 1 1995
7 29.3 15 1 1994
7 29.8 16 1 1993
9 31.8 17 1 1992
11 33.8 18 1 1991
13 35.8 20 1 1989
15 37.8 21 1 1988
18 40.0 22 1 1987
20 42.0 23 1 1986
22 44.0 24 1 1985
24 46.0 25 1 1984
26 48.0 26 1 1983
28 50.0 28 1 1981
30 52.0 29 1 1980
32 54.0 31 1 1978
35 57.0 33 1 1976
40 62.0 36 1 1973
45 67.0 39 1 1970
50 72.0 42 1 1967

The measurements were carried out on a Canberra low-background Ge-well detector. °Pb
was measured via its gamma ray emissions-peak at 46.5 keV, °Ra via the granddaughter
isotope 2*Pb, with peaks at 295keV and 352 keV, and **'Cs via its peak at 661 keV.
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MIP-209 shows surface contents of *!°Pb of around 250 Bq kg, of this around 110 Bq kg™
was supported and 140 Bq kg™ was unsupported #°Pb. A very weak decrease with depth was
observed.

137Cs showed a peak around 20 cm depth (original core depth), which is ascribed to the
Chernobyl-accident in 1986. Based on this peak and using a combined CRS- and CIC-model
(Appleby 2001), a chronology could be established for MIP-209, shown in Figure 3.14 and
Figure 3.16. The original depths had to be corrected by 22 cm, which is ascribed to loss of
material at the core top during the coring process (Thorbjern Andersen and Jostein Bakke,
personal communication, 2010; cp. Appendix 2 (CD)). All lead dates are assumed to be

reliable.

MIP-209
2010

2000 —

1990
1 1986

Date (years)

1980 —

1970

1960 L S e e e

0 40 80 120 160
37Cs (Bq kg)

Figure 3.14 **'Cs chronology of core MIP-209 with corrected core depth. The Chernobyl peak in 1986 is
clearly observable.

All laboratory rapports are attached in Appendix 2 (CD), as are the LOlgso values. Figure 3.11
and Figure 3.12 show where the dates were taken out from the sediment, reliable ones are
marked red.

3.11.1 Age-depth models

The datings performed on the cores MIP-109 and MIP-209 bring up known ages of certain
pointlike (one cm) levels of the core depths. To enable comparisons and correlations among
one another and with other cores, and to get information about past sedimentation rates, it is

essential to obtain sufficient control about the age of all core depths, not only at certain points
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(Bakke 2004). Age-depth modelling is a complicated task on sediment cores of a proglacial
lake, where sedimentation rates are irregular due to frequently varying meltwater inflow and
sporadic episodic events such as river floods and gravitational processes (Bakke 2004). One
common approach to receive an age-depth model is the use of linear interpolation between the
known levels of core depth in the investigated core (Bennett 1994). To reflected the glacial
record only, it is very important that sediments deposited through episodic events, such as
river floods and gravitational processes, are identified and excluded from the age-depth
modelling and reconstruction of the sedimentation rate, because such events can cause
sediment layers as thick as normally deposited during several years of continuous glacial
sedimentation, and hence would falsify the results (Karlén 1981; Hicks et al. 1990; Bakke
2004).

Age before AD 2010 (years)

0 1000 2000 3000 4000
0 1 L 1 J
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40

MIP-109
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® Radiocarbon dating
60 m Lake regulation 1953
80

100
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160
180 1 \'“
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Figure 3.15 Age-depth model of core MIP-109, based on one radiocarbon date (4405 + 130 cal. years BP)
and the interpreted date of the beginning of the lake regulation in 1953. DBD values and calculated
sedimentation rates are illustrated as well. A sediment loss of ca. 20 cm at the top of the core is assumed,
transferred from lead dating results of core MIP-209. Episodic events are excluded before creating the
model, calculating the sedimentation rates, and as well from the DBD graph.
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Figure 3.16 Age-depth model of core MIP-209, based on two radiocarbon dates (2360 + 105 and 4235 +
175 cal. years BP), one lichenometric dating of marginal moraines originated from the interpreted
maximum glacier advance during the LIA (AD 1735 £ 25; dashed line indicates correlation to DBD) and
the interpreted date of the beginning of the lake regulation in 1953. DBD values and calculated
sedimentation rates are illustrated as well. A sediment loss of 22 cm at the top of the core is assumed,
based on lead dating results. Episodic events are excluded before creating the model, calculating the
sedimentation rates, and as well from the DBD graph. The lower figure shows the age-depth model of the
upper part of MIP-209, based on 18 lead dates (2009 to 1967); core depth was corrected for a 22cm loss at
the core top.

For MIP-109, an age-depth model was created based on one radiocarbon date (4405 cal. yr.
BP ) and the interpreted date of the beginning of the lake regulation in AD 1953. For MIP-
209, an age-depth model was created based on two radiocarbon dates (2360 and 4235 cal. yr.
BP, 26 standard deviation), one lichenometric dating of marginal moraines originated during
the LIA in AD 1735 (10% error deviation) and the interpreted date of the beginning of the
lake regulation in AD 1953. Furthermore, and age-depth model was created for the upper part
of MIP-209, based on 18 lead dates (2009 to 1967).
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Age-depth models created through linear interpolation typically exhibit abrupt changes in
accumulation rates around the dated levels. Due to the fact that dates often are perfomed at
levels where other sediment parameters show changes, this feature may be caused by real
changes in lithology and hence also in the sedimentation rate; but in general linear
interpolation can overestimate the real accumulation rate (Bakke 2004).

The more levels of known age are used for modelling, the more accurate is the resulting age-
depth model. The less dates, the greater the probability that an age-depth model does not
provide a good fit to reality, and that calculated confidence intervals are over-optimistic
(Telford et al. 2004).

Due to the small number of points of known age in both MIP-109 and MIP-209, the created

age-depth models, especially the one of MIP-109, are assumed as to be imprecise.

3.11.2 Sedimentation rates

Sedimentation rates in proglacial lakes reflect both sediment availability and meltwater stream
capacity, which in turn are controlled by numerous factors (Leonard 1985). Glacial activity in
the drainage basin has huge impact on the sedimentation rates of a proglacial lake; increased
ice extent causes relatively higher sedimentation rates, while low sedimentation rates mainly
occur during periods of reduced ice extent (Leonard 1986b). To reflect the glacial record only,
it is required that sediments deposited through episodic events, such as river floods and
gravitational processes, are identified and excluded from the reconstruction of the
sedimentation rate (Karlén 1981; Hicks et al. 1990; Bakke 2004).

MIP-109 is dated to an age of 4400 years BP 11 cm from the bottom of the core. MIP-209 is
dated to an age of 4235 years BP 2.5 cm from the bottom of the core.

The sedimentation rates of MIP-209 and MIP-109 indicate a much higher sedimentation rate
in the upper fourth of the core than in the rest of it. This is ascribed to the regulation of Lake
Midtbotnvatn in the course of the development of hydrologic power since AD 1953, which
resulted in an enhanced capacity of river Bladalselv and an enlarged Lake Midtbhotnvatn,
which enables more amounts of suspended particles to settle (cp. Ashley 1995).

MIP-109 and MIP-209 have comparatively high mean sedimentation rates, MIP-109 0.25
mm/yr before and 15.5 mm/yr after the regulation of Lake Midtbotnvatn, MIP-209 0.25
mm/yr before and 11.4 mm/yr after the lake regulation. The differences for the sedimentation
rates after regulation may be caused from an overestimation of the sediment loss of the top of

MIP-109; assuming no sediment loss of MIP-109 would give a sedimentation rate of 12
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mm/yr since the beginning of the lake regulation. The comparatively high mean sedimentation
rates of both cores are attributed to the huge size and the accordingly strong impact of the
glacier tongue Vestre Blomsterskardsbreen on the sedimentation in Lake Midtbotnvatn.

The small number of dates in MIP-109 and MIP-209 limits the construction of age-depth
models and the calculation of sedimentation rates, causing uncertainties and generalisations.
Since being based on more dates through several different dating techniques, MIP-209 is
assumed to give the more reliable results of the sedimentation rates and the age-depth models
(see Figure 3.15 and Figure 3.16).

A higher sedimentation rate of 0.46 mm/yr in the lowest part of MIP-209 and a lower one of
0.1 mml/yr in the upper part before lake regulation is interpreted as to be in agreement with
DBD values; increased DBD values are interpreted as to indicate increased glacial activity in
the second part of MIP-209, and comparably lower DBD values reflect decreased glacial
activity in the first core half. Linking the sedimentation rate to variations in DBD and thus
glacial activity hence indicates that higher sedimentation rates coincidence with increased

glacial activity.

Due to the facts that dates are few in both MIP-109 and MIP-209, and that both cores are
disturbed to certain degrees, the created age-depth models and the calculated sedimentation
rates must be seen as an inaccurate approximation; more reliable dates and less disturbed

sediment cores would improve the results.
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3.12Summary

Proglacial lake sediments contain information about past glacial activity in their drainage
basin. Several analysis parameters were used on two proglacial cores of Lake Midtbotnvatn.
Increased values of DBD, detrital XRF elements Ti, Si, Rb, and very coarse silt, combined
with decreased amounts of very fine silt, are interpreted as to reflect increased glacial activity.
Anomalies in the grain size parameters “mean” and “sorting”, and the XRF ratios Fe/Ti and
inc/coh, can be used to identify sediment originated from episodic events such as river floods
and gravitational processes. To receive the glacial record only, such sediments must be
excluded. Episodic events could be observed in both cores.

Analysis and interpretation of the proglacial sediments were complicated by the fact that the
sediments were disturbed through coring.

Based on three reliable radiocarbon dates, 18 lead dates, one lichenometric date of marginal
moraines correlated to DBD values, and the date of the interpreted beginning of the
regulations of Lake Midtbotnvatn, age-depth models could be created and sedimentation rates
reconstructed for each of the cores.

MIP-109 is dated to an age of 4400 years BP 11 cm from the bottom of the core; MIP-209 is
dated to an age of 4235 years BP 2.5 cm from the bottom of the core. MIP-209 is interpreted
to have a sediment loss of 22 cm at the top of the core. Both cores have comparatively high
mean sedimentations rates, MIP-109 0.25 mm/yr before and 15.5 mm/yr after the regulation
of Lake Midtbotnvatn, MIP-209 0.25 mm/yr before and 11.4 mm/yr after the lake regulation.

Lake Midtbotnvatn is an adequate location for proglacial sediment studies with the goal of
reconstructing glacier fluctuations at Vestre Blomsterskardsbreen. The catchment area of
Lake Midtbotnvatn is characterized by little superficial deposits and robust bedrock, which
indicates that the paraglacial impact on the lake sedimentation is limited, as are rapid mass-
movement processes. Lake Midtbotnvatn is the first proglacial lake Vestre
Blomsterskardsbreen drains into; the glacier tongue covers a great part of the drainage basin.
This results in a comparatively high sedimentation rate in Lake Midtbotnvatn.

The lake regulations since the early 1950s have negative impact on the analyses, causing a
strong increase in sedimentation rate and altering the glacial record of the proglacial

sediments during the second half of the 20" century.
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4 Calculation and reconstruction of palaeoclimate:
equilibrium line altitudes and relative glacial activity

This chapter contains the theoretical description of the reconstruction of equilibrium line
altitudes (ELAs). Former ELAs of Vestre Blomsterskardsbreen are calculated using the
presented approaches, and combined with sediment analysis parameters used to create a curve

of relative glacial activity for the last 4235 cal. years BP.

4.1 Equilibrium Line Altitudes —Theory

The equilibrium line of a glacier marks the boundary between the accumulation area and the
ablation area, where accordingly the net mass balance equals zero (Porter 1975; Paterson
1994). Since the elevation of the equilibrium line generally varies across the glacier due to
local variations in accumulation and ablation, the ELA is defined as the average altitude of the
equilibrium line (Benn and Lehmkuhl 2000, 16). The net mass balance of a glacier is the mass
balance at the end of the balance year, which can be divided into positive winter balance and
negative summer balance (Paterson 1994, 28). A balance year is subdivided into the ablation
season (1 May — 30 September), where changes in summer air temperature are decisive, and
the accumulation season (1 October — 30 April), determined by variations in winter
precipitation (Paterson 1994; Dahl et al. 2003). Variations of the ELA reflect changes in the
mass balance of a glacier, which in turn are caused by climate fluctuations (Porter 1975).

Both the glacier net balance and the ELA of a glacier mainly change with variations in the
regional distribution of the primary climatic parameters ablation-season temperature and
accumulation-season precipitation. Folgefonna, in its capacity as a maritime plateau glacier, is
in existence and size mainly influenced by winter precipitation, and only to a smaller extent
by summer temperature (Bakke et al. 2005c). Nesje et al. (2000b) emphasize that since the
middle of the 19" century, a strong correlation has been existing between the North Atlantic
Oscillation (NAO) index, winter precipitation values of the north-east Atlantic region and
western Norway, and mass balance changes of maritime glaciers in southern Norway.

Further important factors that cause fluctuations in glacier net balance and ELA are local ones
such as hypsometry of a glacier, topographic shading, preferential snow accumulation,
avalanching, and extent of supraglacial debris cover (Benn and Gemmell 1997; Benn and
Lehmkuhl 2000). Local redistribution of dry snow by wind blowing away snow from exposed

surfaces to leeward topographic depressions also influences the ELA of a glacier (Dahl et al.
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1997; Dahl et al. 2003). The impact of this factor depends on the glacier type, it is very
important on cirque glaciers and single glacier tongues, and can be neglected on whole
plateau glaciers and ice caps with glacier outlets in all aspects, where windblown snow is
transported from the windward to the leeward side, accumulating again on the glacier itself
and thus not influencing the mean ELA (Dahl et al. 2003) For this reason, there is a need to
differentiate between the local topographic temperature-precipitation-wind ELA (TPW-ELA)
of cirque glaciers and single glacier tongues and the regional temperature-precipitation-ELA
(TP-ELA) of plateau glaciers and ice caps (cp. Figure 4.1) (Nesje and Dahl 2000, 58; Dahl et
al. 2003, 279). Vestre Blomsterskardsbreen is a southern glacier outlet of southern

Folgefonna; reconstructed ELAs will therefore be expressed as TPW-ELAs.

: PREVAILING WIND DIRECTION

High TPW-ELA due
to snow deflation

TPW-ELA ~
TPW: EL—\ .A—~_ TPW-ELA %
TP-ELA

v TPW-ELA

TP-ELA

Low TPW-ELA due to
leeward accumulation
of wind-blown snow

Mountain peak not
topographically suited
for a plateau glacier

Mountain topographi-
‘,f cally suited for an
ice cap/plateau glacier

Figure 4.1 Idealized schematic overview of the differences in altitude between the regional TP-ELA of a
pleateau glacier and the TPW-ELAs at cirque glaciers depending on local topography (Dahl et al. 2003,
279)

The ice of a temperate glacier is at the pressure melting point throughout, except for a surface
layer of several meters which is subject to seasonal temperature variations (Paterson 1994).
Glacier ice being at or close to the melting point is a basic requirement for efficient glacier
motion, and with that also the processes of subglacial erosion, transport and deposition
sensitively depend on temperature (Benn and Evans 1998). Material transport within a glacier
can take place subglacially, englacially and supraglacially (Nesje 1995). The maximum flow
velocity of glacier ice, the maximum turnover of ice, and accordingly the maximum erosion

related to rotational movement occur at or close to the ELA (Dahl et al. 2003). Flowlines of
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glacier ice within an idealized glacier run inwards and down above the ELA (accumulation

area), and outwards and up below the ELA (ablation area) (Dahl et al. 2003). (cp. Figure 4.2).
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Figure 4.2 Flow lines and contours on an idealized cirque glacier seen from above and side view. Due to
the fact that lateral moraines normally do not form above the steady-state ELA, they can be used to
estimate former ELAs (Dahl et al. 2003, 281)

This is the reason why lateral moraines normally do not form above the steady-state ELA, and
therefore their maximum elevation can be used to estimate former steady-state ELAs (Nesje
and Dahl 2000; Dahl et al. 2003). Dating these moraines, for example by lichenometry, the
size of the corresponding glacier at a particular time can be evaluated and via that former
ELAs can be reconstructed, (Karlén 1976; Benn and Gemmell 1997; Bakke et al. 2005c). At
sites where for some time periods no adequate moraines can be found, or when dates are not
reliable, analyzes of proglacial sediments from a proglacial lake in the catchment can be used
to reconstruct former ELAs. Applying a combination of analyzes of proglacial sediments and
dated moraines, continuous reconstructions of past varying glacier sizes and former ELAS can
be obtained (Karlén 1976; Bakke et al. 2005c).

A limiting factor on the reconstruction of palaeoclimate via ELAS is that glaciers do react on
climate changes with a delay depending on different factors.

Different methods can be applied to define the modern steady-state ELA of present glaciers

and to reconstruct former steady-state ELAS, as a means to reconstruct palaeoclimates of

present and past glaciated regions; these include the maximum elevation of lateral moraines

(MELM), the median elevation of glaciers (MEG), the toe-to-headwall ratio (THAR), the
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accumulation area ratio (AAR), and the area altitude balance ratio (AABR) (Benn and
Gemmell 1997; Nesje and Dahl 2000, 59, and references therein; Dahl et al. 2003). Each
method is a different approach to define ELAS; with respect to the local conditions of each
study area and especially the adjacent glaciers existing in past/present, it therefore must be
carefully evaluated which approach is the most appropriate one to apply (cp. Nesje and Dahl

2000). The methods adopted in this work are theoretically explained in the following.

4.1.1 Accumulation Area Ratio (AAR)

The Accumulation Area Ratio (AAR) is the ratio of the accumulation area, i.e. the area above
the ELA, to the total area of a glacier (Porter 1975; Torsnes et al. 1993); based on the
assumption that the former occupies a fixed proportion of the latter (Benn and Gemmell
1997).

For present glaciers in mid- and high-latitudes, steady-state AARs generally are in the range
0.5 to 0.8 (Porter 1975; Benn and Gemmell 1997). For valley glaciers and cirque glaciers
under dynamic and climatic steady-state conditions, the AAR lies at 0.65 + 0.05 (Nesje 1995;
Nesje and Dahl 2000).

Generally, the AAR of a glacier varies as a function of its mass balance; values below 0.5
indicate a negative mass balance, values between 0.5 and 0.8 reflect climatic equilibrium or
close to, and values above 0.8 indicate a positive mass balance (Nesje 1995, 35).

A limitation for the AAR method is the impact of the slope of the underlying surface of
present and past glaciers. A steep slope can cause an overestimation of the changes in ELA,
while a flat topography might lead to underestimation. The surface topography below a
glacier should therefore be carefully evaluated when applying this method (Nesje 1995; Nesje
and Dahl 2000). An advantage of this approach is that the glacier reconstruction is only

required up to the elevation of the former ELA (Nesje and Dahl 2000).

4.1.2 Area Altitude Balance Ratio (AABR)
Unlike the AAR method, the Area Altitude Balance Ratio (AABR) takes account of the

hypsometry of a glacier, which is the “detailed distribution of surface area with respect to
altitude” (Osmaston 2005, 22) and the shape of the mass balance curve (Nesje and Dahl
2000). This method is based on the assumption that parts of a glacier which are far above or
below the ELA have greater negative or positive spot net balances and therefore have wider
influence on the total net balance and the ELA of the glacier, than parts located closer to the
ELA (Osmaston 2005). Hence, detailed knowledge of the position of the glacier margin and
contour data of its surface are required to be able to determine the area and mean altitude of
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successive contour belts of the glaciers’ surface (Osmaston 2005, 22). With respect to
reconstructions of past glaciers’ ELAs, these variables may accordingly cause uncertainties;
though this approach is still more accurate than other morphometric methods not taking into
account the hypsometry of a glacier (Benn and Lehmkuhl 2000; Osmaston 2005).

Furbish and Andrews (1984) successfully tested the operation of the AABR method, terming
it the BR method, and concluded that it gave good ELA estimates of ten present valley
glaciers located in geographic maritime and semi-maritime settings in Alaska, with a mean
BR value of 2.01. Based on the assumption that, for glaciers in equilibrium conditions, the
total annual accumulation above the ELA must balance the total annual ablation below the
ELA, they multiplied the areas above and below the ELA by the average accumulation and
ablation, respectively (Benn and Evans 1998, 84; Nesje and Dahl 2000, 61).

4.2 Reconstructions of former ELAS

During the past decades, several attempts were made to calculate the ELA of Vestre
Blomsterskardsbreen. In 1970, the ELA of Blomsterskardsbreen was calculated to be at an
elevation of 1370 m a.s.l. (Tvede and Liestgl 1977, 226). Stakes to measure snow ablation and
soundings to record snow accumulation were the basis for this calculation. According to the
“Atlas of Glaciers in South Norway”, in 1988, Vestre Blomsterskardsbreen had an ELA of
1180 m a.s.l. (Dstrem et al. 1988, 39). Calculated volume changes of the southern glacier
outlets of southern Folgefonna based on aerial photographs, Smith-Meyer and Tvede (1996)
concluded that Vestre Blomsterskardsbreen retreated during the time period from 1959 to
1995, while @stre Blomsterskardsbreen slightly advanced. Based on core samples, measured
and estimated snow densities, and snow accumulation and ablation measurements at stakes
and soundings on the glacier tongue, summer, winter and net mass balances of the year 2008
at Vestre Blomsterskardsbreen were calculated. According to these calculations, the ELA of
Vestre Blomsterkardsbreen lay at 1235 m a.s.l. in 2008, the AAR of the glacier tongue was
74%. The ELA of @stre Blomsterskardsbreen was assumed to lie slightly higher at 1265 m
a.s.l., with an AAR of 85% (Kjgllmoen 2009, 28). An aerial photograph taken of Jan Rabben
in mid-October 2005 indicates that the snow line of Blomsterskardsbreen was located at
around 1300 m-1320 m at that time, which is considered quite close to the ELA of that year
(see Picture 8). The differences in the calculated ELAs presented above are mainly attributed
to different methods, methodological uncertainties, and variations in topography and the

manually defined drainage basin of Vestre Blomsterskardsbreen, which may have been

115



Chapter 4 Reconstruction of equilibrium line altitudes and relative glacial activity

different in the past (considered as a minor influencing factor) and within different attempts;

complicated moreover by the fact that Blomsterskardsbreen is a divided glacier outlet.

Pt >
0 ? 4

Picture 8 Aerial photograph of @stre and Vestre Blomsterskardsbreen taken in mid-October 2005; snow
line is located at around 1300-1320 m. (Picture: Jan Rabben)

In this study, the TPW-ELAs of Vestre Blomsterskardsbreen of today (2007), of AD 1986, of
AD 1959, of the maximum glacier advance during the LIA, and of the glacier advances that
deposited the marginal moraines M-20/M-21 and M-22 are calculated using the AAR and
AABR method. The calculations of present and past ELASs are based on digital map data N-50
of Norway (Norwegian Mapping Authority) used in ArcGIS 9.0, digital contour intervals
from laserscanning in 2007 as well as digital contour intervals of southern Folgefonna from
1959 (Sylvia Smith-Meyer, NVE, personal communication, 2010), and mapped marginal
moraines dated by lichenometry (M-1, M-2, M-4, M-19, M-20, M-21, M-22).

Due to the fact that Vestre Blomsterskardsbreen is a glacier outlet of southern Folgefonna, is
was necessary to define the area that topographically drains down to Lake Midtbotnvatn. This
is done by drawing right angle lines on the contour intervals between Vestre
Blomsterskardsbreen and the surrounding glacier outlets. The division follows the one in the
“Atlas of glaciers in south Norway” (dstrem et al. 1988), see Figure 4.3.
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Drainage areas of several glacier outlets of southern Folgefonna
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Figure 4.3 Drainage areas of several glacier outlets of southern Folgefonna; division follows the “Atlas of
glaciers in south Norway” (Ddstrem et al. 1988, 38). 1= Glacier outlet draining down to Lake Fonnavatn, 2=
Masevassbreen, 3= Vestre Blomsterskardsbreen, 4= @stre Blomsterskardsbreen, 5= Sauabreen.

Areas on the glacier that are steep in reality are plotted as small areas per contour interval in
the N-50 map data, which indicates that the areal distribution does not match reality in that
respect. This is an error source in the reconstruction procedure; the AABR method, taking
into account the hypsometry of a glacier, is in that regard assumed to be a better approach
than the AAR method. It is not expected that the heights above ELA of Vestre
Blomsterkardsbreen changed crucially during former advances within the time span of the
reconstructions. Hence, contour intervals and area distributions above the ELA are based on

the digital map data N-50 of Norway (Norwegian Mapping Authority) for all reconstructions.
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4.3 Reconstructed ELAs of Vestre Blomsterskardsbreen

Past and present ELAs of Vestre Blomsterskardsbreen have been reconstructed using the
AAR and AABR method (Table 11). Present and former glacier sizes of Vestre
Blomsterskardsbreen were drawn in Adobe Illustrator CS3, based on older digital maps and
dated marginal moraines. The areas of each of these glacier sizes were then determined in
ArcGIS 9.0, including both the entire glacier size and the areas within the 100 m contour
intervals. Calculations of ELAs were performed in Microsoft Excel, using special computer
spreadsheets of Benn and Gemmel (1997) for the AAR method, and Osmaston (2005) for the
AABR method. Reconstructed values with a balance ratio of 2.0 are considered as most
reliable, since those are evaluated as to give the best results on maritime and semi-maritime
glaciers (Furbish and Andrews 1984).

Figure 4.4. shows reconstructed Vestre Blomsterskardsbreen for specific times in the past:
AD 2007, compared to the LIA maximum advance (based on marginal moraines M-1, M-2,
M-2, M-19, all dated by lichenometry), and moreover the glacier advances that deposited
moraines M-20/M-21 and M-22. Figure 4.5. shows the area distribution (hypsometry) of
Vestre Blomsterskardsbreen and the accumulative area distribution per height of Vestre
Blomsterskardsbreen for the reconstructed specific times in the past: AD 2007, AD 1986, AD
1959, LIA maximum glacier advance, glacier advances that deposited M-20/M-21, and M-22.
The methods AAR 0.65 and AAR 0.70 are used for the calculations.

Table 11 Reconstructed areas (km?) and ELAs (m a.s.l.) of Vestre Blomsterskardsbreen for specified times
in the past, calculated using different methods, based on marginal moraines and old maps. Methods used
are AAR 0.65 and 0.7 (Benn and Gemmell 1997) and AABR with a balance ratio of 1.0 and 2.0 (Osmaston
2005). ELAs calculated with a balance ratio of 2.0 are considered as the most reliable ones, the ELA
lowering compared to today’s ELA (2007) is based on this calculation.

ELA lowering
Glacier Area (km?)  AAR0.65 AARO0.7 AABR1.0 AABR20 compared to today

Today (2007)
1986
1959

LIA max.
M-20, M-21
M-22
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2007 LIA manx.

Figure 4.4 Reconstructions of Vestre Blomsterskardsbreen for specific times in the past (contour intervals
100 m; ELAs marked red): 2007 (based on digital contour intervals from laserscanning in 2007, NVE),
LIA maximum advance (based on dated marginal moraines M-1, M-2, M-4, M-19), glacier advance that
deposited moraines M-20 and M-21, glacier advance that deposited moraine M-22. Dated marginal
moraines used for reconstructions are shown in the 2007 illustration.
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Figure 4.5 Area distribution and accumulative area distribution per 100 m contour interval of Vestre

Blomsterskardsbreen for the reconstructed specific times in the past: 2007, 1986, 1959, LIA maximum
glacier advance, glacier advance that deposited M-20 and M-21, glacier advance that deposited M-22.
Methods AAR 0.65 and AAR 0.70 are used for the calculations (cp. Benn and Gemmell 1997).
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The maximum LIA glacier size and ELA of Vestre Blomsterskardsbreen was reconstructed
using mapped and dated marginal moraines (M-1, M-2, M-4, M-19). Using the AABR
method with a BR of 2.0 (Osmaston 2005), a lowering of 20 m compared to todays ELA
(2007) could be determined. The reconstruction based on the AAR method with a BR of 0.7,
in contrary, calculated an ELA lowering of 15 m. The results make it clear that there are
differences in ELA reconstructions, depending on which method is used. Beside
methodological uncertainties, several error sources may cause falsified area calculations and
ELA results. Both the topography on the glacier and the manually defined drainage basin of
the glacier may have been different during former advances, when the glacier size was unlike
todays. In general, the 100 m contour intervals during reconstructed former glacier advances
before AD 1959 were probably more complex than illustrated in Figure 4.4., their real
positions are unknown and therefore simplified for the reconstructions. The ELAs calculated
by the AABR BR 2.0 method are considered as the most reliable ones, due to the fact that this
method takes the glacier’s hypsometry into account (cp. Furbish and Andrews 1984).

4.4 Correction of isostatic adjustment

The melting of the ice sheet after the last ice age caused a continuous subsequent isostatic
adjustment of the landmasses of Scandinavia, which is still active today, though it was most
intense right after deglaciation. Thus, reconstructed ELAs have to be corrected for isostatic
adjustment. This is done with help of the computer programm Sealevel Change Ver. 3.51.
(Mgller and Holmeslet 1998). Isobase 26 is used for the study area; Figure 4.6 and Table 12.
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Figure 4.6 Isostatic adjustment curve for isobase 26 (Mgller and Holmeslet 1998)
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Table 12 Calculated ELAs corrected for isostatic adjustment; lowering of corrected ELAs compared to
today. Corrections are based on isobase 26 (Mgller and Holmeslet 1998).

Glacier ELA calculated ELA corrected for Lowering of

with ABBR 2.0 isostatic corrected ELA
adjustment compared to today

2007

1986

1959

LIA max.

M-20, M-21

M-22

The lowering of the ELA during the maximum LIA advance compared to 2007 was
comparatively small (22 m, corrected for isostatic adjustment), as were the differences of the
ELAs of the glacier advances that deposited the moraines M-20/M-21 and M-22 compared to
the LIA maximum advance (cp. Table 11). The isostatic adjustment of the ELAs could not be
performed for the M-20/M-21 and M-22 advances, because these moraine sets could not be
dated. It is assumed, that the isostatic adjustment for both sets must be more than for the LIA,
due to the fact that they are older; the influence of the isostatic adjustment is increasing with
the age of reconstructed ELAs. Accordingly, the ELAs of the glacier advances that deposited
M-20/M-21 and M-22 are assumed to be lower than calculated in Table 11; hence, the
differences in ELA compared to the maximum LIA glacier advance must have been greater. A
discussion about the deposition times of M-20/M-21 and M-22 is presented in Chapter 5.

Vestre Blomsterskardsbreen is a huge glacier outlet, which, after passing the area of Insta
Botnane, flows down a comparably narrow valley. This can help to explain why the ELA
differences between 2007 and the LIA maximum advance are much larger than the one
between the LIA maximum advance and the ELAs reconstructed from the moraine sets of M-
20/ M-21 and M-22, because a narrow valley enables greater advances of a glacier’s terminus
with contemporaneously comparably smaller ELA lowering. Ice thickness measurements
below the glacier tongue in 1997 indicate that the bottom topography below Vestre
Blomsterskardsbreen goes downwards from the glacier’s terminus inwards (Elvehgy 1997).
This terrain characteristic, and the existence of the high mountain area north-east of Insta
Botnane may be reasons for the comparably small ELA lowering during the LIA of Vestre
Blomsterskardsbreen compared to other glacial sites in Norway, such as several outlets of

southern and northern Folgefonna, Jostedalsbreen and Hardangerjgkulen, which had
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lowerings of 100-150m (cp. Chapter 5) (Nesje and Dahl 1991a; Torsnes et al. 1993; Dahl and
Nesje 1994; Bakke et al. 2005a; Bakke et al. 2005c; Bjgnnes 2006; Tolo 2008).

4.5 Reconstruction of a relative glacial activity curve

Marginal moraines in front of Vestre Blomsterskardsbreen dated by lichenometry can be used
to achieve knowledge about the sizes of the glacier outlet and its ELAs during specific times
in the past when the glacier advanced. Combining sediment parameter records (of mainly
LOI, DBD, grain size distribution) and independent dates of the proglacial sediment by
radiocarbon dating with a sufficient number of reconstructed ELAs of known time points in
the glacier’s history, a continuous ELA curve for the glacier tongue could be reconstructed
using a logarithmic regression equation (cp. Bakke et al. 2005c). Furthermore, based on the
non-linear (exponential) relationship between ablation-season temperature and mean winter
precipitation at the ELA, it would be possible to calculate past winter precipitation values,
assumed that the ELA is known and in addition by the use of an independent proxy for
summer temperature (cp. Liestel in Sissons 1979; Sutherland 1984; Ballantyne 1989; Dahl
and Nesje 1996; Dahl et al. 1997). In front of Vestre Blomsterskardsbreen only one moraine
set could be dated to represent a certain specific glacier advance in the past: the maximum
glacier advance during the LIA around AD 1735 + 10%. This is not sufficient to reconstruct a
continuous ELA curve and past winter precipitation for Vestre Blomsterskardsbreen, which

would require at least two reference points, ideally even more.

Due to the fact that the validity of the sediment parameter LOI in this study is limited due to a
too low organic component and high minerogenic sedimentation, DBD is considered as the
best parameter reflecting glacial activity of Vestre Blomsterskardsbreen during the last 4200
cal. years BP (cp. Bakke 2004; Bakke et al. 2005c). Episodic events must be isolated and
excluded previously using the grain size distribution parameters “mean” and “sorting”, in
order to receive the glacial record only.

Based on the DBD record of MIP-209, which is the least disturbed of the two cores that were
subject to investigation, combined with two radiocarbon dates in specific core depths (2360
cal. years BP and 4235 cal. years BP), and the interpreted beginning of the lake regulations in
AD 1953, a relative glacial activity curve for Vestre Blomsterskardsbreen has been
established, covering the past 4235 cal. years BP (Figure 4.7.). Since Lake Midtbotnvatn has

been regulated since AD 1953, any conclusions on glacial activity since then and until today
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(AD 2010) are not possible. Therefore, the curve starts as late as AD 1953; the glacier’s
extent and activity according to the DBD record of that year hence is the one past glacial
activity is compared to.

Vestre Blomsterskardsbreen, with its location as the southernmost glacier outlet of southern
Folgefonna, and its south-southwestern slope aspect, is considered the most maritime glacier
tongue of Folgefonna. This indicates that the net mass balance of the glacier is mostly
determined by the winter mass balance, which means that winter precipitation is the main
controlling factor for the glacier’s variations, rather than summer temperature (cp. Bakke
2004; Bakke et al. 2005c; Bjune et al. 2005; Nesje et al. 2008, see also Chapter 1). Therefore,
the relative glacial activity curve of Vestre Blomsterskardsbreen (Figure 4.7.) is assumed to
also be an indicator of past fluctuations of winter precipitation.
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Figure 4.7 Relative glacial activity curve of Vestre Blomsterskardsbreen for the last 4235 cal. years BP.
Since Lake Midtbotnvatn has been regulated since AD 1953, any conclusions on glacial activity since then
are not possible. Therefore, the curve starts as late as AD 1953; the glacier’s extent and activity according
to the DBD record of that year hence is the one past glacial activity is compared to. Periods interpreted as
increased glacial activity are marked gray. Radiocarbon dates and the beginning of the lake regulation are
illustrated in red.
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4.6 Variations of relative glacial activity of Vestre

Blomsterskardsbreen during the Late-Holocene

The ELA of today (2007) was calculated to a height of 1328 m a.s.l., based on digital map
data N-50 of Norway (Norwegian Mapping Authority) and digital contour intervals from
laserscanning in 2007 (NVE).

The reconstructed relative glacial activity curve covers the past 4235 cal. years BP, which
represents the oldest date of the sediment core; below this level it is not possible to draw
reliable conclusions about age, sedimentation rates and hence variations in glacial activity.
The curve begins in AD 1953 due to the fact that Lake Midtbotnvatn was regulated since then,

which prevents any interpretations of the sediment with respect to glacial activity.

The relative curve of glacial activity of Vestre Blomsterskardsbreen shows several variations
during the last 4235 cal. years BP. Especially three periods of increased glacial activity can be
recognized:

- AD 1953 to 720 cal. years BP; three DBD tops indicate relative increased glacial
activity interpreted as LIA glacier advances during the 17", the first half of the 18"
and since the 19" until the first half of the 20" century

- 840 cal. years BP to 1350 cal. years BP, which covers the medieval warm period; with
a peak centered around 1100 cal. years BP

- 2740 cal. years BP to 3940 cal. years BP, when the glacial activity reached the
maximum values during the past 4235 cal. years BP. The interpretation of this part is
considered as uncertain due to the strong sediment structure disturbances in the

respective core section (cp. Chapter 5).

The period 1350 cal. years BP to 2740 cal. years BP was dominated by frequent changes
between relatively increased and relatively decreased glacial activity. Peaks are centered
around 1600, 1800 and 2150 cal. years BP.

It must be pointed out that the relative glacial activity curve and according interpretation
results are restricted by the disturbed sediment structure the curve is based on (cp. Chapter

3.6).
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5 Discussion

The main purpose of this study was to reconstruct glacier fluctuations and sediment transport
of Vestre Blomsterskardsbreen during the Late-Holocene.

This chapter contains a summary and discussion of the quaternary mapping, the dating of
mapped marginal moraines by lichenometry, and the analyses and interpretations of proglacial
sediments taken out from Lake Midtbotnvatn. The three approaches were then used to relate
the proglacial lake sediments to the glacial activity of Vestre Blomsterkardsbreen. Moreover,
the fluctuations of the relative glacial activity of Vestre Blomsterskardsbreen over the last
4235 cal. years BP are discussed, linked to natural climate variability and compared to other
reconstructed glacier fluctuations in the Northern Hemisphere.

5.1 Sedimentation in Lake Midtbotnvatn

Five sediment cores were gained from of Lake Midtbotnvatn (2 km?), which is located ca. 5
km downstream of Vestre Blomsterskardsbreen. The glacier tongue covers almost 60% of the
drainage basin and hence dominates the sedimentation within the lake. But there are always
further factors that contribute to the clastic sedimentation within a proglacial lake, such as
rapid mass-movement processes at the slopes surrounding the lake and sediment-laden
streams of non-glacial origin (Ballantyne and Benn 1994; Ballantyne 2002), floods (natural or
induced by artificial lake damming) and gravitational processes within the lake basin (Benn
and Evans 1998), and paraglacial reworking (Ballantyne 2002). The latter is, however, limited
due to the small content of superficial deposits of the drainage basin. With respect to coring
care was taken to choose locations least affected by such processes; two of the cores were
analyzed and validated to assure the glacial record.

The analyses and interpretation of the cores was carried out by the means of several sediment
parameters. The main goal was to identify variations in parameters that reflect fluctuations in
glacial activity. Dry bulk density (DBD) is reflecting the density/porosity of sediment; values
of this parameter increase with increased glacial activity in the catchment, caused by higher
production rates of all grain sizes and increased meltwater runoff, and hence higher
sedimentation rates, which in turn increase the density of the proglacial lake sediments
(Bakke 2004; Bakke et al. 2005c). Further important parameters that reflect increasing glacial
activity are very coarse silt and very fine silt, which correlate positively/inversely with DBD

in core parts not affected by disturbances through coring, and the XRF values of elements that
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usually are interpreted as to be of detrital origin, such as Si, Ti and Rb (Bakke et al. 2005c;
Rothwell et al. 2006; Guyard et al. 2007).

In order to get the glacial signal only, sediments deposited by episodic events had to be
isolated and excluded from the core records before creating an age-depth model, calculating
past and present sedimentation rates, and establishing a relative glacial activity curve. Strong
contemporaneous anomalies of mean grain size and the sorting parameter, and moreover
abrupt changes in the Fe/Ti ratio are interpreted as to indicate sediment deposited by floods or
gravitational processes. The Fe/Ti ratio can also indicate sediment disturbances (Rothwell et
al. 2006).

The interpretations of the proglacial lake sediments were complicated by the grade of
disturbances that occurred during the coring process, and furthermore by the fact that Lake
Midtbotnvatn has been regulated for the development of hydroelectric power since AD 1953.
This crucially affected the sediment transport in the drainage basin, enlarged the
sedimentation rate many times over normal and hence made it impossible to receive a reliable

glacial signal for the second half of the 20™ century.

5.2 Holocene variations in glacial activity of Vestre
Blomsterskardsbreen

The established relative glacial activity curve reaches back to 4235 cal. years BP, based on
radiocarbon dates of core MIP-209. Accordingly, Holocene glacier fluctuations at Vestre
Blomsterskardsbreen earlier than this time span can not be reconstructed from proglacial
sediments in this study. Moraines in front of Vestre Blomsterskardsbreen that were too old to
be dated by lichenometry can possibly indicate glacier sizes and ELAs for specific times
earlier than the LIA.

5.2.1 Early and mid-Holocene glacier and climate variations (earlier than 4235
cal. years BP)

Two marginal moraine sequences observed in front of Vestre Blomsterskardsbreen, M-20/M-
21 and M-22 (see Chapter 2.3), had too large lichen thalli to be dated by the use of
lichenometry, and were furthermore located behind the maximum LIA moraine set,
consequently interpreted as to be deposited earlier than the LIA. Disregarding isostatic
adjustment, the ELA of the reconstructed glacier based on M-20/M-21 was 27 m lower than
today’s (2007), while the M-22 ELA was 28 m lower (see Figure 4.4. and Table 11). The set

M-20/M-21 is located quite close to the interpreted marginal moraines deposited during the
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maximum glacier advance of the LIA; both sequences are only seperated by a narrow valley
(see Figure 2.1), indicating that the size of Vestre Blomsterskardsbreen was not differing
excessively when lying at these positions. During the deposition of M-22, Vestre
Blomsterskardsbreen is considered as comparably larger, though reconstructed ELA lowering
shows only a slight difference (1 m compared to M-20/M-21 disregarding isostatic
adjustment), attributed likewise mainly to the interaction of a huge glacier tongue flowing

down a narrow valley.

At several places in the Folgefonna area, moraine sequences are observed that are too old to
be dated by lichenometry (cp. Bakke 1999; Simonsen 1999; Bakke et al. 2005a; Bakke et al.
2005c¢; Bjgnnes 2006; Tolo 2008), and therefore assumed to be deposited earlier than the LIA,
during either the Younger Dryas (13000-11500 cal. years BP), the early Holocene (11500-
8800 cal. years BP) or during the late Holocene in the time period 3000-1000 cal. years BP
(Bakke et al. 2005a; Bakke et al. 2005c).

ELA lowerings during the Younger Dryas, a dry and cold period from 13000-11500 cal. years
BP (Bakke et al. 2005a; Bakke et al. 2005b), are estimated to 355 m at the Northern
Folgefonna ice cap (Bakke et al. 2005a).

For the time period of the Younger Dryas, the ELA lowering corrected for isostatic
adjustment would be 154-177 m for M-20/ M-21, and 155-178 m for M-22. This is distinctly
less than the considered Younger Dryas ELA lowering at northern Folgefonna. The close
position of M-20/M-21 and M-22 to the lichen-dated LIA moraines in front of Vestre
Blomsterkardsbreen, the lack of moraine sequences in-between the observed moraine sets,
and the very slight lowering of the reconstructed ELAs during the specific times when the
moraines were deposited, indicate that the moraine sequences M-20 to M-22 are very unlikely

to be deposited during the Younger Dryas.

The Preboreal oscillation took place during the early Holocene, around 11300 to 11150 cal.
years BP in the northern and eastern parts of the North Atlantic region (Bjorck et al. 1997).
The period was characterized by cooler and humid conditions throughout north-western and
central Europe (Bjorck et al. 1997; Bjune et al. 2005). “Jondal Event 17, termed after a glacier
readvance at northern Folgefonna, occurred within the Preboreal oscillation around 11100 cal.
years BP. It was triggered by a low input of solar energy and a meltwater pulse to the North
Atlantic, which resulted in a cooler and somewhat drier climate compared to today (Bakke et
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al. 2005a). “Jondal Event 1” is not demonstrated at any places in western Norway other than
Folgefonna (Bakke et al. 2005a; Bjgnnes 2006). “Jondal Event 2”, a second glacier readvance
dated to 10550-10450 cal. years BP, was on the contrary mainly caused by increased winter
precipitation compared to present conditions (Bakke et al. 2005a). During “Jondal Event 17,
an ELA lowering adjusted for land uplift of 230 m was reconstructed for northern Folgefonna,
while “Jondal Event 2” corresponded to an estimated ELA lowering of 220 m.

For the time period of “Jondal Event 17, the ELA lowering corrected for isostatic adjustment
for M-20/M-21 would be 148 m, for “Jondal Event 2” for M-22 140 m, respectively; this is
distinctly less than the considered ELA lowerings reconstructed at northern Folgefonna.
Therefore, M-20/M-21 and M-22 are not assumed to be deposited in the course of “Jondal
Event 1” and “Jondal Event 2”.

“Erdalen Event 1~ was a glacier readvance at northern Folgefonna dated to 10000-9900 cal.
years BP, which was mainly resulting from increased winter precipitation. This event could
also be demonstrated at Nigardsbreen, a south-eastern glacier outlet of Jostedalsbreen (Nesje
et al. 1991). “Erdalen Event 2” was a glacier readvance caused by decreased summer
temperatures recorded at Nigardsbreen, but not at the maritime ice cap northern Folgefonna,
which may be explained by a shift in the atmospheric circulation resulting in relatively more
winter precipitation (Dahl et al. 2002; Bakke et al. 2005a). The ELA lowering corrected for
isostatic adjustment of “Erdalen Event 1” at northern Folgefonna is estimated to 210 m
(Bakke et al. 2005a). The ELA lowering corrected for land isostatic adjustment for M-20/M-
21 in front of Vestre Blomsterskardsbreen would be 132 m, the one for M-22 133 m, which is
a great difference to the calculated ELA for this time period of northern Folgefonna.
Furthermore, due to the lack of marginal moraines corresponding to “Erdalen Event 2” at
northern Folgefonna, it is unlikely to have occurred at southern Folgefonna, where the
glaciation threshold (defined as the mean value between the highest adequate mountain top
without glacier and the lowest glaciated mountain top (Nesje 1995, 25)) is lower. Moreover
Vestre Blomsterskardsbreen is the most maritime glacier outlet of Folgefonna, responding
mostly on winter precipitation fluctuations and less on summer temperature variations, which
probably were the main cause for moraine formation at southeastern Jostedalsbreen in that
period (Dahl et al. 2002; Bakke et al. 2005a). Thus, M-20/M-21 and M-22 are interpreted as

not being deposited in the course of “Erdalen Event 1’ and “Erdalen Event 2”.
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The Finse Event is a double glacier readvance that occurred around 8500-8300 cal. years BP,
culminating at 7590 = 120 cal. years BP, at Hardangerjgkulen, an ice cap located north-east of
Folgefonna (Dahl and Nesje 1994, 1996). The Finse Event is not recorded at northern
Folgefonna. A possible explanation for this is that the glaciation threshold at northern
Folgefonna was not crossed during the Finse Event; Hardangerjgkulen is located higher above
sea level than Folgefonna (Bakke et al. 2005c). Therefore, the Finse Event is not assumed to
have occurred at southern Folgefonna either, indicating that neither M-20/M-21 nor M-22

were deposited as a result of it.

During the thermal optimum, between 9600 and 5200 cal. years BP, northern Folgefonna is
assumed to not being present; estimated ELAs were above 1550 m, which is above the highest
mountain of the catchment (Bakke et al. 2005c¢). The continuous non-existence of northern
Folgefonna is in contrast to other areas in southern Norway, where several glacier advances in
the time period 9960-5200 cal. years BP were demonstrated, such as for example the Finse
Event. This is mainly attributed to the altitudinal range of northern Folgefonna (Bakke et al.
2005c).

Since the proglacial sediment analyzes in this study only reach back in time until 4235 cal.
years BP, it is not possible to conclude about the meltdown of southern Folgefonna during the
Holocene climatic optimum and when the onset of the Neoglaciation with the reformation of
southern Folgefonna and Vestre Blomsterskardsbreen occurred. The thermal optimum had a
very distinct time period from 8100 to 7850 cal. years BP, where summer temperatures were
higher and winter precipitation rates lower. This combination is assumed to have affected all
Norwegian glaciers (Dahl and Nesje 1996; Bjune et al. 2005). These conditions, combined
with the facts that northern Folgefonna was demonstrated as not being present and that the
glaciation threshold is higher there than at southern Folgefonna, indicate that southern
Folgefonna most likely was non-existent for some time during the thermal optimum. The
relative glacial activity curve of Vestre Blosmterskardsbreen reflects a permanent presence of
the glacier outlet since at least 4235 cal. years BP (see Figure 5.1). A potential reformation
must have occurred before this time.

The reconstruction of past ELAs of Mgsevassbreen indicates that the glacier outlet was not
present in the drainage basin of Lake Mgsevatn during most of the mid-Holocene and parts of
the late Holocene. The glacier outlet located west of Vestre Blomsterskardsbreen was
reconstructed as continuously present in the drainage basin only since 1440 cal. years BP; and
not present in the time span before, at least since 5790 cal. years BP, though this period was
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interrupted by several temporal readvances. This glacier outlet’s history is attributed to a
different local glaciation threshold and especially a potential local drainage overflow gap
(spillway), which both depend on the local topography below the glacier tongue. It is
therefore assumed to be different compared to the general southern Folgefonna’s glacial
history (Bjennes 2006).

5.2.2 Late Holocene glacier and climate variations (the last 4235 cal. years BP)

After the thermal optimum, northern Folgefonna ice cap was reformed around 5200 cal. years
BP, when the ELA was lowered as a response to cooler and wetter climate conditions (Bjune
et al. 2005). Between 4600 and 2300 cal. years BP a gradual build-up of northern Folgefonna
towards its present size took place (Bakke et al. 2005c).

The relative glacial activity curve of Vestre Blomsterskardsbreen indicates that the glacier
outlet was present in the catchment at least since 4235 cal. years BP, with relatively increased
glacial activity between 4235 and 4080 cal. years BP, relatively decreased glacial activity
from 4080 to 3940 cal. years BP, and relatively increased glacial activity during the time
period 3940 to 2740 cal. years BP. The period 3940-2740 cal. years BP actually shows the
highest relative glacial activity of the whole time span the proglacial sediment record covers.
This is in contrast to reconstructed ELAs of northern Folgefonna, and of Mgsevassbreen,
though the latter is considered to be dominated by different local conditions (Bakke et al.
2005c; Bjgnnes 2006). ELA reconstructions of Northern Folgefonna indicate that the time
period with the greatest glacial activity during the late Holocene (4000 to O cal. years BP)
occurred during the LIA, with ELAs up to 105 m lower than at present, and that the glacier
was rather small in the time span between 4600 and 2200 cal. years BP (Bakke et al. 2005a;
Bakke et al. 2005c; Bjune et al. 2005).

Core MIP-209, where the DBD data are taken from to compile a relative glacial activity
curve, is to its most degree disturbed in this section (the first two-thirds of the second core
half; cp. Chapter 3.6). The extraordinary high glacial activity reflected in the period 3940 to
2740 cal. years BP may therefore not correspond as close to reality as suggested at first.
Rather, it may be interpreted as to reflect a period when the glacier outlet was present in the
catchment, but that the degree of relatively increased glacial activity was strongly
overestimated due to disturbed sediment structure and the influence of a dominating, greatly
deformed flood layer. Between 2740 and 2650 cal. years BP, relatively glacial activity is
below present (AD 1953) values; this core section is located at the bottom of the first core

half, probably reflecting a more reliable estimate for the glacial activity between 3940 and
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2740 cal. years BP. Consequently, the time span from 4080 to 2650 cal. years BP may be
regarded as a period of rather decreased glacial activity with an increasing trend in time
towards the present glacier size, given that DBD values are negatively affected by the

disturbed flood layer in the second core half.

For the last 2300 cal. years BP, frequent glacier size fluctuations are recorded from northern
Folgefonna, with three relatively large readvances dated to 2200, 1600 and 1050 cal. years BP
(Bakke et al. 2005c). Glacier advances during these time spans are furthermore detected at
several other places in southern Norway: at Hardangerjgkulen (Dahl and Nesje 1994), at
Jostedalsbreen (Nesje et al. 2001) and at Bgvertunsbreen (Matthews et al. 2000). Based on the
fact that Folgefonna is a maritime glacier where 80% of its modern net mass balance (B,) are
controlled by changes in its winter mass balance (B,,), Bakke et al. (2005c¢) consider two
different explanations for the 2200 cal. years BP glacier advances, when the glacier size
increased significantly from small to larger than at present. First, they may be attributed to
changes in winter precipitation associated with a positive NAO index corresponding to milder
and wetter climate conditions in northern Europe, which was assumed less stable then
compared to the period from 5200 to 2200 cal. years BP (Six et al. 2001; Bakke et al. 2005c).
Second, a high-pressure field located over Russia may have had a stronger effect, resulting in
variable patterns of the westerlies and hence the precipitation along the west coast of Norway
(Bakke et al. 2005¢ and references therein).

Reconstructed relative glacial activity of Vestre Blomsterskardsbreen, southern Folgefonna,
reflects major increases around 2150 and 1100 cal. years BP. In general, the time span from
2740 to 1350 cal. years BP is dominated by high-frequent changes in increased and decreased
glacial activity, while the time span 1350 to 840 cal. years BP is dominated by relatively
increased glacier activity interrupted by one phase of decreased glacial activity around 750
cal. years BP (see Figure 5.1.). The deposition of the marginal moraine sequences M-20/M-21
and M-22 is therefore interpreted to have taken place within the time span 3000 to 1000 cal.
years BP, most likely when the relative glacial activity curve indicates peak activity around
2150 and 1100 cal. years BP. The ELA lowering corrected for isostatic adjustment for M-
20/M-21 around 2150 cal. years BP would be 37 m, the one for M-22 around 1100 cal. years
BP would be 33.5 m. Due to the disturbed sediment structure of core MIP-209, and since the

moraine sequence could not be dated, this assumption cannot be verified independently.
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Figure 5.1 Relative glacial activity curve of Vestre Blomsterskardsbreen for the time span AD 1953 to
4235 cal. years BP. Periods interpreted as increased glacial activity are marked gray. Radiocarbon dates
and the beginning of the lake regulation are illustrated in red.

5.2.2.1 The Medieval Warm Epoch

The Medieval Warm Epoch, a comparably warm period from 1200 to 700 cal. years BP (AD
800-1300) (Cronin et al. 2003), is in south Norway recognized as a period with both increased
and decreased glacial activity (cp. Nesje and Dahl 1991b, 1991a; Nesje and Kvamme 1991,
Nesje et al. 1991; Dahl and Nesje 1994, 1996; Bakke et al. 2005c). Reconstructions from
Hardangerjekulen indicate higher winter precipitation, higher summer temperatures and lower
ELAs compared to present in this time period (Dahl and Nesje 1996). Reconstructions from
Folgefonna indicate periods of both glacier expansion and decay during the Medieval Warm
Epoch, attributed to a more variable pattern of the westerlies at the west coast of Norway
(Bakke et al. 2005c; Bjgnnes 2006). Increased winter precipitation can cause glacier

expansion even though a period is characterized by generally warmer summer temperatures,
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especially at maritime glaciers. When winter temperature, however, is too high, precipitation
could fall as rain instead of snow, which may result in glacier decay (Bakke et al. 2005c).
Both at northern Folgefonna (Bakke et al. 2005c; Tolo 2008) and at southern Folgefonna
(Simonsen 1999; Bjgnnes 2006) reconstructed glacier sizes were smaller prior to the
Medieval Warm Epoch. The period itself was characterized by ELA lowerings attributed to
increased winter precipitation, and glacier fluctuations.

The compiled record of relative glacial activity of Vestre Blomsterskardsbreen indicates that
the time span 1350 to 840 cal. years BP is dominated by relatively increased glacier activity
interrupted by one phase of decreased glacial activity around 750 cal. years BP (see Figure
5.1.). Around 1100 cal. years BP, relative glacial activity values reach a peak. Large glacier
readvances with distinctive ELA lowering were also recognised at several other glacier outlets
of Folgefonna around that time: at Mgsevassbreen, southern Folgefonna, at 1060 cal. years
BP (Bjgnnes 2006), Bondhusbreen at the western part of southern Folgefonna at 1080-910
cal. years BP (Simonsen 1999), Dettebreen at northern Folgefonna at 1100 cal. years BP
(Tolo 2008), and glacier outlets at the northern part of northern Folgefonna at 1050 cal. years
BP (Bakke et al. 2005c). Furthermore, this glacier expansion was recorded other places in
southern Norway, at Hardangerjgkulen and Jostedalsbreen (Dahl and Nesje 1994; Nesje et al.
2001).

The time period between 840 and 720 cal. years BP is characterized by relatively decreased
glacial activity of Vestre Blomsterkardsbreen, indicating the end of the Medieval Warm

Epoch.

5.2.2.2 The Little Ice Age
The term “Little Ice Age” (LIA) (introduced by Matthes 1939, cp. Grove 1988) refers to a

time period of frequent climatic fluctuations and global glacier expansion attributed to lower
summer temperatures and/or increased winter precipitation rates (Grove 1988; Jones and
Briffa 2001; Linderholm and Gunnarson 2005; Vincent et al. 2005), which started between
the 13™ and 14" century and was at its peak between the mid-16" and mid-19™ centuries
(Porter 1986 in Grove 1988). Temperature values in the course of the LIA possessed a trend
of cooling in average, but were composed of numerous fluctuations on few-years scales
(Grove 1988). Glaciers reached the greatest maximum terminus positions for hundreds of
years, though the LIA time period diverges in dates in different areas of the world (Grove

1988; Nesje and Dahl 2000). For northern Folgefonna, Bakke et al. (2005c) specified the time
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period of lower ELAs and larger glacier sizes to between 600 cal. years BP and AD 1930,
with major glacier readvances around AD 1750, 1870-1890, and 1930 (Bakke et al. 2005a;
Bakke et al. 2005c). For southern Norway, the LIA maximum glacier expansion is assumed to
have occurred around AD 1750 (Grove 1988; Bakke et al. 2005a), this is proven for
Jostedalsbreen (Nesje and Kvamme 1991), Hardangerjgkulen (Dahl and Nesje 1994) and
Jotunheimen (Matthews 2005) and furthermore indicated for several glacier outlets of
Folgefonna (Bakke 1999; Simonsen 1999; Bjgnnes 2006). At southern Folgefonna, the glacier
outlet @stre Blomsterskardsbreen is assumed to have reached its maximum LIA expansion as
late as AD 1940, as a response to strong positive net balances experienced around AD 1920
(Tvede 1973; Tvede and Liestgl 1977).

In general, glaciers in southern Norway had considered ELA lowerings of 100-150 m during
the LIA (Nesje and Dahl 1991a; Torsnes et al. 1993; Dahl and Nesje 1994; Bakke et al.
2005a; Bakke et al. 2005c¢).

The relative glacial activity curve of Vestre Blomsterskardsbreen indicates relatively
increased glacial activity during the LIA for the last 720 cal. years BP, with major peaks
around 530, 330, 240 and 180-95 cal. years BP, which corresponds to AD 1420, 1620, 1710
and 1770-1855.

Relative glacial activity compiled from analyses of proglacial sediment from Lake
Midtbotnvatn thus indicate that Vestre Blomsterskardsbreen had relatively increased glacial
activity compared to today (AD 1953) during the whole time span of the LIA, starting during
the 13™ century and lasting until the mid-20" century. The core sediments structure for this
section, however, is quite disturbed; the interpretation must therefore be seen with caution.
Based on the lichen growth curve “Folgefonna — compiled data” (Bakke et al. 2005a, cp.
Chapter 2.3.), lichen-dated marginal moraines in front of VVestre Blomsterskardsbreen indicate
that the maximum LIA glacier expansion occurred during the first half of the 18" century,
with several subsequent glacier readvances during the 18" and the early 19" century, as well
as around AD 1945 (cp. Chapter 2.3). Reconstructed glacier sizes and ELAs indicate ELA
lowerings adjusted for land uplift of up to 22 m (cp. Chapter 4.34.), which is distinctly less
than observed at other glacier outlets in Norway. At northern Folgefonna, LIA ELA lowerings
of 105m were determined (Bakke et al. 2005a). The differences in ELA lowerings during the
LIA are attributed to the large size of Vestre Blomsterskardsbreen and local topographic
conditions: the high mountain plateau located northeast of Insta Botnane, and especially the

valley below the glacier tongue, which goes down to around 800-840 m a.s.l. at 1.2 km
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inwards of the glacier’s terminus (Elvehgy 1997), are both factors that are unfavourable for
easy glacier expansion. Torsnes et al.(1993) mention two characteristics of glacier tongues
that had comparatively small ELA lowerings during the LIA. First, that such glaciers have
large accumulation areas compared to the ablation areas, and second, that they underwent
small percentage areal increases during the LIA. Both characteristics are the case at Vestre

Blomsterskardsbreen.

Lichen-dated moraines indicate that the maximum expansion of Vestre Blomsterskardsbreen
during the LIA took place during the first half of the 18™ century. Relative glacial activity
compiled from proglacial sediment studies, however, indicates that the maximum LIA
advance occurred somehow later, around AD 1770 to 1855. This may be attributed to the
disturbed sediment structure and the small number of reliable dates achieved from the

sediment core.

A glacier readvance around AD 1810 could be recognized in both lichen-dated moraines and
the relative glacial activity curve, though the latter may be negatively influenced by disturbed
sediment structure. This advance is also demonstrated at Bondhusbreen (Grove 1988), but
lacks at other glacier outlets of southern Folgefonna. Vestre Blomsterskardsbreen experienced
a period of relatively increased glacial activity with numerous decays and readvances during
the 18™ and early 19" century. This is evidenced from both lichen-dated moraines and relative
glacial activity compiled from proglacial sediment analyses, and corresponds to the assumed
climate conditions for this time period, which were dominated by high-frequent fluctuations
(Grove 1988).

At both northern Folgefonna and several glacier outlets of southern Folgefonna including
Bondhusbreen, Buarbreen, Sauabreen and Mgsevassbreen glacier expansions in the time
period AD 1870 to 1890 were demonstrated (Grove 1988; Bakke 1999; Bakke et al. 2005a;
Bjgnnes 2006; Edvardsen 2006; Tolo 2008). This readvance could not be recognized at Vestre
Blomsterskardsbreen, neither in the proglacial sediment record nor as lichen-dated moraines.
Several explanations are possible: first, this advance did not occur at Vestre
Blomsterskardsbreen. Second, it occurred but did not deposit marginal moraines. Third, the
advance occurred, and deposited moraines were eroded afterwards, or were not found during
fieldwork because they are located in difficult terrain on a mountain plateau northeast of Insta
Botnane. The reliability of the relative glacial activity curve is weakened by the disturbed
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sediment structure, so neither of the named possibilities can be rejected or verified. Due to the
maritime setting of Vestre Blomsterskardsbreen, and the fact that both Mgsevassbreen and
Sauabreen advanced as a result on the climate conditions during that time span, it is assumed

as likely that Vestre Blomsterskardsbreen somehow reacted as well.

The latest glacier readvance during the LIA is proven by a lichen-dated moraine from AD
1945. This expansion is not distinctly recognized in the relative glacial activity curve, though
the curve indicates in general relatively increased glacial activity compared to present (AD
1953) during the whole time span of the LIA. In AD 1950, a local shepherd is cited to have
experienced the position of Vestre Blomsterskardsbreen several hundred meters advanced
compared to the glacier’s position in AD 1915-1920 (Arve Tvede, 2010, personal
communication).

At several other glacier outlets of Folgefonna readvances around AD 1930 could be
demonstrated (Tvede 1972; Grove 1988; Bjelland 1998; Simonsen 1999; Bakke et al. 2005a;
Edvardsen 2006). Based on comprehensive research work including fieldwork and
comparison of older and up-to-date photographs, Tvede (1972, 1973, 1994) and Tvede and
Liestal (1977) proved that @stre Blomsterskardsbreen had its maximum LIA advance around
AD 1930/1940. Between AD 1904, when a picture of the position of @stre
Blomsterskardsbreen was taken by Rekstad (Rekstad 1905), and AD 1971, when a picture
was taken from the same position (Tvede 1972), the glacier is assumed to have expanded 200-
250 m, finally covering a larger area of Blomstelskardvatn (Tvede and Liestgl 1977). Since
@stre and Vestre Blomsterskardsbreen are two glacier tongues of the same glacier unit, the
LIA glacial history and especially the maximum LIA glacier advance at Vestre
Blomsterskardsbreen would be expected to have happened analogously. But based on the
observed moraine ridges in the study area and the obtained lichenometric dates, the maximum
LIA glacier advance for Vestre Blomsterkardsbreen is assumed to have occurred earlier,
during the first half of the 18™ century. For Blomstalskardvatn, no proglacial lake sediment
analyses were performed. The possibility of an earlier L1A glacier advance, such as during the
18" century, can therefore not be excluded; though such an advance must be considered as not
having expanded further than the one in AD 1930/1940.

The climatic cooling since approximately AD 1200 has until recently mainly been attributed
to decreased summer temperatures, as a result of variations in solar irradiance and volcanic
eruptions in combination with ocean-atmosphere interactions (Nesje and Dahl 2003 and
references therein). Recent research indicates, however, that increased winter precipitation
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also was a main reason for rapid glacier expansion during the early 18" century. A positive
NAO index caused mild and humid winters in the North Atlantic region, compensating also
for significant regional variations in temperature, resulting in glacier advances demonstrated
across all over southern Norway (Nesje and Dahl 2003). Assuming that winter precipitation is
a decisive factor for the LIA glacial history of Folgefonna, slope aspect, prevailing wind
directions and topographic conditions must be considered as important influencing factors on
local precipitation rates, which mainly are characterized by the maritime grade of the glacier
outlets, and on redistribution of snow between glacier outlets (cp. Nordli et al. 2005). The
precipitation rate at Folgefonna is decreasing in direction northeast, which is linked to an
increase in glacier decay (Tvede 1972, 1973). This may explain the lack of synchronicity for
the accumulation rates on western glaciers and in general the glaciers development during the
LIA in southern Norway (cp. Nordli et al. 2005). Modern annual precipitation rates of 5000 to
5500 mm/year at Blomsterskardsbreen indicate that winter precipitation is the most important
factor for fluctuations of the maritime glacier outlet, rather than summer temperatures. Tvede
(1972, 1973) and Tvede and Liestgl (1977) attribute the late LIA maximum advance at @stre
Blomsterskardsbreen to variations in the regional distribution of winter precipitation related to
variations of the NAO index, indicating increased precipitation rates during AD 1915 and
1920, which resulted in strong positive net balances experienced around AD 1920, and
furthermore to the comparably longer response time of the large, long and barely steep glacier
outlet. Vestre Blomsterskardsbreen reacted on these conditions as well with expansion, but
reached a shorter position than during the early 18" century. The AD 1945 advance is,
analogous to the AD 1940 advance of @stre Blomsterskardsbreen corresponding to Tvede
(1972, 1973) and Tvede and Liestal (1977), interpreted as a result of increased mass balance
of Vestre Blomsterskardsbreen around AD 1920. This indicates that the response time of
Vestre Blomsterskardsbreen can be estimated to approximately 25 years, which is 5 to 10
years more than @stre Blomsterskardsbreen; the difference is attributed to the fact that Vestre
Blomsterskardsbreen is larger.

Important factors that might explain the described local differences in the glacial history of
several glacier outlets of Folgefonna and other south Norwegian glaciers, and especially
between Vestre and @stre Blomsterskardsbreen with respect to the maximum LIA advance,
are hence interpreted to be differences in precipitation rate, combined with different local

conditions with respect to slope aspect, prevailing wind direction and topographic conditions.
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The ELA lowering differences between Vestre Blomsterskardsbreen and other glaciers in
southern Norway during the LIA (105-150 m and 22 m, respectively) indicate that Vestre
Blomsterskardsbreen is somehow different in that respect; consequently, at least “Jondal
Event 1 and 2” and “Erdalen Event 1 and 2” cannot be rejected definitively with respect to the

time of origin of M-20/M-21 and M-22.

5.2.2.3 Vestre Blomsterskardsbreen since the LIA

Both @stre and Vestre Blomsterskardsbreen are considered as very stable during the past 55
years, especially compared to Mgsevassbreen and Sauabreen which are located in close
distance and were dominated of retreat (Smith-Meyer and Tvede 1996; Arve Tvede, 2010,
personal communication; Bjgnnes 2006; Edvardsen 2006). This steadiness is mainly
attributed to the maritime setting of the glacier outlets, where sufficient winter precipitation
compensates for increasing summer temperatures, as are experienced in the course of modern
climate change that is anthropogenic induced global warming (cp. Jansen et al. 2007). The
strength of the westerlies in the North Atlantic region is a controlling factor for snow blow-
out from Mgsevassbreen to Blomsterskardsbreen (Tvede and Laumann 1996 in Smith-Meyer
and Tvede 1996). The strengthened winds from west to east were, next to the precipitation
rates, one of the main contributing factors to the volume steadiness of Blomsterskardsbreen
during the last century (Smith-Meyer and Tvede 1996).

The precipitation amount at the Folgefonna peninsula mainly depends on the position of the
atmospheric polar front with respect to quantity and strengths of the cyclones within the
westerlies, and on the temperature of sea surface (SST) of the North Atlantic Sea (Bakke
2004; Nesje et al. 2004). The intensity of the westerlies is strongly related to the North
Atlantic Oscillation index (NAO index), as are consequently the winter precipitation rates and
the mass balances of maritime glaciers in south-western Norway (cp. Chapter 1.6.) (Six et al.
2001; Hurrell et al. 2003; Bakke 2004; Bjune et al. 2005; Nesje et al. 2008).
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5.3 Natural climate variability

The Earth’s climate history is characterized by natural variabilities, depending on several
factors (Nesje 1995; Bradley 1999; Nesje et al. 2005).

With respect to long-term Holocene climate variability, orbital forcings, such as changes in
precession, obliquity, and eccentricity, are dominating factors, since they affect the overall
solar insolation (Nesje et al. 2005). Moreover, variations in the total insolation are enlarged by
redistribution between seasons and latitudes (Nesje 1995).

The causes of more high-frequent climate changes are less understood, though mainly
ascribed to variations in sunspots, which cause changes in the Sun’s output of solar energy,
volcanic eruptions, which bring gasses and silicate particles into the stratosphere absorbing
parts of the incoming short-wave sunrays and thus changing the Earth’s input in solar energy,

changes in the thermohaline circulation, and sea level changes (Nesje 1995; Bradley 1999).

Solar magnetic activity variability is considered an important influencing factor on high-
frequent natural climate variability. During most of the last millennium, total solar irradiance
was usually lower than at present, suggesting a millennial-scale cooling trend, except a period
centered around AD 1200 (Bard et al. 2000).

Briffa et al. (1998) examined the influence of volcanic eruptions on Northern Hemisphere
summer temperatures over the past 600 years, concluding that large explosive volcanic
eruptions caused different extents of Northern Hemisphere summer temperature cooling
during the past 600 years. It is difficult to link the results to relative glacial activity of Vestre
Blomsterskardsbreen over the same time span, but with respect to natural climate variability

volcanic eruptions must be considered.

The thermohaline oceanic circulation (THC) consists of deep ocean currents, generated by the
sinking of cold salty water within the North Atlantic, that circulate sea water slowly around
the globe. The THC is assumed to been slowed down or stopped by sudden, large fresh water
inputs of huge meltwater lakes into the North Atlantic, which may have occurred during the
end of the last Ice Age. Fresh water decreases the salt content and density of sea water, what
could prevent it from sinking. A slowed or interrupted THC would affect the heat transfer
between the equatorial and northern latitudes, with rapid climatic changes as possible results
of such events (Strahler and Strahler 2006).
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The winter NAO index, characterized by mild and humid winter conditions in Northern
Europe when positive, and cold and dry conditions when negative (Six et al. 2001; Hurrell et
al. 2003), is an important indicator of winter precipitation at the south-western coast of
Norway, dominating the (winter) mass balances of the maritime glaciers located there (Nesje
et al. 2000b; Hurrell et al. 2003; Bakke 2004; Bjune et al. 2005; Nesje et al. 2008) (cp.
Chapters 1.6.1 and 5.2.2.3.). Vestre Blomsterskardsbreen is to a large extent a maritime
glacier outlet of southern Folgefonna; annual precipitation rates exceed 5000 mm/year (Tvede
1973; Tvede and Liestel 1977; Nesje et al. 2004), which indicates a strong potential
correlation between the glaciers’ net (winter) mass balance and the winter NAO index.
Surface air temperatures and sea surface temperatures (SST) are highly correlated with NAO
variability, both factors are in turn related to precipitation rates and storminess (Hurrell et al.
2003). Warmer surface waters in the North Atlantic result in increased evaporation and hence
increased orographically enhanced front precipitation values in western Norway when
combined with stronger, warm, south-westerly winds (westerlies) corresponding to a positive
winter NAO index (Bakke et al. 2005a; Bakke et al. 2005c and references therein).

Climate variations during the Late Holocene are observable in many different climate
archives, both terrestric and marine (cp. Andersson et al. 2003; Cook 2003; Bjune et al. 2005;
Nesje et al. 2005; Bakke et al. 2008; Bakke et al. 2010).

Figure 5.2. shows the relative glacial activity curve compiled for Vestre Blomsterskardsbreen

compared to several natural climate archives; the comparisons are based on the presented

curves, and not on mathematical correlations.
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Figure 5.2 The relative glacial activity curve compiled for Vestre Blomsterskardsbreen over the past 1200
years compared to the multi-proxy reconstruction of the winter NAO index back to AD 1400 (Cook 2003,
73), sea surface temperature in °C (August) at the Vering Plateau in the North Atlantic (Andersson et al.
2003, 22.5), winter precipitation in % of present (AD 1961-1990) at Folgefonna (Bakke et al. 2008, 34),
summer temperature in °C (July) at Vestre @ykjamyrtjgrn in south-western Norway (Bjune et al. 2005,
184) and the total solar irradiance in W/m? (Bard et al. 2000, 989). The time periods of the Little Ice Age
(L1A) and the Medieval Warm Epoch (MWE) are marked gray, for comparisons of the parameters
during these times see text. Dashed lines indicate peaks in winter precipitation and SST followed by
subsequent peaks in relative glacial activity; according to this the reference time of Vestre
Blomsterskardsbreen averages out around 30 years.

4235 cal. years BP to 2650 cal. years BP

During this time period, Vestre Blomsterskardsbreen is interpreted as present in the catchment
of Midtbotnvatn, but with rather decreased glacial activity compared to the present with an
increasing trend in time towards the present size; though relative glacial activity indicates the
highest Late-Holocene record of glacial activity in this section (cp. Chapter 5.2.2 and Figure
5.1.). The interpretation is based on research results of Holocene glacier fluctuations at
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Northern Folgefonna, and on the compiled relative glacial activity curve of Vestre
Blomsterskardsbreen from proglacial sediment records in this study, which is characterized by
disturbed sediment structure in the respective section, dominated by a greatly deformated
flood layer and therefore classified as rather unreliable.

While the Holocene Climatic Optimum (8500 to 5500 cal. years BP) was characterized by the
warmest sea surface temperature (SST) values during the Holocene, a clear cooling tendency
has been registered during the late Holocene towards the present cooler values (Calvo et al.
2002). The late Holocene SST cooling responds to decreasing summer insolation attributed to
orbital changes and changes in the oceanic heat transport (Calvo et al. 2002 and references
therein). Marked drops of the SST around 5400 and 2500 cal. years BP correspond to distinct
changes in glacier size at Northern Folgefonna (Bakke et al. 2005c); a marked change in
relative glacial activity is as well recognized in the record of Vestre Blomsterskardsbreen
around 2650 cal. years BP (Figure 5.1.). This indicates that atmospheric and oceanic
variations have strong impact on the precipitation distribution in the North Atlantic region
(Bakke et al. 2005c, 172). Reconstructed summer temperature values in south-western
Norway indicate lower temperatures since 4500 cal. years BP (Bjune et al. 2005); and
reconstructed winter precipitation values indicate increased values since then, with marked
peaks centered around 5500 and 1800 cal. years BP, which is interpreted as a response to an
increase in strength of the westerlies in the North Atlantic Realm (Bakke et al. 2008). The
5500 cal. years BP increase in glacier size cannot be linked to Vestre Blomsterskardsbreen
due to the fact that the compiled curve only covers the past 4235 cal. years BP.

According to Bakke et al. (2008), the onset and general development of the Neoglacial along
the west coast of Norway has been depending on a combination of lower summer insolation
and a gradually weakening of the seasonal amplitude as aphelion changes throughout the

Holocene.

2650 cal. years BP to 1350 cal. years BP

During this time period, Vestre Blomsterskardsbreen is interpreted to have experienced
frequent fluctuations of relatively increased and decreased glacial activity, with peaks
centered around 2150, 1800 and 1600 cal. years BP (cp. Chapter 5.2.2 and Figure 5.1.).

SSTs at the Varing Plateau were warmer compared to present values throughout the past 3000
cal. years BP, though highly variable (Andersson et al. 2003). Between 2500 and 1600 cal.
years BP SSTs were relatively warm with the highest SSTs recorded around 2000 cal. years
BP, a cooling trend of SSTs started which culminated around 1550-1500 cal. years BP

(Andersson et al. 2003). A climate characterized as cooler and wetter during the last 2200 cal.
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years BP is assumed to have been favourable for glacier growth on the Folgefonna peninsula
(Bakke et al. 2005c; Bjune et al. 2005); high-amplitude variations in glacier sizes and ELAS
during that time span are attributed to a more variable mode of the westerlies at the west coast
of Norway (Bakke et al. 2005c). A significant peak in winter precipitation around 1800 cal.
years BP is attributed to an overall increase in the strength of the westerlies (Bakke et al.
2008), based on the assumption that regional precipitation and winter accumulation at glaciers
in western Norway depends on the strength of the western airflow, which in turn commonly
corresponds to a positive NAO weather mode (Nordli et al. 2005; Bakke et al. 2008).

1350 cal years BP to 720 cal. years BP (AD 600-1230) — The Medieval Warm Epoch
This time period is characterized by relatively increased glacial activity compared to present
(AD 1953) at Vestre Blomsterskardsbreen, interrupted by one phase of relatively decreased
glacial activity centered around 750 cal. years BP (see Figure 5.1. and 5.2.). Around 1100 cal.
years BP, relative glacial activity values reached a peak. The time period between 840 and
720 cal. years BP reflects relatively decreased glacial activity of Vestre Blomsterkardsbreen,
indicating the termination of the Medieval Warm Epoch.

The total solar irradiance curve over the past 1200 years (Bard et al. 2000) indicates that the
total solar irradiance has been lower than at present for the most parts of this time span. The
period AD 1000 to 1200 is characterized by higher values, similar to present ones; this time
period may be linked to the Medieval Warm Epoch (AD 800-1300). Vestre
Blomsterskardsbreen shows both sections of relatively increased and relatively decreased
glacial activity during that time period; with rather increased glacial activity in the beginning
of the Medieval Warm Epoch, and decreased glacial activity towards the end, where total
solar irradiance is high-valued. High summer temperatures which correspond well to
increased total solar irradiance values contradict relatively increased glacial activity of Vestre
Blomsterskardsbreen during the Medieval Warm Epoch (Bjune et al. 2005; Mann et al. 2009),
which therefore is mainly attributed to extraordinary high winter precipitation values as a
response to unstable westerlies (Bakke et al. 2005c; Bjune et al. 2005). In the reconstruction
of Bakke et al. (2008), winter precipitation values exceed 150% of present (AD 1961-1990)
rates during the Medieval Warm Epoch. Glacier decay around 750 cal. years BP despite
increased precipitation rates may be explained by precipitation falling as rain instead of snow
due to too warm temperatures (Bakke et al. 2005c). Surface ocean conditions were highly

variable during the Medieval Warm Epoch, as were SSTs. The time period 800 to 550 cal.
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years BP (AD 1450-1200) was characterized by comparably warm conditions at the Vgring
Plateau (Andersson et al. 2003)

720 cal. years until present (AD 1230-1953) — The Little Ice Age and until present
During this period, the relative glacial activity curve of Vestre Blomsterskardsbreen indicates
relatively increased glacial activity, with major peaks around 530, 330, 240 and 180-95 cal.
years BP, which corresponds to AD 1420, 1620, 1710 and 1770-1855.

Low values of total solar irradiance were recognized around AD 1900, 1810 (corresponding
to the “Dalton”-minimum) and 1690 (corresponding to the “Maunder”’-minimum) (Bard et al.
2000). Low total solar irradiance values occurred furthermore in the time period AD 1450 to
1750. During the “Maunder”-minimum (AD 1645-1715), almost no sunspots were observed,
this period and the one from AD 1450 to 1750 are together interpreted as to correspond to the
determined low temperature values during the LIA (Bard et al. 2000). During the LIA,
reconstructed summer and mean temperature values were comparably low (Bjune et al. 2005;
Mann et al. 2009). The relative glacial activity curve of Vestre Blomsterskardsbreen seems to
correlate well with the observations of the total solar irradiance curve and reconstructed
summer temperature values, where low irradiance and temperature values correspond to
periods of relatively increased glacial activity, such as in the beginning of the 15" and 19"
centuries, and vice versa. There are variations in the relative glacial activity curve, though,
which may not exclusively be explained by variations in the total solar irradiance, such as
during the first half of the 18™ century, where increased glacial activity and moreover lichen-
dated moraines indicate the maximum LIA advance of Vestre Blomsterskardsbreen, and
during which, however, solar irradiance values are comparably high.

During the 15™ and 16™ centuries, the winter NAO index is persistently positive (Cook 2003;
cp. Figure 5.2), indicating that in general, the glacier expansion of Vestre
Blomsterskardsbreen during the LIA must be a result of increased winter precipitation in
combination with decreased summer temperature values due to lower solar irradiance. This
can be seen in Figure 5.2., where relatively increased glacial activity is accompanied by a
positive winter NAO index during the 15" and 16™ centuries followed by reduction in the
strength of the NAO attributed to the climate cooling in the North Atlantic region between
AD 1640 to 1880 (Cook 2003). The climate cooling during that time period is mainly
interpreted as the result of lower summer temperatures compared to the Medieval Warm
Epoch linked to a reduction in solar irradiance (Bard et al. 2000; Bjune et al. 2005; Mann et
al. 2009). The reconstructed winter precipitation curve for Folgefonna (Bakke et al. 2008)
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shows analogously a strong increase until the mid-17" century, and strong variations in the
time period afterwards, with a distinct peak in the beginning of the 19" century, when also
Vestre Blomsterskardsbreen is interpreted to have a peak in relatively increased glacial
activity.

SSTs indicate a cooling trend leading to the onset of the LIA around 700 cal. years BP, with
two marked cold periods centered around 400 and 100 cal. years BP (Andersson et al. 2003).
The maximum expansion of Vestre Blomsterskardsbreen during the LIA in the first half of the
18™ century is accordingly interpreted as a result of lower ablation-season temperatures rather
than increased accumulation-season precipitation rates; while the onset of the LIA is
interpreted as a combined result of increasing winter precipitation values linked to a positive
winter NAO index and a contemporaneous decrease in summer temperatures and SSTs linked

to decreasing total solar irradiance.

A direct comparison of the curves of SST, winter precipitation and relative glacial activity of
Vestre Blomsterskardsbreen makes it evident that, during the Medieval Warm Epoch and the
LIA, peaks in winter precipitation and SST, respectively, were coincident with or followed by
subsequent peaks in relative glacial activity. Disregarding any eventualities with respect to
sediment structure disturbances of core MIP-209, this indicates that the response time of
Vestre Blomsterskardsbreen averages out around 30 years.
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5.4 Vestre Blomsterskardsbreen in comparison with other
glacier records in the Northern Hemisphere

The relative glacial activity curve of Vestre Blomsterskardsbreen is in the following

compared to other glacier records in the Northern Hemisphere (Figure 5.3.).
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Figure 5.3 The relative glacial activity curve compiled for Vestre Blomsterskardsbreen compared to
selected reconstructions of relative glacier extents and phases with major moraine formations from the
Northern Hemisphere: 78°N Svalbard (Humlum et al. 2005; Jansen et al. 2007, 461), 65-73°N Baffin
Island (Briner et al. 2009, 2084), 65°N Okstindan (Bakke et al. 2010, 1259), 64°N Iceland (Kirkbride and
Dugmore 2008 in Bakke et al. 2010; Geirsddttir et al. 2009 in Bakke et al. 2010), 50°N European Alps (lvy-
Ochs et al. 2009, 2143), 30°N Himalaya (Owen 2009 in Bakke et al. 2010). Gray marking indicates
common glacier advances mentioned in the text. Figure based on Bakke et al. (2010, 1260).
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The onset of the Neoglacial at Vestre Blomsterskardsbreen must have occurred prior to 4285
years b2k, due to the fact that the proglacial sediment record since then is exclusively
minerogenic, and hence glacier-fed. Generally colder climate conditions compared to the
Holocene Thermal Optimum caused glacier expansions in the European Alps around 3300
years b2k, indicating the onset of the Neoglacial there; especially in the time period 3300 to
2600 years b2k, glaciers advanced markedly (lvy-Ochs et al. 2009). Okstindan in northern
Norway, in contrary, experienced a major glacier advance already around 4200 years b2k, as
did glaciers on Svalbard and Iceland (Humlum et al. 2005; Kirkbride and Dugmore 2008 in
Bakke et al. 2010; Geirsdottir et al. 2009 in Bakke et al. 2010). This event may as well be
recognized in the record of Vestre Blomsterskardsbreen, though the proglacial sediment
structure was exceedingly disturbed and is therefore considered as not reliable.

Around 2700 years b2k, an abrupt glacial event occurred both at Okstindan, in Baffin Island,
in the Himalaya and at Vestre Blomsterskardsbreen (Briner et al. 2009; Owen 2009; Bakke et
al. 2010).

The Neoglacial maximum glacier expansion occurred around 1150 years b2k at Vestre
Blomsterkardsbreen. At Okstindan, in the European Alps and in the Himalaya, the maximum
Neoglacial advance is recognized somewhat later, around 1300 years b2k (Ivy-Ochs et al.
2009; Owen 2009; Bakke et al. 2010). On the contrary, glaciers on Svalbard reached their
Neoglacial minimum during this time (Humlum et al. 2005; Jansen et al. 2007).

The time period of the LIA is characterized by the greatest Holocene glacier advances in
Baffin Island, and great glacier expansions in Svalbard, at Okstindan in northern Norway,
Iceland, at Vestre Blomsterskardsbreen in southern Norway, the European Alps and in the
Himalaya.

In general, the Late Holocene is characterized by four synchronous glacier advances in the
Northern Hemisphere around 4200 years b2k, 2700 years b2k, around 1300 years b2k, and
during the LIA (Figure 5.3.) (Bakke et al. 2010). The overall general relative glacial activity
record of Vestre Blomsterskardsbreen corresponds to this pattern, though smaller high-
frequent fluctuations in relative glacial activity at Vestre Blomsterskardsbreen are not
reflected in the other glacier history reconstructions in the Northern Hemisphere, and vice
versa. This may, in addition to minor differences in time of the four common glacier
advances, be attributed to differences in local climatic and topographical conditions, and
special characteristics of each glacier, such as the grade of maritimity, and moreover the
disturbed sediment structure the relative glacial activity curve of Vestre Blomsterskardsbreen

was compiled from.
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6 Conclusion

In this study, the catchment of Lake Midtbotnvatn was quaternary mapped. Marginal
moraines deposited by the glacier outlet Vestre Blomsterskardsbreen were dated by
lichenometry. Proglacial sediment cores were gained from Lake Midtbotnvatn, analyzed and
interpreted by the means of several parameters. A combination of the lichen-dated moraines
and the analyses of the radiocarbon-dated proglacial sediments were used to compile a

relative glacial activity curve of Vestre Blomsterskardsbreen for the past 4235 cal. years BP.

Based on the results and discussion in this study, the following conclusions can be drawn:

1. Lake Midtbotnvatn appeared to be an adequate location for proglacial sediment studies
with the goal of reconstructing past glacier fluctuations and sediment transport.
Limiting factors in this study were the grade of disturbances of the sediment cores, and
the fact that Lake Midtbotnvatn has been regulated since AD 1953, which enlarged the
sedimentation rate many times over normal and hence prevents any interpretation of

the sediment with respect to glacial activity since then.

2. The sediment parameter Dry Bulk Density (DBD) is interpreted to reflect fluctuations
in glacial activity of Vestre Blomsterskardsbreen. The grain size distribution analysis
was used to isolate episodic events such as floods and gravitational processes, in order

to receive the glacial record only.

3. Vestre Blomsterskardsbreen has been present in the catchment the whole time period
covered by the proglacial sediment cores. The presumed reformation of the glacier
outlet after the Holocene Thermal Optimum (8500 to 5500 cal. years BP) hence is
interpreted to have occurred before 4235 cal. years BP. A period of relatively
increased glacial activity is interpreted to have occurred from 4235 to 4080 cal. years
BP.

4. During the period 4080 to 2650 cal. years BP, Vestre Blomsterskardsbreen is
interpreted to have relatively decreased glacial activity; probably with an increasing
trend towards the present size. These assumptions are complicated due to the strong
disturbed sediment structure in this part of the core
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5. The period 2650 to 1350 cal. years was characterized by high-frequent fluctuations in
relative glacial activity of Vestre Blomsterskardsbreen; with peaks centered around
1600, 1800 and 2150 cal. years BP.

6. During the Medieval Warm Epoch (AD 800-1300), the relative glacial activity of
Vestre Blomsterskardsbreen fluctuated. In general, higher values compared to present

(AD 1953) were determined, culminating around 1100 cal. years BP.

7. The LIA (13" to mid-20" centuries) was characterized with increased relative glacial
activity of Vestre Blomsterskardsbreen. Several moraine ridges were lichen-dated. The
maximum glacier expansion during the LIA occurred during the first half of the 18™
century. Further glacier advances occurred during the second half of the 18" and the

first half of the 19" century. The latest glacier advance was dated to AD 1945.

8. Marginal moraine ridges that were too old to be dated by lichenometry are interpreted
to most likely be deposited in the time period 3000-1000 cal. years BP, when the
compiled relative glacial activity curve indicates peak activity around 2150 and 1100
cal. years BP. ELA lowerings of 37 m and 33.5 m would correspond to these
deposition times of the two moraine sets. Depositing in the course of “Jondal Event 1
and 2” or “Erdalen Event 1 and 2”, however, cannot be excluded definitively, since the

moraines could not be dated.

9. The comparison of reconstructed relative glacial activity of Vestre
Blomsterskardsbreen and natural climate variability reconstructions of the NAO index,
SST, winter precipitation, summer temperature and total solar irradiance indicates that
Vestre Blomsterskardsbreen is mainly forced by variations in winter precipitation.
Accordingly, the glacier outlet is considered an indicator for winter climate variability,
and hence the NAO weather modes and the strengths of the westerlies at the south-
western coast of Norway. Four main common glacier advances at selected glacier sites
in the Northern Hemisphere were compared to Vestre Blomsterskardsbreen; the

overall relative glacial activity of the glacier outlet corresponds to this pattern.

152



Chapter 7 Closing remarks

7 Closing remarks

The Bladalen area at southern Folgefonna turned out to be an adequate location for proglacial
sediment studies with the goal of reconstructing glacial activity. Several glacier outlets drain
into numerous proglacial lakes. A limiting factor is the development of hydroelectric power in
the area, which causes anthropogenic damming and tunnel constructions for a most effective
use of the meltwaters. Artificial increased sedimentation rates, as well as eroded and re-
deposited sediment falsified the glacial record in the proglacial sediments during the last five
decades.

The proglacial sediment cores analyzed in this study were greatly disturbed in the course of
the coring procedure. The reliability of the interpretation and discussion results were limited
by this, especially with respect to the correlation of the two cores and the DBD record, which
the continuous relative glacial activity curve of Vestre Blomsterskardsbreen was compiled
from. An increased number of reliable radiocarbon dates could have improved the age-depth
models and the calculated sedimentation rates. With that, comparisons to natural climate
archives and other glacier reconstructions in the Northern Hemisphere would have been more

reliable.

The difficultness of the terrain, especially north-west of Insta Botnane, prevented fieldwork in
that area. Possible marginal moraines could therefore not be observed. A closer investigation
of this area could be helpful to understand the LIA glacial history of Blomsterskardsbreen,
especially with regard to the differences between Vestre and @stre Blomsterskardsbreen. In
that respect, comparable proglacial sediment studies of Lake Blomstglskardvatn would be

reasonable.

Proglacial sediment studies of the small lake in front of Vestre Blomsterskardsbreen (837 m
a.s.l.) could give more specific knowledge about the LIA history of the glacier outlet with
respect to the local overflow gap (spillway) which must have caused draining through this
lake during periods of the LIA.
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Appendix

Appendix

1.) Quaternary map of Blomsterskardsbreen and Midtbotnvatn (see end of the thesis)

2.) Analyses raw data and dating results:
CD (at the paperback of the thesis) including
- DBD, LOlss, LOlgso, WC
- MS
- Grain size distribution (Sedigraph)
- XRF
- X-ray
- Radiocarbon dating reports
- Lead dating report

- Digital copy of Quaternary map of Blomsterskardsbreen and Midtbotnvatn

3.) Procedure LOI:

The first step after taking out samples of 1 cm® volumes at intervals of 0.5 cm of core length
is to dry those minimum twelve hours in an oven at 105°C, in order to remove all water and to
reach constant weight of each sample. The weight loss through the drying process at 105°C
indicates the quantity of water within the sample, which is a degree for the dry bulk density
(DBD) (gr/cm®) (cp. Chapter 3.4.3). The LOI in per cent after drying at 105°C (LOlygs) can be
calculated through Equation 2:

WS — DV,

LOI,, =
105 = ( WS

*100

Equation 2 LOI in per cent after drying at 105°C (Santisteban et al. 2004, 289)

WS is the weight in g of the air-dried sample and DWs is the dry weight in g of the sample
heated at 105°C.

The second step is to heat the dried samples in a muffle furnace up to 550°C. At that heat,
organic matter is oxidised to ash and carbon dioxide. After ignition, the samples are cooled
down under vacuum in an exsiccator (in order to avoid moisture absorption during cooling)

and finally weighed. The amount of weight loss after combustion is proportional to the
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amount of organic content in the original sample (Heiri et al. 2001). The LOI in per cent after

heating up to 550°C (LOlssp) can be calculated through Equation 3:

DW,,. — DW,

LOlygo = (—2 =) ¥100
105

Equation 3 LOI in per cent after heating up to 550°C (Heiri et al. 2001, 102)

DW,gs is the weight in g of the dried sample at 105°C, and DWsgsy is the weight in g of the
sample after heating up to 550°C.

The third step of the LOI procedure it to heat the samples (5 cm intervals) up to 950°C, which
destroys most carbonate minerals, leaving oxide (Heiri et al. 2001; Santisteban et al. 2004).

Equation 4 shows how the LOI in per cent after heating up to 950°C (LOlgsp) is calculated:

DW550 B DW950 ) *100
DW105

LO|950:(

Equation 4 LOI in per cent after heating up to 950°C (Heiri et al. 2001, 102)

DW,gs is the weight in g of the dried sample at 105°C, DWssy is the weight in g of the sample
after heating up to 550°C, and DWgs is the weight in g of the sample after heating up to
950°C (Heiri et al. 2001). The amount of inorganic carbonate (C;) in the original sample is

then obtained through Equation 5:

C, =1.36* LOl,,

Equation 5 Amount of carbonate (C) in the sample (Heiri et al. 2001, 102)

4.) Procedure grain size distribution:

A Micromeritics SediGraph 11l 5120 Particle Size Analyzer was used to perform the grain-
size distribution analysis. During preparation for the analysis, each sample (6 to 7g) was
sieved through a 125 pum sieve and mixed with 70 ml of calgon 0.05 % solution.

The SediGraph measures the settling velocity of gravitational sedimentation by relative
absorption of a horizontally collimated beam of low-energy X-rays, and uses the percentage
of particle mass and calculated particle falling rates to determine the grain size distribution.

The relationship between settling velocity and particle diameter is described by Stokes’ law,
168



Appendix

which states that the terminal settling velocity of a spherical particle in a fluid medium is
proportional to the square of the particle diameter (Webb 2004, 1ff).

The program Gradistat 4.0 was used to handle and save the raw data (Blott and Pye 2001).
The size scale adopted in the Gradistat program with respect to the grain sizes is as follows:
Very fine sand ( 63-125 um), very coarse silt (31-63 um), coarse silt (16-31 pm), medium silt
(8-16 pm), fine silt (4-8 um), very fine silt (2-4 um) and clay (<2 pm) (Blott and Pye 2001).
Besides this grain sizes, the parameters mean grain size and sorting were used to classify
depositional processes (cp. Arnaud et al. 2002).
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