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Abstract

This study investigates the glacial dynamics of Barentsjgkulen, a small ice cap lo-
cated on Barentsgya, Svalbard. In order to reconstruct Barentsjgkulen’s glacial his-
tory, three geomorphological maps of the glacier forefields of its main outlet glaciers,
Besselsbreen, Duckwitzbreen and Freemanbreen, were created. The maps cover a
total area of ca. 117 km? and were generated based on swath bathymetric datasets
in combination with remotely sensed imagery. Ice front positions from ca. 1900 until
present were reconstructed using historical data, oblique and vertical aerial imagery,
satellite imagery and the GLIMS glacier database. The area of ice loss since the
Little Ice Age was determined for Barentsjokulen based on moraine positions under
water and on land.

Barentsgya’s landforms reveal a dynamic glacial history. The island was fully covered
by the Svalbard-Barents Sea Ice Sheet during the Late Weichselian. After break-up
of the ice sheet, a small ice cap remained on Barentsgya in the early Holocene -
Barentsjgkulen. Barentsjgkulen has shown dynamic behaviour during the Holocene
and has been in overall retreat since the Little Ice Age. An area of ice loss of ca.
147 km? since the Little Ice Age was calculated. Duckwitzbreen and Freemanbreen
have surged after the Little Ice Age - but not Besselsbreen. Crevasse-squeeze ridges,
landforms often considered to be uniquely formed by surge-type glaciers, were de-
tected in front of Besselsbreen. The use of crevasse-squeeze ridges as characterising
landforms for surge-type glaciers should therefore be reconsidered. Landform assem-
blages in the mapped glacier forefields show little to no correspondence to existing
landsystem models. More sophisticated landsystem models are required to cap-
ture the complexity of glacier types on Svalbard. This study improves the overall
understanding of ice cap dynamics in eastern Svalbard during the Holocene.

Keywords: Submarine landforms; Glacial geomorphology; Tidewater glaciers;
Remote sensing; Eastern Svalbard; Holocene






Acknowledgements

I would like to thank my two supervisors Riko Noormets (UNIS) and Anders Schomacker
(UiT) for the opportunity to write this thesis and their support during the process.
The Norwegian Hydrographic Survey is thanked for providing depth data (permis-
sion no. 13/G706) for this thesis.

I would like to thank Berit and Cathrine at the UNIS library for all their support,
good spirits and an always open door. UNIS is thanked for being such an amazing
place and all the amazing courses and adventures I have experienced there during
the past 3.5 years.

I thank my family for their love and support and most of all their patience with me.
Particularly, I would like to thank my sister Vera for proofreading this thesis and
giving comments.

My amazing office buddy Kristine shall be thanked for always being there, filling
me in on deadlines and other procedures and the (almost) daily hug.

Last but not least, I would like to thank Sissi B. and the Giggling Girls for being
such an awesome crowd and especially Sarah for her invaluable feedback.

I1I






Table of Contents

[Abstract]

[Acknowledgements|

[List of Figures|

List of Tables

1 Introduction

(1.2 Aims and Approach|

(1.3 Surging Glaciers|. .

M3.1

surge-T'ype Glaciers on Svalbard| . . . . . .. ... ... ...

[1.3.2  Surge Mechanism| . . . . .. ... ... ... ... .......

[1.3.3  Surge Landforms| . . . . . . ... ... ... ...

1.4 Landsystem Model Approach| . . . . ... ... ... ... ... ...

M4l

Tidewater-Glacier Landsystems| . . . . . . .. ... ... ...

[2 Late Quaternary History of Eastern Svalbard|

[2.1 Holocene Glacial History| . . . . . . .. ... ... .. ... ... ...

[2.2  Research History of Barentsgya] . . . . . .. ... .. ... ... ...

[3 Regional Setting]

[3.1 Barentsgvyal. . . . .
I;i.z E:lilllillg: !ll l:ii{ilg:lll :5&;!1t2;!l!1| .......................

[3.3  Geology of Barentsgya) . . . . . .. ... ... 0.

[3.4  Glaciers of Barentsgyal . . . . . .. .. ... ...

{4 Methodology|

41 Materiall . . . . ..

AI1

Bathymetry|

[4.1.2  Satellite Imagery and Aerial Imagery| . . . . . . . .. ... ..

[4.1.3  Historical Maps| . . . . . . .. ... .. ... ... ... ...
M1.4 GLIMS Glacier Databasel. . . . . ... ... ... .. ... ..

II1
VII
VII

15
15
15
17
19
20
20
22
24

27
27
27
27
27
27



Table of Contents

4.2.1 Geomorphological Mapping| . . . . ... ... ... ... ...
4.2.2  Georeferencing and Projection| . . . . . . . ... ... ... ..

[4.2.3  Symbols and Legend| . . . . . . ... ... 0000
4.2.4  Ice Front Position Reconstruction| . . . . . . . . . ... .. ..
[4.2.5 Tce Loss Calculationl . . . . . ... . ... ... ... .....

5 Results
5.1 Submarine Landformsl . . . . . . . . . . . . . . ... ...
h.1.1  Streamlined Bedforms - Glacial [ineationsf . . . . . . . . . ..

[>.1.2  Large Transverse Ridges - Terminal Moraines| . . . . . . . ..
b.1.3  Sediment Lobes - Debris-Flow Lobes . . . . . ... ... ...
[>.1.4  Large Parallel Ridge - Medial Moraine, . . . . . ... ... ..
[>.1.5 Small Transverse Ridges - Retreat Moraines| . . . . . . . . ..
[5.1.6 Sinuous Ridges - Eskers| . . . . . ... ... . ... ... ...
[>.1.7 Sinuous Depressions - Channels| . . . . . ... ... ... ...
[5.1.8  Geometric Ridge Networks - Crevasse Squeeze Ridges| . . . . .
[5.1.9 Crescentic Ridges - Retreat moraines| . . . . . . ... ... ..
[>.1.10 Lobate Ridges| . . . . . . . .. ... .. ... .
[>.1.11 Depressions - Kettle Holes| . . . . . ... .. ... .. ... ..

. nmapped Landforms| . . . . . ... ..o 0oL
p.2 U d Landf |
[5.2.1  Furrows - Iceberg Plough Marks| . . . . . . ... ... ... ..
[5.2.2  Hummocky Moraines| . . . . . . .. ... ... ... ......
(2.3 Gladofluvial Landforms . . . . . . ... ... ... ... ...

[6.1 Glacial History of Barentsjgkulen| . . . . . ... ... ... ... ...
[6.1.1 Late Weichselian/Early Holocend . . . . . ... ... ... ..
[6.1.2  Neoglacial Extent| . . . . . ... ... ... ... ... .....
[6.1.53 Twentieth Century Retreat|. . . . . . . . ... ... ... ...

[6.2  Glacier Surges of Barentsgyal . . . . . . . . . ... ... L.

[6.3  Potential of Geomorphological Mapping. . . . . . .. ... ... ...

[6.4  Application of Landsystem Models| . . . . . .. ... ... ... ...

I!i,si l ”llhs:l :il”!iiffsl ..............................

[/ _Conclusion

[0 References!

VI



List of Figures

[L.1 Landsystem models of surge-type glaciers|. . . . . . .. ... ... .. 7
[2.1  Deglaciation dates and ice-movement directions for Barentsgyal . . . . 10
[3.1 Topographic map of Svalbard and Barentsgyal . . . . . ... ... .. 16
[3.2  Bedrock map ot Barentsgyal . . . . .. ... ... ... 18
[3.3 Aerial photographs of Besselsbreen| . . . . . . .. .. ... ... ... 21
[3.4  Photograph of Duckwitzbreen’s push moraine in 1927 . . . . . . . .. 21
[3.5 Aerial photographs and historical map of Duckwitzbreen| . . . . . . . 22
[3.6  Aerial photographs of Freemanbreen|. . . . . . . . ... ... ... .. 23
[3.7 Aerial photograph of Augnebreen in 2015(. . . . . . . . . . . ... .. 25
[>.1 Legend to geomorphological maps| . . . . . . .. ... ... ... ... 31
[5.2  Geomorphological map ot Besselsbreen’s glacier forefield] . . . . . .. 32
[5.3  Geomorphological map ot Duckwitzbreen’s glacier forefield| . . . . . . 33
[>.4  Geomorphological map in front of Freemanbreen|. . . . . . . . . . .. 34
0.0 Cross-section of terminal moraine in iront of Duckwitzbreen| . . . . . 38
[5.6  Close-up and cross-sections of landforms in front of Besselsbreen| . . . 39
[5.7  Close-up and cross-sections of landforms in front of Duckwitzbreen|. . 42
[5.8  Close-up and cross-sections of esker and kettle holes in front of Bessels-
breenl. . . . . . . 44
6.9 Glacier front reconstructionl . . . . . . ... ... 0oL 50
[5.10 Ice loss calculation map| . . . . . . .. ... ... ... ... 52
[6.1 Summary of Barentsjskulen’s glacial history| . . . . ... ... .. .. 54

List of Tables

[3.1 Glaciers on Barentsgyal . . . . . . ... ... ... 19

K1 Data overviewl . . . . . . . ... 29

VII






List of Abbreviations

CSR
DEM
GLIMS
HTM
IRD
LGM
LIA
m.a.s.l.
NHS
NPI
PONAM
SBSIS
SEES
UNIS

Crevasse-Squeeze Ridges

Digital Elevation Model

Glacier Land Ice Measurements from Space
Holocene Thermal Maximum

Ice Rafted Debris

Last Glacial Maximum

Little Ice Age

Meters above sea level

Norwegian Hydrographic Survey
Norwegian Polar Institute

Polar North Atlantic Margins

Svalbard Barents Sea Ice Sheet
Scientific Expedition Edgegya Svalbard
University Center in Svalbard

IX






1 Introduction

1.1 Motivation

Understanding past climate fluctuations is an important tool to predict the extent
and impact of a warming climate on society in the future. Glaciers are sensitive to
climate change and hence act as helpful tool in the understanding and reconstruction
of climate variability (Oerlemans, 2005; Benn and Evans, 2010). Particularly land-
forms found in glacier forefields deliver opportunities to reconstruct recent glacier
marginal activity. The activity can be linked to other measured and observed envi-
ronmental parameters in order to unravel causes of changes in glacier extent and to
predict future changes (Jakobsson et al., 2014)). Marine environments often preserve
glacial landforms better than terrestrial environments due to less erosion. Thus they
contribute to a deeper understanding of past dynamics.

More than 42% of Barentsgya’s area is covered by glacier ice (Figure (Lock
et all (1978). Information about Barentsgya and its ice cap, Barentsjokulen, is
sparse owning to its remote location and limited access due to sea ice. Most geolog-
ical fieldwork carried out on Barentsgya originates from the PONAM expedition in
1991 focusing on Weichselian and Holocene landforms and sediments (Moller et al.|
1992)). |Dowdeswell and Bamber| (1995]) describe the ice caps and glaciers of Bar-
entsgya and Edgegya as the least known of the entire Svalbard archipelago. Further
research on Barentsgya’s glacial history will not only shed light on the local ice cap
evolution but will also contribute to the broader understanding of the structure and
disintegration of the Svalbard-Barents Sea Ice Sheet (SBSIS) during the Late We-
ichselian.

Glaciers on Svalbard have been retreating and thinning during the last century
(Dowdeswell et al., [1997; Liestgl, 1993; van der Meer, 2004} Blaszczyk et al.l 2009;
Nuth et al., 2010). Mass-balance measurements of most glaciers on Svalbard have
been negative since the Little Ice Age (LIA) with retreat rates exceeding 200 m per
year for some glacier margins (Hagen et al., [2003; |(Oerlemans, 2005; Nuth et al.,
2013). Although overall retreating, many of Svalbard’s glaciers experienced sud-
den rapid advances in form of surges including a significant number of marine-
terminating glaciers (Liestol, [1969; [Schytt], [1969; Dowdeswell et al., 1991} [1995; |[Ha-
gen et al.,|1993; Hamilton and Dowdeswell, [1996;|Sund et al., 2014; Farnsworth et al.|



1 Introduction

2016)). As surges and climate-driven glacier dynamics generate partially similar land-
forms, surge behaviour adds to the challenges of reconstructing glacier responses to
temperature fluctuations.

Submarine glacial geomorphological mapping is a common tool in the reconstruction
of ice sheet configurations and dynamics where ice masses were in contact with the
seafloor including fjords to entire continental shelfs (Ottesen et al., 2008; Ottesen
and Dowdeswell, |2009; [Robinson and Dowdeswell, [2011; Ruther et al., 2012). Meth-
ods have improved significantly over the years leading to very high resolution and
more detailed results (Jakobsson et al., 2016; Dowdeswell et al., [2018)).

A detailed study of the dynamics of Barentsgya’s outlet glaciers based on high-
resolution aerial and satellite imagery combined with existing bathymetric data will
add to the understanding of the behaviour of Barentsjskulen and small ice caps in
general in Svalbard during the Late Weichselian and Holocene.

1.2 Aims and Approach

The aim of this study is to investigate the dynamics and retreat history of Bar-
entsjokulen by analysing the landform record of the forefields of its three main
outlet glaciers: Besselsbreen, Duckwitzbreen and Freemanbreen. A variety of high-
resolution data including multibeam bathymetric data, remote sensing data and
aerial imagery, digital elevation models (DEMs) and historical data are used for
attainment.

Detailed marine geomorphological maps were created and combined with terrestrial
data to analyse glacier behaviour. Historical maps and aerial and satellite images
were merged with geomorphological data for ice-marginal reconstructions to demon-
strate glacier fluctuations during the Holocene. The analysis of glacier behaviour
and surge history was put in context with the local geology and morphology. In
order to better understand Barentsjskulen’s recent retreat history, ice loss since the
LIA was calculated. Finally, the applicability of common land-system models was
tested for Barentsgya’s outlet glaciers.

1.3 Surging Glaciers

Surge-type glaciers are characterised by a semi-periodic alternation of slow and fast
flow rates (Lefauconnier and Hagen| [1991). They occur in a variety of climatic,
tectonic and geological environments (Meier and Post), [1969; |Jiskoot et al. 2000).

Surge cycles can be divided into three phases: an accelerating phase, a decelerating
phase and a quiescent phase (Murray et al., [2012). During the active surge phase,
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flow rates can increase up to 100 times and are often accompanied by rapid glacier-
front advances (Lefauconnier and Hagenl [1991)). Ice velocities may vary between 2-5
m and up to 100 m per day during active surge phases. Active surge phases typically
last 1-3 years whereas intermediate quiescent phases persist for 30-100 years (Meier
and Post, [1969)).

Although surging glaciers remain rather unknown, it appears that long (10-75 km)
glaciers at high altitudes yield a higher potential to surge (Clarke et al., 1986]).
Climate variations may not affect surges but nevertheless have an effect on surge
periods. However, surging glaciers put a limiting factor on the connection of glacier
variations to climate variabilities (Liestgl, 1993)).

The surge in itself can be divided into three stages of development. Initially, surface
lowering can be observed in the upper part of the glacier, followed by thickening in
the lower part of the glacier which leads to well-developed surge dynamics (Sund
et al) |2009). However, some surges cease after stage two and never fully develop
an active surge phase. This behaviour might be misinterpreted as rapid response to
climate change (Sund et al., [2009).

1.3.1 Surge-Type Glaciers on Svalbard

According to Lefauconnier and Hagen| (1991), 90% of Svalbard’s glaciers are or have
been of surge-type. Exact numbers are still undetermined. Nevertheless, it is widely
agreed on that the majority of glaciers are or used to be of surge-type (Liestgl, |1969;
Sund et al., 2009; [Farnsworth et al., 2016). Compared to other regions, Svalbard’s
glaciers move considerably slower with active phases lasting 3-10 years and quiescent
phases between 50-500 years (Dowdeswell et al.,{1991; Benn and Evans|, 2010). While
active phases appear to be independent of glacier size (Dowdeswell et al., [1991), a
glacier orientation in a broad arc clockwise from northwest to southeast seems to
favour surge-behaviour (Jiskoot et al., 2000). Furthermore, a polythermal regime
and fine-grained, potentially deformable beds are auxiliary to the surge potential of
glaciers in Svalbard (Hamilton and Dowdeswell, |1996; |Jiskoot et al., |2000).

The surge of Brasvellbreen between 1936 and 1938 is considered to be a major surge
that occurred recently (Solheim et all [1990). Due to the increase in annual air
temperatures after the LIA, most of Svalbard’s glaciers have negative mass balance
at present leading to a reduced intensity of glacier-surge activity (Dowdeswell et al.
1995)). Glaciers which surged after the LIA now fail to accumulate the mass required
to reinitiate surges and/or have switched from a polythermal to a cold-based regime.
Tunabreen in central Spitsbergen and Blomstrandbreen in northern Spitsbergen are
exceptions to this behaviour (Flink et al., 2015; [Burton et al., 2016).
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1.3.2 Surge Mechanism

Currently, there is no consensus about the triggering mechanisms for glacier surges.
Meier and Post| (1969) and Sharp| (19884)) first suggested oscillations in conditions
at the glacier bed to be a factor and eliminated the influence of external forcing
such as earthquakes. Two ideas have been discussed since then - a hydrologic or a
thermal switch initiating glacier surges (Clarke, [1976; Murray et al., 2003]).

The hydrologic switch suggests that glacier surges are initiated by fundamental and
pervasive changes in the geometry and water-transport characteristics of the system
causing a built-up of higher water pressure (Kamb et al.l [1985)). This is often due
to the change from an efficient subglacial conduit system during the quiescent to
an inefficiently linked cavity system during active phase resulting in higher water
storage (Kamb et al., [1985; Raymond, [1987)). The theory is also used to explain
changes in basal hydrology frequently observed during surges.

The thermal-switch theory suggests a change in the glacier’s thermal regime (Fowler
et al 2001). Cold based-glaciers may be susceptible to thermal and dynamic insta-
bilities if ice thickening raises basal temperatures. Thus, driving stress may lead to
an increase in ice deformation and frictional heating at the glacier bed. The positive
feedback between strain heating and ice creep causes an increase in ice temperatures
up to pressure melting point. Continuous heat generation will melt ice and produce
water at the bed which then acts as gliding layer (Fowler et al., 2001; Benn and
Evans, 2010; |Sevestre et al., 2015). With reinitiated thinning, the glacier resumes
its cold-based regime after the surge.

Sevestre et al. (2015) combined the two ideas in their theory of enthalpy cycling.
Glaciers must even out enthalpy gain by glacier flux with heat conduction and/or
meltwater discharge to maintain a steady-state. An imbalance between energy ac-
cumulation and dissipation will lead to an unsteady glacier behaviour. Surges are
considered to be a result of dynamic instabilities but relate to environmental forcing
(Sevestre et al., 2015} Sevestre and Benn, 2015)).

As previously mentioned, glaciers may change from a surge to a non-surge-behaviour
based on climatic influences affecting thermal regime and mass accumulation in the
reservoir area (Dowdeswell et al., [1995; Sevestre and Benn, |2015)).

1.3.3 Surge Landforms

Glacier surges may leave traces on glaciers and the surrounding landscape. Land-
forms prove to be helpful in the reconstruction and classification of glacier surges.
Glaciers often retain highly crevassed surfaces even decades after the end of the
surge phase. Folded medial moraines, frontal changes and folded frontal moraines
are often indicative of surge behaviour (Lefauconnier and Hagen, [1991)).
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Crevasse-squeeze ridges (CSR) are assumed to be unique landforms for glacier surges
and are considered to be a useful tool in the classification of previous surge-type
glaciers (Farnsworth et al., [2016)). They have been observed on land (Sharp, [1985¢;
Evans and Real (1999; Schomacker et al., 2014; [Lovell et al., [2015) and under wa-
ter where they are often referred to as rhombohedral ridges or geometrical ridge
networks (Ottesen and Dowdeswell, |2006; Ottesen et al. 2008; [Flink et al.| |2015;
Burton et al., 2016; [Lovell and Boston, [2017).

Icebergs often occur in front of tidewater glaciers during the active phase of a surge
(Dowdeswell, 1989)). Iceberg keels leave submarine ploughmarks behind acting as
helpful indicators for glacier surges (Lefauconnier and Hagen) [1991)).

The climatic state before and after glacier surges poses an important factor on the
preservation of landforms (Lgnne, 2014)).

1.4 Landsystem Model Approach

Glacial landforms commonly appear in assemblages. They reflect a range of pro-
cesses in specific glacier environments which can be used to connect sediments,
landforms and landsystems with depositional processes (Benn and Evans, 2010).
Landsystem models for glacier forefields have been developed for a range of settings:
Land- and marine-terminating glaciers exhibiting surge- and non-surge behaviour
(Evans and Rea), 1999; |Glasser and Hambrey|, 2001; |Plassen et al.; [2004; |Ottesen
and Dowdeswell, [2006; |Ottesen et al., 2008; [Ingolfsson, 2011). Several landforms
occur within all landform assemblages. Therefore, individual landforms are often
not diagnostic for single glacier types but assemblages of landforms have proven to
be a distinct tool for identification. Evans and Rea/ (1999) point out the significance
of identifying surging glaciers and ice streams in glaciated landscapes to understand
and reconstruct ice-sheet dynamics and climate.

Although landsystem models are considered to be a helpful tool, one must not forget
that they are still simplified models and that glaciers often occur in more complex
systems (Evans and Rea, 2003). Thus, it is still possible that case studies may
miss surge landforms while glaciers are of surge-type (Evans and Real, [1999; Ingolf-
sson,, 2011)). Case studies may also differ from the proposed model (Brynjéltsson
et al., 2014)) and landform proportions may vary (Ottesen et al., |2008). Further-
more, as the climate changes it is more common that glaciers exhibit a mixed marine
and terrestrial termination (Flink et al., 2015; Allaart, 2016); consequently, existing
landsystem models do not apply. A more extended approach by merging marine
and terrestrial datasets may present helpful in the future.

As this work focuses on marine-terminating glaciers, only tidewater-glacier landsys-
tems are referred to. Nonetheless, proposed models show clear similarities with
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1.4 Landsystem Model Approach

land-based landsystem models from Iceland and Svalbard (Sharp) |1985b; Evans and
Reay, [2003).

1.4.1 Tidewater-Glacier Landsystems

A number of landsystem models for tidewater glaciers of surging and non-surging
type have been developed based on marine geophysical evidence (Figure (Plassen
et al., 2004; Ottesen and Dowdeswell, 2006; Ottesen et al., 2008)). Marine landsys-
tem models are often considered as more complete since landforms are less exposed
to post-depositional subaerial processes of erosion and periglacial activity (Ottesen
and Dowdeswell, 2006; Ottesen et al., 2008]).

Surging Behaviour

Ottesen and Dowdeswell (2006) and |Ottesen et al| (2008) (Figure developed
landsystem models for both known and suspected surge-type glaciers. Not only the
presence of landforms but also their cross-cutting relationship is crucial to deter-
mine the order of formation processes. The models include a terminal moraine in
the outer fjord with lobe-shaped debris flow on the distal side. The inner part ex-
hibits streamlined glacial lineations, CSRs, eskers and annual retreat moraines.
Flink et al. (2015) (Figure refined the previously named model for frequently
surging glaciers. Landforms become modified and overprinted by subsequent surges
leading to a more complex assemblage. Multiple moraines based on individual surges
were added to the model, and eskers were removed from the model.

While previous work focused on a restrictive fjord setting, Ottesen et al.|(2017) (Fig-
ure developed a schematic model for submarine landforms linked to glacier
surges into an open marine setting - a setting widely common in eastern Svalbard.
The model presents an arcuate-shaped terminal moraine as landforms are not con-
straint by fjord walls. It also presents an often indented ice-proximal side of terminal

Figure 1.1 (preceding page): Landsystem models for tidewater glaciers in Svalbard
based on different scenarios. A) Landsystem model
modified by Ottesen et al.| (2008). The model is based
on multiple tidewater glaciers in western Spitsbergen.
B) Landsystem model modified by [Flink et al. (2015)
demonstrating assemblage affected by multiple surges.
The model is based on Tunabreen in central Spitsber-
gen. C) Land-system model by |Ottesen et al.| (2017)) for
surging glaciers in an open-marine setting. The model
is based on nine tidewater glaciers in eastern Svalbard
including Besselsbreen on Barentsgya.



1 Introduction

moraines. Streamlined lineations are distributed in fan-shaped patterns and kettle
holes were added as a common feature.

Non-surging Behaviour

The first landsystem model for sedimentation of tidewater glaciers in the high Arctic
was developed by |Plassen et al. (2004) based on both surge-type and non-surging
glaciers in Svalbard. The model exhibits glaciogenic deposits in proximal and distal
basins. A terminal moraine marking the Neoglacial maximum extent separates the
two basins. While the distal basins is filled with stratified sediments with a low
amount of ice-rafted debris (IRD) and debris lobes, consists the proximal basin of
morainal ridges, hummocky moraines and glaciomarine infill sediments. Neverthe-
less, the model lacks streamlined glacial lineations, CSRs and eskers in comparison
to the surge-type setting.



2 Late Quaternary History of
Eastern Svalbard

Ice sheets covered the Barents Sea multiple times during the Quaternary. Submarine
landforms such as ice-marginal features (e.g. trough-mouth fans) and flutes provide
evidence for the presence and extent of earlier ice sheets (Elverhgi and Solheim,
1983} [Solheim et al., 1990} Elverhgi et al., [1993; Svendsen et al., 2004a; Ottesen and
Dowdeswell, 2009; Dowdeswell et al., 2010al).

Grounded glaciers often erode and remove pre-existing deposits from fjord basins
leading to depositional sequences in fjords typically being limited to the last glacial-
interglacial cycle (Forwick et al., 2010]). Therefore, sedimentological evidence is most
complete from the Late Weichselian ice sheet (Svendsen et al., 2004a) due to its rel-
ative young age.

The SBSIS reached the shelf edge during the Last Glacial Maximum (LGM) around
24 ka BP (Landvik et all [1998; Jessen et al.| 2010). At that point, fast flowing ice
streams drained the ice-sheet through fjords while less active ice covered the inter-
fjord areas (Landvik et al., 2005 (Ottesen et al., [2007; |Landvik et al., 2014). Outer
shelf areas started to become ice-free on the western margin of Svalbard around 20.5
ka BP (Jessen et al., |2010). Major parts of the Barents Sea were deglaciated by 12
ka BP while Svalbard was still fully covered by ice (Hormes et al.| 2013} Ingdlfsson
and Landvik, [2013; [Hughes et al., 2016)). Around 10 ka BP, Svalbard’s coasts and
fjords became finally ice-free (Figure 2.1]A) (Ingdlfsson and Landvik] [2013).
Terrestrial and marine archives both present helpful in the reconstruction of extent
and dynamics of the past glaciations and deglaciations (Ingdlfsson,, 2011). One un-
solved question is the structure of the SBSIS. Depending on evidence, ice domes
were proposed in multiple places such as north of Kong Karls Land (Mangerud
et al., [1992b}; Salvigsen et al., [1992a} Landvik et al. 2005; Svendsen et al., 2004b;
Ingolfsson and Landvik, [2013)), in the southern Hinlopen Strait area (Dowdeswell
et al., 2010b; Hogan et al., 2010a) and centred on Nordaustlandet (Hormes et al.,
2011; Flink et al., 2017b)). The idea of multiple domes occurring through phases
of the ice sheet is considered to be likely (Dowdeswell et al.; 2010b; [Hormes et al.|
2013; Ingolfsson and Landvik, 2013).

The Lateglacial to early Holocene period is characterised by a rapid transition from
a glacial to an interglacial environment on Svalbard (Ingodlfsson, 2011; |Hormes et al.|



2 Late Quaternary History of FEastern Svalbard

2013} Landvik et al.; 2014). Thus deglacial unloading began in eastern Svalbard by
10.5 ka BP (Forman et al., 2004)) leading to a total uplift of 89 m until today at
Kapp Ziehen (Figure [3.1B|) (Bondevik et al., [1995).
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Figure 2.1: (A) Deglaciation dates in years before present on Barentsgya based on
driftwood, shells and shell fragments, modified by |Landvik et al.| (1995)).
(B) Map of main ice movement around Barentsgya. Open arrows show
direction of ice movement during the Svalbard Barents ice sheet. Black
arrows show ice-movement direction during subsequent deglaciation. Di-
rections are based on striated bedrock. Modified by |Salvigsen et al.
(1992a)).

2.1 Holocene Glacial History

Svalbard’s Holocene glacial history still exhibits a fair amount of blank areas as data
is sparse and unevenly distributed. Landvik et al. (1992a) suggest that deglaciation
of Barentsgya was mostly driven by ice calving into Olgastretet (Figure prior to
10.3 ka BP on the east coast and a few hundred years later on the west coast (Figure
2.1]A). Abundant striae and erratics on Frankenhalvgya (Figure indicate last
ice movement to have occurred from SW to NE across the peninsula. Thus, Kapp
Ziehen was earlier deglaciated than Frankenhalvgya (Landvik et al.,|1992a; [Salvigsen
et all [1992a)). Striated roche moutonnées on Kiikenthalveya (Figure imply
ice movement from approx. SW towards 70° (Figure [2.1B) (Salvigsen et al., [1992al
1995)). The earliest bivalves (Nuculana Pernula) found on Barentsgya date back
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2.1 Holocene Glacial History

to 10,265 + 95 BP (Figure 2.1h) (Landvik et al), [1992a). Whereat other reported
dates from Barentsgya and Edgegya are likely to postdate the last deglaciation by at
least 1000 years. Nevertheless, striae at Sundneset (Figure were presumably
caused by a glacier in Freemansundet fed by high-lying areas on southern Barentsgya
(Figure |3.1B]) (Salvigsen et al., |1992al 1995). The glacial striae found correspond
with the idea of an ice dome located north of Kong Karls Land (Mangerud et al.|
11992Db; [Landvik et al., [1998; |Svendsen et al., [2004b} Ingdlfsson and Landvikl 2013]).
Although evidence is sparse, moraines and glacial deposits indicate an early Holocene
glacier readvance on Svalbard (Salvigsen et al., [1990; Lgnne and Lysa, [2005; Forwick|
et al., [2010; van der Bilt et al., [2015; [Farnsworth et al.| 2017)).

Subsequent to the readvance, the early Holocene is marked by a warm period - the
Holocene thermal maximum (HTM). The HTM was initiated by increased Atlantic
water inflow and the northward passing of the Polar front and therefore resulting
feedback processes (Jessen et al., 2010; Riither et al., 2012; Mangerud and Svendsen|,
2017). Length and timing of the HTM are still discussed and vary between literature
and location. It is assumed that the HTM lasted from 11.2 ka BP to 5.5 ka BP
(Salvigsen et al, [1992al]b; [Jessen et al.,[2010)). [Van der Bilt et al| (2015) propose that
the HTM reached its culmination around 9.5 ka BP while Mangerud and Svendsen|
found temperatures at least as warm as present but 6°C higher in August
between 10.2 ka BP to 9.2 ka BP based on molluscs. Therefore, Svalbard’s glacier
cover was significantly reduced with small cirque glaciers disappearing completely
(Svendsen and Mangerud, [1997; [Snyder et al., |2000; [Forwick et all [2010; van der|
Bilt et al., 2015]).

The HTM is displayed on Barentsgya by a change from glacier-proximal to marine
deposits (Landvik et al.| [1992al). Other indicators on Svalbard are the abundance
of thermophilious molluscs and lower amounts of IRD suggesting a warmer climate

than present.

Gradual decrease in temperatures lead to the onset of the Neoglacial cooling period
around 5 ka BP (Gjerde et al) 2017; Mangerud and Svendsen| 2017). |Svendsen|
and Mangerud| (1997) suggest that present glaciers formed around 2500 years ago.
After a Medieval warm period around the 12th century, the Neoglacial ended and
climaxed with the largest and most significant glacial phase in the Holocene - the
Little Ice Age (Humlum et al.; 2005; Mangerud and Svendsen, 2017). Terrestrial and
submarine moraines and lake sediments suggest that the LIA peaked between 1890
and 1920 on Svalbard with maximum glacier extent (Svendsen and Mangerud, |1997;
Snyder et al., 2000; |Grove, 2004; Humlum et al., 2005; Blaszczyk et al., 2009). Since
then, annual air temperatures have risen by almost 5°C (Svendsen and Mangerud,
1997; Humlum et al., 2003, 2005; Nordli et al., [2014).

Martin-Moreno et al,| (2017) suggest that Barentsjgkulen has lost 106.8 km? of ice
resulting into 17.5% area loss since the LIA based on lateral-moraine positions.
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2 Late Quaternary History of FEastern Svalbard

Dowdeswell et al.| (2018)) go even further and propose a recent retreat of 130 km?,
20% more than suggested by Martin-Moreno et al.| (2017) based on the analysis of
multibeam bathymetric data.

2.2 Research History of Barentsgya

Limited research was carried out on Barentsgya in the past owing to its remote
location and limited access.

The first map showing Barentsgya was created in 1710 by Cornelis Giles and Outger
Rep. However, at that time it was believed to be a part of Ny Friesland - the north-
eastern part of Spitsbergen. Barentsgya was not recognised as a separate island
until the 19th century (Lock et al., |1978). Multiple expeditions passed the island
on their way but first accurate maps were not created until 1901.

In 1870, Heuglin visited Duckwitzbreen on his expedition to the Arctic Ocean. He
describes the moraines as debris-ridge with beds striking parallel to the coast and
dipping east. He considers the glacier to be in retreat (von Heuglin| [1872).

In 1901, Vasiliev created the first accurate map of Barentsgya’s west coast includ-
ing Duckwitzbreen (Figure as part of the Russo-Swedish "Arc of Meridian’
expeditions between 1899 and 1901. The map shows the piled up moraine and An-
derssongyane. The latter were partly overrun by Duckwitzbreen as described by
Tyrrell (1921) who was prospecting on behalf of the Scottish Spitsbergen Syndicate
of Edinburgh in 1919 and 1920. He estimated a glacier advance of 5.4 km.

In 1927, the Hamburgische expedition visited Duckwitzbreen and first photographs
of the moraine were captured (Figure (Gripp, 1929). The photographs show
that Duckwitzbreen did not overrun its frontal moraine but likely removed its re-
mains sideways.

The Stauferland expedition visited Barentsgya in 1959 at Sundneset analysing the
active layer and valley forming processes (Budel, |1960). The expedition was followed
by the Stockholm University Svalbard expedition in 1966 studying glacial uplift all
around Svalbard (Schytt et al., [1968]).

In May 1986, two radio-echo sounding profiles were obtained to determine ice thick-
ness of Barentsjokulen. The two profiles were arranged that ice thickness of all three
major outlet glaciers was determined. Ice thickness was measured between 150 m
and 200 m for the outlet glaciers and the ice cap has a maximum thickness just
above Besselsbreen of 270 m (Dowdeswell and Bamber, (1995)).

The PONAM expedition has been the most extensive fieldwork carried out on Bar-
entsgya so far (Moller et al., |1992). Although the initial plan was to find sedi-
ments predating the Late Weichselian, most data obtained were of younger age.
Glacial striae, beach ridges and sections were logged and dated to determine time of
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2.2 Research History of Barentsgya

deglaciation, isostatic uplift and ice-movement directions on Barentsgya
et al., [1992a; Mangerud et al.| [1992b} [Salvigsen et al., [1992a).

In 2015, the SEES expedition was able to retrieve sediment cores at Andersjgen,
a lake located at Sundneset on Barentsgya. Time of isolation from marine waters
was determined between 2500 and 3000 years ago (Hoek et al., 2016)). Further, the
ecological changes in the lake due to increase in annual air temperatures for the past
~100 years were analysed (Woelders et al., [2018]).

Obtained multibeam bathymetric data was used by Ottesen et al. (2017) to analyse
geomorphic imprints of glacier surges into open-marine waters (Ottesen et al., 2017).
The same data was used to determine ice loss by Dowdeswell et al.| (2018). Satellite
data was used by Martin-Moreno et al.| (2017) using lateral moraines to determine

ice loss.
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3 Regional Setting

3.1 Barentsgya

Barentsgya is located between 78° 10" 10" N to 78° 30" 50" N and 20° 10" E to 22°
20" E (Figure . The island is separated from Spitsbergen by Ginervrabotnen
and Helgysundet. Freemansundet separates the island from Edgegya. The almost
square-shaped island is with an area of 1288 km? the forth largest island of the Sval-
bard archipelago. The island consists mostly of plateau mountains with a maximum
altitude of 654 m.a.s.l. (NPI 2014). Barentsgya is covered by the Barentsjgkulen
ice cap.

In older literature, Barentsgya is referred to as Barents Land, Barents Oy, Barents-
land, Barents-maa, Berensland, Beren-1., Lorentsland, South East Land, Sydostland,

Zuyd Qoster Land (NPI| 2003]).

3.2 Climate of Eastern Svalbard

Svalbard is located close to a confluence of ocean currents and air masses with differ-
ing thermal characteristics; warm waters of the northernmost margin of the North
Atlantic Drift influence the weather on the west coast of the archipelago, while polar
currents flow south along the eastern coast (Humlum et al., 2007). Particularly in
winter, large weather variations are observed due to colliding mild air masses from
the south and cold air masses form the north (Hanssen-Bauer et al., [1990; [Humlum
et al., 2007} Serreze and Barry, [2014)).

The longest weather records for the high Arctic are recorded since 1911 at Svalbard
airport (Ferland et al., 1997, |2010; Nordli et al.; 2014)). Normal annual precipitation
is measured at 190 mm at Svalbard airport which is located in an inner fjord setting
(Figure and 525 mm at Isfjord Radio located at the mouth of Isfjorden on the
west coast (Figure (Forland et al.,|1997)). The average annual air temperature
is -7°C in Svalbard which is characteristic for a polar climate (Humlum et al., [2007)).
A general increase in temperature (Steffensen, 1982; Hanssen-Bauer et al., |1990)
and precipitation of up to 25% (Ferland et al.l [1997) has been recorded since the
beginning of weather recordings in 1911.

No extensive weather records exist from Barentsgya and very sparse data from the
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Figure 3.1: Topographic map of A) Svalbard and B) Barentsgya including position
of all glaciers further mentioned [NPI| (2018)).

eastern part of Svalbard in general. With polar currents affecting temperatures and
sea-ice extent, eastern Svalbard experiences a colder climate than Longyearbyen
(Summerhayes|, 1928). Extensive amounts of sea ice have been covering the eastern
part of Svalbard influencing the climate (Benestad et al., 2002) and leading to a later
onset of spring in the south-east (Nordli et al., [2014). With temperatures rising,
periods with sea ice become shorter and seasonal variabilities stronger (Dallmann,
2015). Where polar currents meet warm drift from south-east, fog often occurs,
mostly during the summer months June and July (Summerhayes, |1928; [Steffensen,
1982; Hanssen-Bauer et al., [1990]). Thus, |Pelt et al. (2016|) suggests mean annual
air temperatures to be 4-8°C lower in eastern Svalbard compared to central Spits-
bergen.

Liestol (1993)) suggests that Barentsgya’s glaciers profit from relatively moisture-
laden southeasterly winds and that due to comparatively constant summer tem-
peratures, a decrease of precipitation is a causing factor for glacier retreat. The
asymmetry of Barentsgya’s ice cap also suggests a decrease of precipitation from
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east to west (Dowdeswell and Bamber, 1995).

3.3 Geology of Barentsgya

Barentsgya constitutes predominantly of Triassic sedimentary rocks (Figure
(NPT, [2016)).

The oldest beds date back to the Upper Permian and are present in a small area in
the northeastern part of the island. They constitute of alternating sandstone and
silicious limestone (Harland et al., |1997). Brachiopods are abundant in the beds
which are oriented in a gently southwestward-plunging syncline with a maximum
thickness of 300 m (Hjelle, |1993).

The main part of the island comprises Triassic, almost undeformed, flat-lying beds
of shales, siltstones and sandstones with a maximum thickness of 700 m (Flood
et al., [1971; Dallmann, [2015). The sediments were most commonly deposited in
near river estuaries and shallow marine shelf environments (Hjelle, 1993). A thin
but widespread coal seam extends through the Upper Triassic part (Flood et al.,
1971). The otherwise gently dipping Triassic beds show intensive folding on a NE-
SW trending axis at Mistakodden (Figure in the far west of Barentsgya (Hjelle,
1993)).

Dark dolerite sills or less common dykes occur at the transition from Jurassic to
Cretaceous (Hjelle, (1993; Dallmann| [2015). The intrusions are most prominent in
the north of Barentsgya around Frankenhalvgya (NPI, 2016)).

While the Triassic sedimentary rock is poorly consolidated and easily weathered,
the dolerite intrusions, sills and dykes yield helpful evidence in the reconstruction
of past ice movement directions (Salvigsen et al., [1992al).

Quaternary sediments are primarily present in the coastal areas and in proximity
of the glacier margins (Dallmann, 2015). They consist in greater parts of moraine
deposits, raised shore deposits and glacio-fluvial deposits (Dallmann, 2015). Block
fields cover greater parts of the island (Hjelle, (1993).
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Figure 3.2: Detailed map covering the geological formations and structures on Bar-
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3.4 Glaciers of Barentsgya

3.4 Glaciers of Barentsgya

The ice cap Barentsjgkulen covers 42% of Barentsgya with an area of 509 km?
(GLIMS, 2018). Multiple outlet glaciers drain the ice cap (Table [3.1]).Besselsbreen,
Duckwitzbreen and Freemanbreen are considered to be the main outlet glaciers while
smaller glaciers such as Augnebreen, Handbreen, Willybreen, Isormen, Reymond-
breen and Hiibnerbreen in the east of the island play a less important role in the
drainage of the ice cap (Figure (Blaszczyk et all, [2009; [Martin-Moreno et al.)
2017).

The ice cap has a maximum ice thickness of 270 m with parts its bed at pressure
melting point leading to a basal hydrological system in place (Dowdeswell and Bam-
ber} |1995). Snow line elevation has been measured at 350 m a.s.l. on the eastern
flank and at 400 m a.s.l. on the western flank of Barentsjgkulen (Dowdeswell et al.,
1995). Glacier terminus observations have shown a negative mass balance for the
outlet glaciers of Barentsjokulen. |Dowdeswell et al.| (1995) suggest that changes in
the mass balance are climatically-induced.

This thesis focuses on the above named larger outlet glaciers as all of them are
or used to be marine-terminating in recent history. Comparatively high-resolution
bathymetric data enable mapping of recent subglacial landforms and reconstructing
the history of the Barentsjskulen ice cap.

Table 3.1: List of main outlet glaciers on Barentsgya based on |Lefauconnier and
Hagen| (1991), [Hagen et al.| (2003)) and [NPI| (2003). Length and area are
based on GLIMS (2018).

Glacier name Coordinates| Area | Length | Type | Frontal Flow
[km?] | [km] Characteristics | Direction

Augnebreen 78° 30" N 69.1 | 16.1 outlet | calving N
21° 41" E

Besselsbreen 78° 32" N 122.2 | 18.8 outlet | calving N
21° 32’ E

Duckwitzbreen | 78° 20’ N 86.5 | 14.7 outlet | calving SW
20° 30" E

Freemanbreen | 78° 15’ N 89.7 | 184 outlet | calving S
21° 30" E

Hiibnerbreen 78° 20" N 48.1 | 14.9 outlet | land E
22° 00" E terminating

Reymondbreen | 78° 20" N 31.6 |88 outlet | land SE
22° 00" E terminating

Willybreen 78° 30" N 7.2 5.5 outlet | Piedmont NE
22° 00" E
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3 Regional Setting

3.4.1 Besselsbreen

Besselsbreen is located in the north-eastern part of Barentsjgkulen. The tidewa-

2 and has a maximum length of 18.8

ter glacier covers an area of approx. 122 km
km (GLIMS, 2018). Separated by a medial moraine, the glacier terminates into
Dorstbukta west of Augnebreen. First evidence of the glacier’s terminus position
is an oblique photograph acquired by the Norwegian Polar Institute (NPI) in 1936
(Figure [3.3).

In 1936, the glacier extended over the eastern coast line but was constrained along
its western shoreline. The lateral moraine to the west suggests that Besselsbreen
reached its maximum before 1936 most likely during the LIA (Lefauconnier and Ha-
genl, [1991). The glacier forms a low-gradient large lobe into the sea with a smooth,
uncrevassed surface. The front edge appears to be situated only a few meters above
the surface and the tongue is interpreted to be nearly floating (Lefauconnier and
Hagen, |1991). The presence of tabular icebergs (Figure supports the idea of a
temporarily floating glacier terminus (Dowdeswell, 1989; |Ottesen et al., 2017).
With most of its basin situated below equilibrium line altitude in 1936, Besselsbreen
is prone to retreat (Lefauconnier and Hagen| |1991). Glacier retreat is also visible
above sea level at the glacier boundary. Continuous retreat has been recorded since
1936 with the lateral moraine on the eastern side of the glacier front being washed
away (Figure . Lefauconnier and Hagen| (1991)) estimate retreat rates of 100 =
between 1936 and 1970 and a stagnation of retreat rates to 30 2 after 1970 (Figure
. Thus, the glacier front has retreated from a basin with 60 m depth to a shallow
sea area (Lefauconnier and Hagen, [1991)).

Ottesen et al.| (2017)) created a submarine geomorphological map of the submarine
glacier forefield of Besselsbreen. The created map shows a ridge separating an east-
ern and a western basin and a large terminal ridge suggested to be either from
LIA maximum position or an earlier surge. Although no surge has been recorded
for Besselsbreen, Ottesen et al.| (2017) assume the presence of rhombohedral ridges
may be indicative for strong basal crevassing often associated with surge activity.
Nonetheless, [Lefauconnier and Hagen| (1991) classify the glaciers Besselsbreen in
combination with Augnebreen as glaciers which are able to surge in the near future
but are less likely to do so.

The glacier can also be found under the name Defantbreen (Bidel, [1960) in combi-
nation with Augnebreen.

3.4.2 Duckwitzbreen

Duckwitzbreen is a glacier located on the western part of Barentsgya. With a length
of 14.7 km, the glacier covers 86.5 km? (GLIMS, 2018). The former tidewater glacier

20



3.4 Glaciers of Barentsgya

Figure 3.3: Aerial photographs of Besselsbreen demonstrating glacier terminus
movement through time (NPI, 1936 and 2010).

used to terminate into Storfjorden.

Duckwitzbreen was first noted by von Heuglin| (1872) who described the presence

of a moraine along the entire front (van der Meer, 2004). Based on Heuglin’s de-

scription, (1929) interprets the moraine as a push moraine. A map from the
Russo-Swedish expedition in 1901 shows the glacier front in the same place (Figure

. In 1919, [Tyrrell (1921) discover that the glacier front had advanced 5.4 km

partly overrunning Anderssongyane (Figure [3.5). Previous moraine material was

pushed sideways instead of overrun. The southern part of the glacier’s terminus
shows tremendous folding, crumpling and contortion of the stratigraphic planes of
the ice (Figure (Tyrrell, 1922). |Gripp| (1929) describes the ice lobe as only
marginally extended leaving secondary push moraines at the sides.
and Hagen| (1991)) explain the advance by a surge that occurred either in the same

or the previous two years. |Liestgl (1993) determines 1918 as surge year.

Figure 3.4: Photograph of the SW end of Duckwitzbreen. The right side shows a
considerably lowered glacier surface linked to a profound push moraine

complex to the left side. Modified by (1929)).
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3 Regional Setting

Aerial photographs show Duckwitzbreen relatively close to its maximum extension
in 1936 (Figure [3.5]). The surface was still interrupted by numerous crevasses and
the marine part of the moraine showed waves characteristic for push moraines. A
depression was visible in the upper basin with a step of geological origin 5-6 km
away from the shore line. Small icebergs produced by calving were presumably

stopped by the end moraine (Lefauconnier and Hagen| 1991). |Lefauconnier and
(1991) describe the retreat rates as very low and names ablation by melting
a more important factor for ice-mass loss. On later observations and at present, it

appears that most large parts of the frontal moraine have been washed away.
Duckwitzbreen likely reached its maximum extension during its surge in 1918 and

has not been recorded surging since then (Lefauconnier and Hagen| 1991)). Due

to shallow sea, thick sediments and the frontal push moraine, no extensive calving
occurred as usually typical for surging glaciers (Solheim, |1986)).

Presently, Duckwitzbreen is no longer a tidewater-glacier as it retreated on land.
It is now in the process of building a new land-based frontal moraine (Figure |3.5))

(Lefauconnier and Hagen| [1991)).

Duckwitzbreen has previously been mentioned as Andersons-Gletscher, Duckwitz
Gl (von Heuglin, 1872)) and Gregory Glacier (Tyrrell, 1921) (NPI, 2003).

%
2010

Figure 3.5: Historical map of Duckwitzbreen (left) demonstrating terminus position

previous to and after surge in 1918, modified by van der Meer| (2004)).
Aerial images showing Duckwitzbreen’s terminus position in 1936 (cen-
tre) and 2010 (right) (NPI, 1936 and 2015).

3.4.3 Freemanbreen

Freemanbreen is a tidewater outlet glacier of Barentsjgkulen located in the south of
Barentsgya which terminates into Freemansundet. The glacier is 18.4 km long and
covers and area of 89.7 km? (GLIMS, 2018). First visual evidence of Freemanbreen
can be found on aerial photographs by the NPI in 1936 (Figure .
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1970 2010

Figure 3.6: Aerial photographs of Freemanbreen. Rapid advance due to surging
between 1955 and 1956 is clearly visible by comparing the images of
1936, 1956 and 1970. Today, the glacier is about to retreat on land and
is unlikely to surge again (NPI, 1936, 1956, 1970 and 2015).

In 1936, Freemanbreen appears to be retreating from an important maximum ex-
tension which it has reached many years before (Lefauconnier and Hagen| [1991)).

Based on the morphology of lateral moraines on shore, the glacier developed a very
large lobe into the sea. Marine maps published in 1987 support the idea by large
arc-shaped ridges under water (Lefauconnier and Hagen, 1991)).

Freemanbreen was recorded surging between 1955 and 1956 (Liestgl, [1993)). The
glacier did not reach its previous maximum position during the surge but produced
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two submarine moraine ridges with a distance of 200 m (Lefauconnier and Hagen,
1991). A third ridge about 800 m to 1000 m downstream is classified to have been
established by the LIA maximum by Lefauconnier and Hagen| (1991). A comparison
of aerial photographs shows differences in glacier terminus behaviour (Figure |3.6]).
The first rapid advance is associated with the active phase of a surge and the second
is a more general retreat from moraine systems likely dating from a LIA maximum
linked to changing environmental conditions (Figure (Dowdeswell and Bamber,
1995).

Retreat rates were slow after the recorded surge with frontal position significantly
close to surge position (Figure . Lefauconnier and Hagen (1991)) estimates re-
treat rates to less than 10 ' accelerating to about 90 =+ after 1970.

Freemanbreen has previously been named Ascherson Gletscher (von Heuglin, [1872)
and Freeman Strait Glacier (NPI, 2003]).

3.4.4 Other Glaciers

The following glaciers are part of the Barentsjgkulen ice cap and terminated into
the sea at their maximum extension. However, due to lack of multibeam bathy-
metric data and their limited extent compared to previously mentioned glaciers, no
geomorphological mapping was carried out in front of these glaciers. Nevertheless,
their existence cannot be overseen and they do contribute to the dynamics of the ice
cap. Furthermore, their glacier retreat has to be taken account of when calculating
overall ice loss for Barentsjokulen since the LIA.

Augnebreen

Augnebreen is a glacier located east of Besselsbreen in the northeastern corner of
Barentsgya. The two glaciers are separated by a medial moraine ridge reaching all
the way to the termini. Higher up, the two glaciers are disconnected by lake Auga
(Figure . The tidewater glacier is 16.1 km long and covers an area of 69.1 km?
(GLIMS, 2018).

Equally to Besselsbreen, first evidence of Augnebreen’s terminus extent can be found
on an oblique photograph from 1936 (Figure . At that time, the northern lobe
of the glacier reached the shoreline but no calving was effective (Lefauconnier and
Hagen, [1991). No surges are recorded for Augnebreen but Lefauconnier and Hagen
(1991)) classify the glacier in combination with Besselsbreen as able but less likely
to surge in the near future.

Today Augnebreen’s terminus shape (Figure is very rounded making future
surges unlikely. The glacier does terminate into Dorstbukta such as Besselsbreen.
Nevertheless, Besselsbreen is the driving glacier in between the two and had major
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3.4 Glaciers of Barentsgya

impact on the seafloor, while little retreat can be observed from Augnebreen.
(1960) names the glacier Defantbreen combining Augnebreen and Besselsbreen
as one glacier.

Figure 3.7: Aerial photograph of Augnebreen in 2015 demonstrating the rounded,
low-crevassed tongue (Anders Skoglund (NPI), 2015).

Hiibnerbreen

Hiibnerbreen is a land-terminating outlet glacier located in the eastern part of Bar-
entsgya (Figure . The glacier has a length of 14.9 km and covers an area of
48.1 km? (GLIMS, 2018). First information about the glacier can be found on aerial
photographs taken in 1936.

Based on the analysis of the morphology of lateral moraines and grounded till, it
is suggested that Hiibnerbreen has reached the sea during its maximum extension

(Lefauconnier and Hagen| 1991)). The glacier has likely formed a large lobe into the

sea and calving must have occurred. Taking into account that the glacier terminus
was located 2 km from the shoreline in 1936, the maximum extension presumably
was reached a long time before but cannot be pinned down to the LIA
and Hagen| 1991).

Hiibnerbreen was almost split into an upper and a lower part during its retreat. A

boundary between those two parts appears as a depressed area on the surface and is
caused by an important subglacial drainage system stretching over the entire width
of the glacier (Lefauconnier and Hagen| 1991). Subglacial channels connected two
lateral lakes.
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In 1936, the two parts of the glacier were marked by an important step. While
the upper part showed a significant number of crevasses and very convex lateral
moraines, the subglacial drainage between the two parts was turned off (Lefaucon-
nier and Hagen, 1991)). As a result, only the upper part is assumed to have been
affected by a surge which had already ended by 1936 (Lefauconnier and Hagen,
1991).

Hiibnerbreen acted as a buffer for Reymondbreen’s surge in 1956 with its lower part
being severely affected by the surge. Large parts of the surge energy of Reymond-
breen was dispersed into Hiibnerbreen’s front. Nonetheless, the two glaciers did
not advance all the way to the sea as otherwise expected (Lefauconnier and Hagen,
1991).

The glacier has also been mentioned as Hibner Gl. (von Heuglin| |1872) and Ritter-
Fis (Budel, [1960).

Reymondbreen

Reymondbreen is a land-terminating outlet glacier in the eastern part of Bar-
entsjokulen (Figure . The glacier expands over a length of 8.8 km and covers
an area of 31.6 km? (GLIMS, 2018). It is first visible on aerial photographs in 1936.
Like Hiibnerbreen, Reymondbreen reached the sea well before its first recognition in
1936 (Lefauconnier and Hagen, [1991)). Aerial images from 1956 show Reymonbreen
surging. The neighbouring glacier’s front was highly affected by the surge as pres-
sure ran diagonally towards it (Lefauconnier and Hagen| [1991)). This is also visible
on aerial images in 1970 as the glacier front was continuously vertical.

As most energy of its surge was dispersed into Hiibnerbreen, Reymondbreen did not
reach the sea in 1956.

Willybreen

Willybreen is a small outlet glacier in the east of Barentsgya and north of Hiibner-
breen and Reymondbreen. The glacier covers an area of 7.2 km? with a length of
5.5 km (GLIMS, 2018).

The glacier developed a lobe into the sea at its maximum extension. Nevertheless,
calving hardly occurred (Lefauconnier and Hagen, |1991). Willybreen receded from
being a tidewater to a land-terminating glacier between 1936 and 1970 (Lefauconnier
and Hagen, 1991). Willybreen has also been named Nansen Gl. in the literature
(NPL 2003).
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4.1 Material

4.1.1 Bathymetry

High-resolution swath bathymetry datasets covering the submarine glacier forefields
of Freemanbreen and Besselsbreen were collected by the Norwegian Hydrographic
Service (NHS) in 2007 using the Kongsberg echosounder system EM3002D and EM
3000, respectively. The data were gridded to a 10 x 10 m isometric grid.

In 2013, a high-resolution swath bathymetric dataset at Duckwitzbreen’s submarine
glacier forefield was collected by UNIS using the Kongsberg EM2040 multibeam
echosounder installed on UNIS’ small research vessel "Viking Explorer’. These data
were gridded using a grid cell size of 2 x 2 meters.

The depth data collected by the NHS were reproduced according to the permission
13/GT706.

4.1.2 Satellite Imagery and Aerial Imagery

Aerial images of the glacier fronts of Besselsbreen, Duckwitzbreen and Freemanbreen
were collected in 1936, 1970, 2010, 2011 and 2015 (Table . The images were
reproduced during flight campaigns carried out by the Norwegian Polar Institute.
Images from 1936 and 2015 were taken at an oblique angle while the rest is vertically
oriented. Aerial images taken in 2010 and 2011 were retrieved by taking screenshots
of TopoSvalbard (NPI, 2018).

4.1.3 Historical Maps

A map covering the terminus position of Duckwitzbreen in 1901 drawn by Vasiliev
and later modified by Tyrrell (1921)) was copied from jvan der Meer| (2004) (Figure

3-5).

4.1.4 GLIMS Glacier Database

The GLIMS Glacier Database is a project monitoring glaciers worldwide. Opti-
cal satellite instruments such as SPOT-5 and ASTER gather the data. Work on
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Svalbard is implemented in collaboration with the NPI. Glacier margins and area
measurements of Barentsgya’s glaciers were captured in the years 2001, 2004 and

2008 (Table [4.1)).

4.2 Methods

4.2.1 Geomorphological Mapping

Based on the analysis of bathymetric data, geomorphological maps of submarine
landforms in front of three tidewater outlet glaciers were generated for Besselsbreen,
Duckwitzbreen and Freemanbreen. Geomorphological mapping as a method has
developed considerably over the years as the understanding of landform formation
improved (Smith et al., [2011)).

Multibeam swath bathymetric datasets were visualised in 3D, and cross-sections
were drawn using the QPS Fledermaus software package. Geomorphological map-
ping was carried out in ArcMap 10.4.1. Bathymetric datasets were visualised and
analysed both in colour and grayscale.

Landforms were distinguished by their shape and surface texture. Cross-sections
were created using Fledermaus and were consulted to confirm landform interpreta-
tion. Geomorphological maps were compiled using ArcMap in a scale of 1:75,000 for
Besselsbreen, 1:15,000 for Duckwitzbreen and 1:20,000 for Freemanbreen.

4.2.2 Georeferencing and Projection

All data imported to ArcMap was georeferenced using the UTM 33N coordinate sys-
tem and projection, and WGS84 datum. While bathymetric datasets were already
georeferenced, the aerial images required rectifying and georeferencing. Mountain
tops, river bends and coast lines were identified on the satellite basemap as ground
control points to georeference aerial image screenshots from the years 2010 and
2011 in ArcMap. Overlapping screenshots were then georeferenced to each other
also using snow patches, whenever necessary.

4.2.3 Symbols and Legend

Surface covers and larger landforms are represented by polygons (Figure [5.1]). Elon-
gated landforms such as glacial lineations, eskers and channels are represented by
polylines.

In order to maintain consistency, similar legends and symbols were applied to all
maps for landforms both on land and under water.
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Table 4.1: List of data types and sources utilised for geomorphological mapping.

Year | Source Data Type Resolution/ | Original numbers
scale
1901 | van derl | Historical 1: 150,000 | -
Meer| (2004)) | Map
1936 | NPT Oblique aerial | 3000m alti- | S36 3638, 3680, 3841
image tude
1956 | NPI Oblique aerial | - S56_ 1393
image
1970 | NPI Vertical aerial | - S70 4568
image
1991 | [Lefauconnier | Maps 1:100,000 Glacier front position
and Hagen reconstructed based on
(1991) aerial imagery
2001 | GLIMS Glacier infor- | - 104032 (Handbreen),
mation, ESRI 104033 (Augnebreen)
Shapefiles
2004 | GLIMS Glacier infor- | - 104027 (Hitbnerbreen,
mation, ESRI 104028 (Reymondbreen),
Shapefiles 104030 (Isormen),
104031 (Willybreen)
2007 | NHS Bathymetry 10 x 10 grid | Barentsgya
2008 | GLIMS Glacier infor- | - 103897 (Besselsbreen),
mation, ESRI 103907 (Freemanbreen),
Shapefiles 103908 (Duckwitzbreen),
103909 (Solveigdomen S),
103910 (Solveigdomen N)
2010 | NPI Vertical aerial | 40-50 cm 13920/616, 652, 654, 730,
image 737, 739, 741, 755, 757,
774, 776
2010 | NPI DTM 5m -
2011 | NPI Vertical aerial | 40-50 cm 25166/16
image
2013 | UNIS Bathymetry 2 x 2 grid Duckwitzbukta
2015 | NPI Oblique aerial | - NP057864, NP061759,

image

NP061986
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4.2.4 Ice Front Position Reconstruction

Barentsjgkulen has been in overall retreat since the LIA (Dowdeswell and Bamber)
1995). An overview map of Barentsgya showing glacier terminus position in the
past was created in a scale of 1:115,000. Ice front positions were reconstructed using
available historical maps, Esri shape files provided by the GLIMS glacier database,
aerial imagery and ice front position maps previously published by [Lefauconnier and
Hagen| (1991)) (Figure [5.9) Table [4.1)).

Two glacier front positions of Duckwitzbreen were reconstructed using historical
maps. Aerial images were used to reconstruct ice front position in 1936, 1970,
2010 and 2011. Five ice front positions were reconstructed by georeferencing maps
provided by |Lefauconnier and Hagen| (1991). The ice front positions in 2008 are
based on the Esri shape files provided by the GLIMS glacier database. Ice front
positions from 2012 are based on the satellite basemap provided by the Norwegian
Polar Institute. LIA ice front position of Besselsbreen are based on the position
of their submarine terminal moraine ridges interpreted to have been formed during
LIA maximum extent.

4.2.5 Ice Loss Calculation

The area of ice loss since the LIA was calculated using swath bathymetric data,
the historical map of Duckwitzbreen and aerial imagery. LIA maximum extension
were interpreted based on terminal moraine positions on land and under water.
ESRI shape files provided by the GLIMS glacier database were used for current
glacier extension (GLIMS, 2018). Areas between maximum extension and the shape
files were mapped and calculated in ArcMap 10.4.1. The calculated area was then

compared to |[Dowdeswell et al.| (2018) (Figure |5.10)).
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Three geomorphological maps were created covering the marine glacier forefields
of Besselsbreen (Figure [5.2)), Duckwitzbreen (Figure and Freemanbreen (Fig-
ure . The maps cover a seafloor area of 98.4 km? at Besselsbreen, 8.78 km? at
Duckwitzbreen and 9.70 km? at Freemanbreen. Additionally, prominent geomorpho-
logical features were mapped in the subaerial forefields of the glaciers. Furthermore,
aerial images of the entire island were studied to detect glacial landforms helpful for
the reconstruction of Barentsjgkulen’s dynamics.

The subaerial data were acquired in 2010 and 2011 while multibeam bathymetric
data was obtained during two campaigns in 2007 at Besselsbreen and Freemanbreen
and in 2013 in Duckwitzbukta.

Small gaps between submarine and subaerial datasets occur in coastal areas where
ships were unable to navigate due to shallow water depth.

As this work focuses mostly on submarine data, terrestrial mapping covers larger
and more prominent landforms such as moraine ridges, smaller ridges and eskers.

Glacial Lineations — Retreat Moraines
Esker - Bedrock
— Outline Kettle Holes
Channels Debris-Flow Lobes
—— Lobate Ridges Medial Moraine
Rhombohedral Ridges Terminal Moraine

Crescentic Ridges

Figure 5.1: Legend for geomorphological maps. Similar symbology has been used
for all glacier forefields.
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Figure 5.2: A) Bathymetric map of Dorstbukta in front of Besselsbreen and B) its
geomorphological interpretation. Squares indicate zoomed-in areas in

Figures [5.0) and [5.8]
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Figure 5.3: A) Bathymetric map of Duckwitzbukta and B) its geomorphological in-
terpretation. The squares indicate zoomed-in areas in Figure Cor-
responding cross-section to indicated line is visible in Figure .
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Figure 5.4: A) Bathymetric map of Freemansundet and B) its geomorphological in-
terpretation. C) cross-section of terminal moraine ridges, extent indi-
cated in A). D) cross-section of small retreat moraine and corresponding
depression, extent indicated in A).
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5.1 Submarine Landforms

5.1.1 Streamlined Bedforms - Glacial Lineations
Description

Elongated, fjord-parallel, streamlined bedforms were observed within the areas of
the terminal moraine ridges of Besselsbreen (Figure and Freemanbreen (Figure
. Their lengths vary from 500 m up to 5 km. Heights of up to 2.7 m were
measured and widths range from ~10 to ~20 m. This yields maximum elongation
ratios (E = i) of 1:25. For Besselsbreen, the streamlined bedforms are in general
unevenly spaced, and they are orientated in a fan shape with azimuth angles between
315° and 20°. A number of streamlined bedforms are partially overprinted by small
transverse ridges. At Freemanbreen, the subparallel set of bedforms occur around 3
km south of the glacier front (Figure [5.4)).

A third set of elongated streamlined bedforms was identified north of the terminal
moraine ridge of Besselsbreen (Figures and C). Their lengths range between
500 m and 2000 m with an orientation subparallel to the terminal moraine ridge.
One of the linear features appears to be overridden by the lobate features originating
from the terminal moraine ridge (Figure [5.6A).

Interpretation

The streamlined characteristics and elongation ratios of the bedforms lead to the
interpretation as glacial lineations produced by soft-sediment deformation at the
glacier-bed interface (Stokes and Clark, 2002; King et al., [2009; Robinson and
Dowdeswell, |2011)). Glacial lineations are common features in Svalbard fjords and
submarine troughs (Ottesen et al., 2008; [Hogan et al., 2010a; |[Flink et al., 2017b;
Flink and Noormets| [2017¢). The determined elongation ratios are within the char-
acteristic ratio of 10:1 for mega-scale glacial lineations. Mega-scale glacial lineations
are interpreted to typically form under fast-flowing ice. Usually, they have a length
of 100-200 km and widths of several km (Stokes and Clark, |2002; |Ottesen et al.,
2008). The glacial lineations found in front of Besselsbreen and Freemanbreen do
not fit into the criteria to be of mega sale. Nevertheless, their elongation ratio is an
indicator of fast flowing ice in soft deformation tills (Stokes and Clark} 2002; King
et al., 2009). The fan-shaped orientation of lineations is likely due to the lack of
constraining fjord sides in Dorstbukta (Ottesen et al., [2017) and Freemansundet.
Glacial lineations are often used as indicators for fast-flowing ice in connection with
glacier surges (Stokes and Clark, [2002; |Ottesen and Dowdeswell, 2006; King et al.,
2009). The lineations at Besselsbreen most likely formed during a major advance
of Besselsbreen that also formed the terminal moraine. The glacial lineations at
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Freemansundet are interpreted to be the results of Freemanbreen’s surge in 1955
and 1956.

Based on their orientation vertical to ice flow direction and their location outside
of the major transverse ridge, the glacial lineations situated north of Besselsbreen’s
terminal moraine are interpreted to have formed by a separate ice flow. The sug-
gested ice flow at the time of formation is from SW to NE. Ice flow direction is in
accordance with |Landvik et al| (1992al) suggesting similar ice flow during disinte-
gration of the SBSIS during Late Weichselian.

5.1.2 Large Transverse Ridges - Terminal Moraines
Description

Large transverse ridges are present in all studied submarine and subaerial glacier
forefields. The outer margin of Besselsbreen’s submarine glacier forefield is marked
by a prominent, continuous ridge stretching from the western to the eastern shore
(Figure . The ridge is divided into two arcuate components, and is located ~12
km from the present glacier front. Its crest ranges in height between 20 m to 30 m
compared to the surrounding terrain with its width varying between 500 m and 1.8
km (Figures and B). At its glacier-distal end, an often uniform slope with a
slope angle of 3° is observed dropping down and marking the end of the basin. The
glacier proximal slope declines a an angle around 1°.

On land, the western part of Besselsbreen’s glacier forefield is marked by a north-
south trending discontinuous ridge which starts approx. 6 km from the glacier front
and merges with Besselsbreen’s lateral moraine (Figure ) The ridge is split in
several parts by fluvial systems with sections ranging in width between 200 m and
500 m. The outer ridge flank exhibits a steeper gradient than the inner/glacier
proximal part. The eastern part of he subaerial glacier forefield exhibits a folded
ridge which appears to be a continuation of the subaqueous ridge which merges with
the ice front in the south. The ridge ranges in width between 100 m and 600 m with
a steeper slope gradient on the glacier distal side. The surface is affected by erosion
and several fluvial systems cutting it.

In front of Duckwitzbreen, a large submarine transverse ridge stretches along the
western extent of the bathymetric dataset Figure . The dataset does not cover
the full extent of the ridge likely caused by the landform reaching above 10 m be-
low sea level making ship navigation unsafe. However, a small track (Figure )
collected while the boat went inside the glacier forefield indicates the presence of
a large transverse ridge. The dataset demonstrates the eastern part of a large arc-
shaped ridge which stretches over ca. 3.5 km. The displayed slope ranges between
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10 m and 23 m below sea level over a width of up to 500 m. The crest of the ridge
reaches up to 4 meters below sea level giving the ridge a total height of 19 m. The
submarine ridge is asymmetrical with a steeper glacier distal slope of 3.5°-4° and
a shallower slope of 1.5° on the glacier proximal side (Figure [5.5). Due to limited
mapping, little can be said about the glacier distal part of the ridge.

A set of two N-S aligned, medium cross-fjord ridges occur in the centre of the basin
in front of Duckwitzbreen, separating the dataset in an eastern and a western basin
(Figure [5.7A). The most prominent ridge lies to the west. The multi-crested ridge
is 250 m wide at its widest point and reaches a height of 13 m. The ridges are
asymmetrical with a steeper slope of 10°-15° on the glacier proximal side and a
more gradual slope of 8°-10°n the glacier distal part (Figure ) More narrow
ridges surround the bigger ridges and range between 100 m and 160 m in width with
heights between 7 m and 9 m. The ridges have a slight crescentic shape which is
convex to the ice front.

On land, two E-W aligned ridges can be found in the northern and southern glacier
forefields of Duckwitzbreen. They both start around the position of the medium
transverse ridges and stretch for more than 3 km until they join with the lateral
moraines of the present glacier. Their width varies between 100 m and 800 m. Oc-
casionally, the ridges are interrupted by fluvial systems.

Three major transverse ridges (T1, T2, T3) were identified in the bathymetric
dataset in front of Freemanbreen (Figure . The first two ridges, T1 and T2,
are located approximately 3 km away from the ice front with only 200 m distance in
between (Figure [5.4C). Due to data limitations, not the entire extent of the ridges
could be mapped. However, visible parts of the ridges suggest that all three ridges
are arc-shaped. The most prominent parts of the ridges are visible in the east but
similar ridge features also appear on the western side with corresponding heights
and extent. Ridge T'1 measures a height of 6 m while ridge T2 reaches up to 10 m
in height (Figure ) Both ridges have an asymmetrical shape with steep glacier
proximal slopes (3.5° and 2.5°) and shallower glacier distal slopes (2.3° and 2°), re-
spectively.

Ridge T3 is located 800 m to 1000 m further east of ridge T1 and T2. The ridge
is only 4 m high and exhibits an opposite asymmetrical shape with a steep glacier
distal slope of 1.5° and a gradually ascending slope of 0.7° from ridge T2 to ridge
T3 (Figure [5.4C).

On land, several large ridges were identified using aerial imagery (Figure |5.4B). On
the eastern side of Freemanbreen, two discontinuous major ridges were located with
around 250 m distance in between (Figure [5.4B). The ridges are oriented from NW
to SE parallel to the ice margin. The ridges seem to connect with the submarine
ridges. To the west, a similar set of major ridges was identified on land. They are
also located parallel to the ice margin which is oriented almost N-S striking. The
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ridges are discontinuous but meet up with the western part of the submarine ridges.

Interpretation

The large transverse ridges are interpreted as terminal moraines that stretch along
the submarine and subaerial datasets. Shape and dimension concur with previously
described terminal moraines on Svalbard (Ottesen and Dowdeswell, [2006], 2009; Kris-
tensen et al.; 2009 Ottesen et al., [2017). Terminal moraine ridges form by advanc-
ing glacier fronts pushing up sub- and proglacial sediments in front of their termini
(Boulton et al., 1996 [Kristensen et al., [2009)). While terminal moraine ridges on the
western part of Svalbard are often associated with LIA maximum extent (Lefaucon-
nier and Hagen, 1991; [Plassen et al., 2004 Ottesen et al., 2008]), new evidence in
eastern Svalbard suggests that terminal moraines may have formed through surges
prior to the LIA (Flink et al., 2017a; Flink and Noormets, [2017¢).

The presence of only one large terminal moraine in front of Besselsbreen indicates
that it was formed by one major glacier advance, possibly the LIA (Lefauconnier and
Hagen, 1991)). The large ridges on land are a subaerial continuation of the terminal
ridge. At Duckwitzbreen, the presence of two terminal moraines in front suggest
at least one glacier surge. Based on a historical map (Figure [3.5)) it is suggested
that the outer moraine ridge was formed during the surge in 1918. Thus, the inner
moraine ridges are interpreted to be the overwritten remains of the terminal moraine
existing before the surge. At Freemansundet, three terminal moraine ridges suggest
three major glacier advances. One surge was observed between 1955 and 1956 form-
ing the innermost terminal moraine. Ridge T2 is interpreted to have formed during
Neoglacial maximum extent, while the outermost terminal moraine is interpreted
have formed at an earlier stage during the Holocene.
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Figure 5.5: Cross-section of terminal moraine in Duckwitzbukta. For reference
points, see Figure [5.3] The central gap is a result of missing data.
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Figure 5.6: A) Landforms and their corresponding cross-sections occurring in front
of Besselsbreen, see Figure for reference. B) cross-section of termi-
nal moraine, C) cross-section of glacial lineations outside of the glacier
forefield, D) cross-section of medial moraine, E) cross-section of evenly
spaced retreat moraines. 39
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5.1.3 Sediment Lobes - Debris-Flow Lobes

Large, lobate accumulations of sediment cover the glacier distal flank of Bessels-
breen’s submarine terminal moraine ridge (Figure . The coalescing lobes cover
an area of 6.2 km2. The sediment lobes have a maximum width of 1.2 km. As
they mark the transition between terminal moraine slope and lobate features, they
stretch between water depths of 40 m to 50 m and 55 m to 70 m at the sea bottom.

Interpretation

Based on their shape, surface and position, the sediment lobes are interpreted as
debris-flow lobes (Dowdeswell et al., [2016b; Ottesen et all 2017). Debris flows are
often caused by slope failure of sediments delivered by deforming subglacial layers
(Dowdeswell et all 2016b). |Ottesen and Dowdeswell (2006 often associate debris-
flow lobes with debris extruded from glacier termini during surge events. However,
no surge has been recorded for Besselsbreen since the LIA. The timing when the
debris flow occurred is difficult to assess but likely it happened shortly after the
formation of moraine ridge.

5.1.4 Large Parallel Ridge - Medial Moraine
Description

At Besselsbreen, a major submarine ridge separates the submarine basin into an
eastern and a western part (Figure . It stretches from the terminal moraine
almost to the current glacier front. Some discontinuations occur with almost 2 km
missing in the central part. The ridge shows a fairly symmetrical shape with a width
between 500 m and 1000 m and a height of ~18 m. Slope angles range from 6° on
the western side and 8° on the eastern side (Figure [5.6D).

Interpretation

Based on its parallel orientation to ice-flow direction, the ridge can be interpreted
as medial moraine (Benn and Evans, 2010). Medial moraines often form by the
redistribution of supra-, en-, and subglacial debris in shear zones between converg-
ing glaciers (Sharp, |1988b; Noormets et al., |2016). Nonetheless, the ridge is not
connected to the subaerial moraine located between Besselsbreen and Augnebreen
(Ottesen et al., |2017). Medial moraines may mark former ice-flow paths.
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5.1.5 Small Transverse Ridges - Retreat Moraines
Description

A significant number of small ridges was identified in the two submarine basins in
front of Besselsbreen (Figure . The ridges are oriented subparallel to the terminal
moraine ridge with lengths at 300-1000 m (Figure ) Heights range between 2
m and 6 m. In the eastern basin of Dorstbukta, a set of parallel small transverse
ridges was observed with a regular spacing of ~100 m (Figure [5.6E). The ridges are
slightly asymmetrical with a steeper glacier distal slope of 4.5° and a more gradual
glacier proximal slope of 3.5°.

Small transverse ridges were mapped in the eastern part of the basin in front of
Duckwitzbreen (Figure . A series of evenly spaced NE-SW aligned ridges occurs
with an angle of a 45° to ice-front position (Figures and E). The ridges are
between 200 m and 350 m long, up to 30 m wide and 2.5 m high. They exhibit an
asymmetrical shape with a glacier distal slope of 10° and a glacier proximal slope
of up to 20°. A major sequence appears in the central part of the eastern basin
stretching from the ice front to the overrun terminal moraine ridge. There is a
second set visible but oriented SW-NE striking. The ridges in the northern part are
symmetrical.

At Freemansundet, small transverse ridges are observed ranging between 300 m and
2 km. The ridges are 2-4 m high and and up to 30 meters wide. Three ridges in ice-
front proximity are more prominent with heights of up to 10 m and width between
100 m and 200 m (Figure ) The three ridges have a concave glacier-proximal
side. Rounded depressions occur on the glacier distal side of the ridges.

Interpretation

The ridges are interpreted as retreat moraines which form during minor glacier
advances and winter stillstands (Solheim, [1991; Boulton et al., 1996} |Ottesen and
Dowdeswell, [2006). The regular spacing between ridges indicates a formation during
uniform retreat or time windows. They often override glacial lineations (Solheim,
1991} |Ottesen et al.l [2008) as they are formed during glacier retreat. This is also the
case in the glacier forefield of Besselsbreen. This and and the even spacing suggest
that the retreat moraines formed during slow retreat after Besselsbreen had formed
its terminal moraine ridge. The ridges cannot be retraced to specific years due to
missing observational data.

At Duckwitzbreen, despite their orientation of 45° to the ice front, the even spacing
and the asymmetric shape of the ridges suggest formation by ice push (Boulton
et al., (1996 and thus are interpreted as retreat moraines.

The three larger transverse ridges may have formed during major stillstands of
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Figure 5.7: Landforms in front of Duckwitzbreen and their corresponding cross-
sections, see Figure for reference. A) and D) Overwritten terminal
moraine ridges, B) Crevasse-squeeze ridges indicated by dashed lines plus
rhombohedral ridges in the lower part of the image and E) cross-section
through evenly spaced small transverse ridges, C) and F) Crescentic
ridges.

Freemanbreen during retreat. In combination with underlying bedrock, the ridges
may have acted as pinning points and affecting retreat behaviour.

5.1.6 Sinuous Ridges - Eskers
Description

Sinuous ridges are observed in the submarine glacier forefields of Besselsbreen and
Duckwitzbreen. Two sinuous ridges are present in the western submarine basin of
Besselsbreen (Figure and two ridges are present in an area proximal to the
glacier front of Duckwitzbreen (Figure . The ridges in front of Besselsbreen are
1.8 and 6.5 km long with widths of 100 m. The eastern sinuous ridge connects the
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mapped scoured bedrock area with the large medial moraine located in the centre of
the basin (Figure [5.8A). The submarine ridges in front of Duckwitzbreen are 100 m
and 400 m long, and up to 30 m wide. All ridges show symmetric cross-sections and
they are 5-14 m high (Figure ). A small, 500 m long sinuous ridge was observed
in the western subaerial glacier forefield of Freemanbreen (Figure [5.4B).

Interpretation

The sinuous shape and the direction of the ridges lead to the interpretation as eskers
that formed by sediment infill in subglacial conduits (Benn and Evans, 2010; Kris-
tensen et al., |2009; |Dowdeswell and Ottesen, 2016; Ottesen et al., 2017). Subglacial
meltwater conduits are often located under medial moraines and eskers also reveal
the location of conduits at the glacier bed (Benn et all 2009; Benn and FEvans,
2010). The eastern esker at Besselsbreen connecting with the medial moraine is
a good example for that (Figure [5.8A). The presence of eskers indicates efficient
subglacial drainage (Shreve, |1985; Kamb et al., (1985 which leads to the conclusion
that they formed after surge stagnation. During the active phase of a surge, sub-
glacial drainage is assumed to be inefficient (Section . Thus, the eskers in front
of Duckwitzbreen likely formed after its surge in 1918. At Freemanbreen, the esker
is interpreted to have formed after Freemanbreen’s active surge phase in the 1950’s.

5.1.7 Sinuous Depressions - Channels
Description

Two SSW-NNE oriented sinuous depressions occur east of the medial moraine of
Besselsbreen (Figure . The depressions are 2 km and 2.5 km long, ca. 2 m deep
and less than 50 m wide.

Interpretation

The sinuous depressions are interpreted as subglacial meltwater channels that were
formed by subglacial meltwater erosion (Hogan et al., [2016). Subglacial meltwater
channels indicate prolonged pressurised water flow (Hogan et al., 2010b). Their
presence in combination with eskers indicate efficient subglacial drainage (Ottesen
and Dowdeswell, 2006).
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Figure 5.8: A) Esker in front of Besselsbreen stretching between bedrock and medial
moraine with corresponding cross-section in C). B) Kettle holes in front
of Besselsbreen and corresponding cross-section in D).
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5.1.8 Geometric Ridge Networks - Crevasse Squeeze Ridges
Description

Small ridges oriented in various directions occur in the submarine glacier forefields
of Besselsbreen (Figure and Duckwitzbreen (F igure. The ridges often cross-
cut each other, forming geometric networks, and they overprint glacial lineations.
The ridges are found close to the terminal moraine of Besselsbreen and in proximity
of the glacier front at Duckwitzbreen (Figure p.7B). Individual ridges are 50-150 m
long, 3-7 m high and 10-15 m wide. The ridges have a symmetrical cross-section.
The majority of the ridges in oriented subparallel to the terminal moraine ridge.

Due to poor data resolution, it is difficult to determine the transition between geo-
metric ridge networks and small transverse ridges in front of Besselsbreen. Therefore,
they are not differentiated in the map (Figure ) However, a detailed descrip-
tion and interpretation of small transverse ridges as retreat moraines can be found

in Section B.1.5]

Interpretation

Similar dimension and geometrical patterns of the ridges lead to the interpretation as
crevasse-squeeze ridges (CSR) (Ottesen and Dowdeswell, |2006; Ottesen et al.| |2008;
Flink et al., [2015; Lovell et al., [2015). As CSRs intersect with retreat moraines, in
front of Besselsbreen, distinction could not be made in the map. However, CSRs are
of smaller size and have a more symmetrical cross-profile. The ridge networks form
through debris injection into basal crevasses due to high subglacial water pressures
with following melt-out (Rea and Evans| 2011)). Due to their size, the ridges erode
easily and/or are prone to burial caused by high sedimentation rates (Flink et al.,
2015). CSRs have been identified as important component of surging glacier land
systems (Evans and Rea, 1999, 2003; Brynjolfsson et al., [2012; Schomacker et al.|
2014). Although CSRs were identified in the glacier forefield of Besselsbreen, the
glacier has not surged since 1936. The CSRs in front of Duckwitzbreen were likely
formed by its crevassed glacier terminus in connection with its surge in 1918.

5.1.9 Crescentic Ridges - Retreat moraines
Description

Crescentic ridges occur in a small, shallow part of the north-eastern part of Duck-
witzbreen’s submarine glacier forefield (Figure ) The roughly evenly spaced
crescentic-shaped ridges occur convex in relation to the glacier front. The length of
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the ridges varies between 200 m and 750 m. The ridges are up to 25 m wide and
around 3 m high (Figure [5.7F).

Interpretation

Although of quite differing shape, the ridges are interpreted as crevasse-squeeze
ridges. Curved crevasses form on the side of ice-streams (Vornberger and Whillans,
1990). They are often of relatively consistent length and curve concave down glacier.
Based on their location in the centre of the glacier and their convex shape, the
mapped ridges are more likely to be retreat moraines formed by a convex-shaped
part of the glacier front in combination with crevasse-squeeze ridges formed by
crevasses formed parallel to the glacier front.

5.1.10 Lobate Ridges
Description

Small, U-shaped ridges cover major areas of the slope on the western side of the
overwritten terminal moraine of Duckwitzbreen (Figure. The lobe-shaped ridges
have an opening towards east and are often arranged in connected systems. They
have lengths between 100 m and 300 m. Their widths range between 50 m and 100
m with a maximal height of 5 meters. The ridges have openings of up to 250 m.
They lie between 18 m and 25 m below sea level.

Interpretation

No exact process can be pinpointed to form the landforms. However, their opening
to the east might indicate that formation was influenced by ice-flow direction.

The ridges could also be caused by icebergs ploughing the seabed - so called iceberg
plough ridges. Yet, iceberg plough ridges usually occur in combination with iceberg
ploughmarks (Dowdeswell et al.,[2016¢) which were not observed in the bathymetric
dataset of Duckwitzbreen. Iceberg ploughmarks often cover long distances (Ottesen
and Dowdeswell, |2006; Ottesen et al., 2008). Another factor is the depth at which
the ridges occur; they do not appear above 18 m below sea level which again,
is an argument against the formation by iceberg keels. Iceberg grounding pits -
rounded pits caused by icebergs ploughing through sediments were also investigated
as possible source (Hodgson et al., 2014)). However, as previously mentioned, no
other iceberg plough marks were observed in the area and the aerial photograph
from 1936 (Figure indicates very little iceberg activity.

Ribbed moraines (Dunlop and Clark|, 2006) were also taken into account as possible
interpretation but appearance, size and the lack of cross-cutting argue against this
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interpretation.
Further research in form of sediment sampling or seismic profiling is required in
order to give a final interpretation.

5.1.11 Depressions - Kettle Holes
Description

Three fairly large depressions covering an area of 0.7 km? were found in proximity
to Besselsbreen (Figures and ) The depressions are almost circular in shape
with ranging diameters of 300 m, 600 m and 800 m. The depressions vary between
12 m and 15 m with raised rims, steep sides and flat floors (Figure [5.8D). At Free-
manbreen, five large depressions were identified (Figure . The depressions are up
to 15 m deep and are between 200 m and 1 km wide. Three of the depressions occur
in combination with transverse ridges on the glacier-proximal side (Figure )

Interpretation

The depressions are interpreted as kettle holes caused by dead-ice melting after
retreat (Benn and Evans, 2010; [Eilertsen et al., 2016; Ottesen et al, [2017). Com-
monly, icebergs get trapped in seabed sediments, buried and finally melt out. Irreg-
ular shapes occur where multiple ice blocks get deposited and melt out (Benn and
Evans, 2010). For Freemanbreen, the three ridges may have acted as pinning points
causing larger portions of ice to melt out.

5.1.12 Bedrock - Scoured Bedrock

Description

A total area of 0.14 km? was mapped as bedrock in the submarine glacier forefield
of Besselsbreen (Figure ) The area occurs very proximal to the glacier front
and less than 15 meters below the surface. The area shows a prominent step to-
wards lower lying areas located around it. The surface is characterised by a rugged,
irregular surface.

An area of 0.03 km? in proximity to the front of Duckwitzbreen was mapped as
bedrock (Figure [5.3). The surface is less than 7 meters below the surface.

Interpretation

The areas are interpreted as glacially scoured bedrock due to their surface structure
visible in the bathymetric datasets. Based on their proximity to the ice front, ex-
posure of bedrock probably occurred fairly recently. Elevations under water such as
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bedrock exposures often act as pinning points for retreating ice masses (Sund et al.)
2009).

5.2 Unmapped Landforms

The following landforms were not mapped in this study. However, their presence is
still considered important in order to reconstruct glacial dynamics.

5.2.1 Furrows - Iceberg Plough Marks
Description

Linear and curved furrows occur in the north-eastern part of the Besselsbreen dataset
(Figure [5.2A). The furrows reach lengths between 500 m and 2 km, are up to 2 m
deep and 20 m wide. They show U- and V-shaped profiles in cross-sections and
appear in random patterns on top of the north-eastern terminal moraine ridge up
to 60 m depth.

Interpretation

Based on their curvilinear shape and characteristic U- and V-shaped profile, the
furrows are interpreted as iceberg plough marks formed by iceberg keels ploughing
the seabed (Ottesen and Dowdeswell, 2006)). Iceberg plough marks are indicative of
oceanic current patterns. However, due to their limited appearance in the dataset,
the landforms are only noted and not mapped in this study.

5.2.2 Hummocky Moraines

Areas of hummocky moraine were identified in all three terrestrial glacier forefields
using aerial imagery. Hummocky moraine is indicative of dead-ice developement
in terrestrial forefields (Benn and Evans, 2010). However, ground verification is
necessary in order to identify and map the areas accurately (Benn and Evans, |2010)).
Therefore, the feature hummocky moraine was not mapped in this work.

5.2.3 Glaciofluvial Landforms

Glaciofluvial landforms such as outwash fans and active and relict meltwater chan-
nels are present in the terrestrial glacier forefields of all three glaciers. The landforms
play an important part in the preservation of glacial landforms (Lenne and Lysa,
2005). However, as this work focuses on marine data, they were not mapped out.
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Furthermore, ground verification is important in order to identify active and relict
meltwater channels.

5.2.4 Coastal Landforms

Raised beach ridges are present in multiple areas around Barentsgya. The most
prominent ones can be found at Kapp Ziehen, east of Mistakodden and north of
Sundneset. According to Bondevik et al. (1995)), they were formed due to isostatic
uplift after the last deglaciation. Raised beach ridges can act as helpful tool to
determine uplift rates in combination with dateable samples collected in the field.

5.3 lce Front Position Reconstruction

Twenty-six ice front positions were reconstructed based on multiple data sources
(Figure , Table . The sources include historical maps, old and modern aerial
images, bathymetric data, previous ice position reconstructions and satellite im-
ages.

Ice front position reconstructions are an important tool for piecing together the
glacier retreat history (Lefauconnier and Hagen, |1991; Oerlemans, 2005). Tidewa-
ter glaciers are more suitable for the reconstruction of ice front positions as their
snouts are not covered by debris compared to terrestrial glaciers. However, glacier
sides are often land-based making reconstruction in those areas more difficult. How-
ever, only Freemanbreen seems to be affected by it.

Seven ice front positions were determined for Besselsbreen. The glacier has retreated
12.5 km since the LIA. Since the maximum extent is based on the outline of the
bathymetric ridge, the ice front position cannot be assigned to a specific year. How-
ever, maximum position was likely reached in the early 20th century. Based on the
ice front position in 1936, glacier retreat rates are estimated around 154 “* after the
LIA. Rates then stagnated to 100 2 from 1936 t01970 and stagnated even further
to 30 ™ since then (Lefauconnier and Hagen, |1991).

Ten ice front positions were marked for Duckwitzbreen. The glacier retreated 6.6
km since its surge in 1918. The oldest ice positions are based on a historic map by
Vasiliev in 1901 (Figure . The ice front position in 1901 is also considered as
LIA maximum extent. Ice front positions between 1936 and 1938 show rapid retreat
between the years.

Nine ice front positions mark Freemanbreen’s retreat. The oldest position is marked
unknown and is based on the ridge T3 in the eastern part of the glacier forefield
(Figure . As the terminal moraine ridge has not been dated, no age can be
given but it likely formed before the LIA. Ridge T2 was interpreted as LIA terminal
moraine which likely formed early in the 20th century. The ice front position from
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5.4 Ice Loss Calculation

1936 (Figures 3.6/ and shows that Freemanbreen retreated almost to its present
position by 1936. Glacier retreat rates stagnated significantly after Freemanbreen’s
surge between 1955 and 1956. Until 1970, the glacier has only retreated 230 m.
After that, retreat rates increased to 70 **. Since the early 2000s, a small island in
the centre of the ice front has been acting as a resting spot for parts of the ice front.
Thus, Freemanbreen’s terminus has developed from a fan-shape, to a straight line

and then to the shape of a double horse shoe through time (Figure [5.9).

5.4 lIce Loss Calculation

The area of ice loss was calculated using a historic map, swath bathymetric datasets
and aerial imagery.

The total area of ice loss was calculated to 146.5 km? (Figure . Most retreat
has taken place at Besselsbreen, Duckwitzbreen and Freemanbreen. Besselsbreen is
responsible for most parts of the area loss with 102.4 km?2. Freemanbreen lost 11.7
km? and Duckwitzbreen lost 10.2 km? from their LIA maximum extent. Although
the land-terminating glaciers to the east play only a minor role in the retreat of the
ice cap, they cannot be disregarded. A total of 20.2 km? was lost on the eastern
side of Barentsgya since the LIA.

Compared to a total glacier area of 509.0 km? today, an area loss of 28.8% is calcu-
lated.
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6 Discussion

Both terrestrial and marine archives demonstrate that most prominent landforms on
Barentsgya are from the latest glacier advance in the region. There are regional dis-
crepancies on Svalbard in terms of timing of the latest glacial advance. While glacier
forefields of western Svalbard are often constrained by terminal moraines which were
formed during the LTA maximum (Landvik et al.,|2014]), differing behaviour has been
observed for eastern Svalbard. The few firmly dated terminal moraines in eastern
Svalbard pre-date the LIA by far (e.g. > 2.6 ka BP at Hinlopenbreen (Flink and
Noormets, [2017c) and 7.7 ka BP at Mohnbukta (Flink et al., 2017a)). Thus, the
following discussion of Barentsjgkulen’s glacial dynamics is purely based on inter-
pretation of the three geomorphological maps created for the main outlet glaciers
in combination with historical data, aerial imagery and previous studies. Dating of
the terminal moraines is required in order to provide a final Holocene glacial history
of Barentsgya'’s ice cap.

Nevertheless, two of the three main outlet glaciers have surged after the LIA. The
mapped landform assemblages are then compared with existing landsystem models.

6.1 Glacial History of Barentsjgkulen

6.1.1 Late Weichselian/Early Holocene

During its most extensive state of the Late Weichselian glaciation, Barentsgya was
covered by the SBSIS (Figure [6.1]A). The ice sheet is believed to have had its centre
close to Kong Karls Land (e.g. [Mangerud et al., [1992bj; Landvik et al.;, 2005; [Svend-
sen et al) 2004b; Ingolfsson and Landvikl 2013). Glacial striae found by [Salvigsen
et al.|(1992a) in high-lying areas of Barentsgya support the idea as they indicate ice
movement from east to west.

Salvigsen et al| (1995)) suggest an alteration of flow direction with disintegration
of the SBSIS: ice flow changed towards east fed by glaciers on eastern Spitsbergen
and northern Storfjorden (Figure[6.1B). Glacial striae on Frankenhalvgya (Salvigsen
et al.,[1992al) and glacial lineations mapped outside of Besselsbreen’s terminal moraine
(Figures and are indicative of an SW-NE-trending ice stream extending
over the northernmost part of Barentsgya. The southwestern part of Barentsgya is
marked by southward-trending glacier flow through Storfjorden as indicated in local
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Figure 6.1: A summary of Barentsjgkulen’s glacial history from the Late Weichselian
to the LIA. Arrows indicate ice-flow direction of the covering ice sheet
at the time. A) Barentsgya is still fully covered by the SBSIS with ice
moving from east to west originating from the ice sheet centre north of
Kong Karls Land. B) Barentsgya during the break-up of the SBSIS, ice
flow originates from eastern Spitsbergen into Olgastretet and Storfjor-
den. Small dots represent calving icebergs. C) Barentsjgkulen receding
to an unknown position due to climate warming during mid-Holocene.
No exact positions available due to lacking data. D) Barentsjgkulen’s
extension during the LIA based on terminal moraine positions on land
and under water.
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6.1 Glacial History of Barentsjokulen

dolerite outcrops (Figure [6.1B) (Salvigsen et all, [1992a) [1995).

Landvik et al.|(1992a)) suggested that the timing of deglaciation of Barentsgya’s east
coast occurred at 10.3 ka BP and at the west coast a few hundred years later (Figure
6.1B). At that time, a large percentage of the marine based part of the SBSIS van-
ished rapidly (Landvik et al |{1995). Barentsgya deglaciated late in comparison with
Spitsbergen’s outer coasts where deglaciation began around 13 ka BP (Mangerud
et al., [1992a; Forman et al. [2004). However, Barentsgya occupied a more central
part within the ice sheet which also applied to the more central fjords of Spitsbergen
which did not become ice free before 10 ka BP (Mangerud et al., [1992a). Fjords
such as Wahlenbergfjorden located between the outer outer shelf areas of Svalbard
and Barentsgya, deglaciated around 11.5 ka BP (Flink et al., [2017b]). The idea that
deglaciation was primarily driven by ice calving into Olgastretet is supported by the
fact that Kapp Ziehen was earlier deglaciated than Frankenhalveya (Figure [6.1B).
Younger striae at Sundneset also indicate the presence of a glacier in Freemansundet
fed by higher-lying areas of southern Barentsgya and northern Edgegya (Salvigsen
et al, [1995). The beginning of the deglaciation also marks the transition of an ice
sheet into an ice cap covering Barentsgya.

Well-developed raised beach ridges are prominent features in aerial imagery of Bar-
entsgya. They occur most dominantly around Kapp Ziehen, east of Mistakodden
and north of Sundneset. Previous studies measured the upper marine limit at 89
m.a.s.l. at Kapp Ziehen (Mangerud et al.. [1992b; Bondevik et al.| [1995). Dating
methods may have improved since the study was undertaken in the 90s, resulting in
higher resolution for sea-level curves and emersion rates. |Hoek et al.| (2016) dated
lake isolation from marine waters between 2500 and 3000 years ago based on a lake
core extracted at 15 m.s.l. at Sundneset.

With ongoing retreat of the SBSIS, the Barentsjgkulen ice cap was born. As tem-
peratures increased in the beginning of the Holocene, it is likely that previously
marine-terminating glaciers partly retreated well beyond present limits (Svendsen
and Mangerud, |1997) similarly to what has been suggested for Albrechtbreen on
Edgegya (Ronnert and Landvik, 1993; |[Landvik et al., |1995). Due to its proximity
analogical behaviour may be assumed for Barentsgya’s outlet glaciers. Furthermore,
in order to form previously mentioned marine terraces, an ice-free coast is required.
Due to following glacier advances, it is likely that evidence which could determine
the scope of retreat was overwritten.

Albrechtbreen advanced around 8.6 ka BP (Ronnert and Landvik} 1993). The ad-
vance corresponds to a colder period starting around 8.2 ka BP (Rasmussen and
Thomsen, 2015) and comparable behaviour may be assumed for Barentsjgkulen.
However, changes in temperature presumably affected only the outlet glacier ter-
mini as no terminal moraines were observed beyond present moraine position on
Barentsgya’s plateaus.
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After its advance, Albrechtbreen receded to an unknown position until it advanced
once more during the LIA (Ronnert and Landvik, 1992). According to [Ronnert
and Landvik (1993)) differing lithology in moraine ridges indicate varying states of
permafrost which was more extensive during LIA than during the earlier advance.
Corresponding to that, Stablein (1970) described the state and occurrence of ice-
wedges at higher altitudes of 170 to 410 m.a.s.]. on Barentsgya. Humlum et al.
(2003) estimates ice wedges near sea level in central Spitsbergen to have been initi-
ated around 2.9 ka BP. Thus areas accommodating ice-wedges on Barentsgya must
have been ice-free for at least the same amount of time. Again, no lithological
evidence is available on Barentsgya but due to proximity, glacier retreat may also
be assumed for Barentsjokulen (Figure ) Furthermore, another glacier nearby,
Hayesbreen in Mohnbukta on the east coast of Spitsbergen, also shows significant
fluctuations prior to the LIA (Flink et al., 2017a)).

6.1.2 Neoglacial Extent

Based on the shape of the medial moraine between Besselsbreen and Augnebreen
and the seafloor morphology such as the fan-shaped glacial lineations (Figure ,
Besselsbreen may have been the dominating glacier of the two during Neoglacial
advance (Ottesen et al., 2017). Due to a lack of sedimentological evidence and vi-
sual proof predating 1936, timing of formation of the terminal moraine cannot be
defined. Previous studies (Lefauconnier and Hagen, 1991; Dowdeswell et al., |2018)
interpret the terminal moraine to have formed during LIA maximum extent. This
concurs with studies mostly based on western Svalbard which place timing of max-
imum extension ~1900 (Snyder et al., 2000; [Humlum et al.l 2005; Evans and Rea,
2003; |[Evans, 2014)). On the other hand, terminal moraines pre-dating the LIA in
eastern Svalbard (Flink et al., 2017a; |[Flink and Noormets, [2017¢c) may suggest that
the terminal moraine was formed at an earlier stage during the Holocene. The pres-
ence of glacial lineations, debris-flow lobes and rhombohedral ridges may lead to
the interpretation that Besselsbreen’s terminal moraine was formed during a surge
(Figure . Duckwitzbreen’s limited extent before its surge in 1918 (Figure
may also support the idea that Besselsbreen’s terminus was of less extent during
the Neoglacial. However, the presence of only one terminal moraine in the dataset
indicates that one major advance occurred during the Holocene which may have
overprinted previous advances. The idea of a floating glacier tongue due to thinning
(Dowdeswell, 1989)) during Neoglacial maximum extent may be overruled as sedi-
mentation at a grounding line would be observed (Powell and Alley, 1997} Ottesen
et al., 2008; [Ruther et al., 2017). Dating of the terminal moraine is required in
order to draw a final conclusion. However, this study complies with previous studies
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from western Svalbard and implies formation of the terminal moraine during the
LIA maximum.

Gripp, (1929) presents the extent of Duckwitzbreen marked during Vasiliev’s visit
in 1901 (Figures and . Based on these records, it may be concluded that
Duckwitzbreen reached a far smaller extent during the LIA than during its surge in
1918. As glacier surges are a product of internal processes (Meier and Post, [1969)
and not climate-induced, the advance occurred independent of the Neoglacial max-
imum extent. The mapped overwritten terminal moraines are interpreted to mark
the Neoglacial maximum extent (Figures and as they align with the position
marked by Vasiliev in 1901 (Figure [5.9).

Freemanbreen also lacks sedimentological and visual records before and from the
Neoglacial period. Freemanbreen surged in 1955 and 1956 (Section and the
position of the innermost moraine ridge T1 aligns with the glacier front position
based on an aerial photograph acquired in 1956 (Figures and . Lefauconnier
and Hagen| (1991)) interpret the outermost terminal moraine ridge T3 to mark the
Neoglacial maximum extent (Figure . However, an aerial photograph from 1936
shows the glacier terminus at a position proximal to its present position (Figure
3.6). Based on the assumption that retreat rates increased in the second half of
the 20th century due to increase in annual air temperatures, it is unlikely that the
glacier retreated from the position of ridge T3 all the way to its position in 1936 in
ca. 40 years. Therefore, ridge T2 is interpreted to mark the Neoglacial maximum
extent and ridge T3 was formed by a surge earlier in the Holocene. This would
also concur with glacier behaviour of other glaciers in eastern Svalbard (Flink et al.
2017a; |[Flink and Noormets, 2017c). Nevertheless, dating of the moraine ridges is
required in order to draw a final conclusion.

In recent years, two studies attempted to mark the LIA extent of Barentjgkulen
to estimate its subsequent retreat. Martin-Moreno et al.| (2017) based their results
on aerial images and positions of lateral moraines while Dowdeswell et al.| (2018])
combines aerial images with multibeam bathymetric data. The difference in results
points out that the Neoglacial maximum extent cannot be determined on visual ev-
idence alone but dating of landforms is required in order to achieve realistic results.
This study concurs with the Neoglacial maximum extent chosen for Besselsbreen
by Dowdeswell et al.| (2018). However, the maximum positions chosen for Duck-
witzbreen and Freemanbreen are considered to be overestimated.

This study is purely based on the interpretation of landform positions, a final con-
clusion can only be drawn by dating the moraine ridges.
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6.1.3 Twentieth Century Retreat

All three observed glaciers have retreated in the 20th century (Dowdeswell and
Bamber} |1995)). However, Duckwitzbreen’s and Freemanbreen’s retreat rates in con-
nection with increase in annual air temperatures cannot be determined due to in-
terrupting surges. The surge events are further discussed in Section [6.2] Not only
surge events challenge climate reconstruction, also the lack of high resolution data
leads to smaller readvances and longer stillstands being overseen. However, marine
data is crucial to a better understanding as glacier movements are often recorded
on the seafloor by annual retreat moraines in form of small transverse ridges. Exact
dating of the ridges remains a challenge.

Terrestrial geomorphological records may be helpful to determine bedrock features
on land which might continue into the sea as elevated bedrock features often act as
pinning points during glacier retreat (Sund et al. 2011)). Freemanbreen’s ice front
has been shaped by a small island of bedrock since 2008 (Figure [5.9). As glacier
ice rests longer on the island, the ice front transformed to two concave arcs left and
right of the island. By 2015, Freemanbreen has overcome the obstacle and its front
reestablished a straight shape. Similar behaviour was observed at Nordenskitldbreen
in central Spitsbergen (Allaart, [2016|). The kettle holes in front of Freemanbreen
might indicate that similar behaviour during earlier retreat (Figure . The cor-
responding ridges on the glacier proximal side may have acted as pinning points
resulting in ice blocks becoming separated from the ice front and melting out after
getting buried on the seafloor.

North of Duckwitzbreen’s glacier forefield a dolerite dike is present (Figure (NP,
2016)). Even though it appears to not continue further south, it may influence the
morphology of the northern glacier forefield. Also, Frankenhalvgya west of Bessels-
breen mostly consists of dolerite. As dolerite is of higher resistance to erosion as the
surrounding Triassic sedimentary rocks, it has an effect on the formation and shape
of glacial landforms (Figure (Harbor} [1995). Seismic lines may be valuable in
the identification of bedrock types.

Martin-Moreno et al.| (2017) and Dowdeswell et al.| (2018)) both attempted to de-
termine the total ice loss for Barentsjgkulen since its Neoglacial maximum extent.
Martin-Moreno et al. (2017) estimated a glacier area loss of 106.8 km? (17.5%) since
the LIA - the highest rate in eastern Svalbard. However, the numbers are based on
lateral moraine positions which are difficult to use on Barentsgya as all three main
outlet glaciers terminate in an open-marine setting. Therefore, [Dowdeswell et al.
(2018) included multibeam bathymetric data in order to map subaqueous terminal
moraine ridges. They conclude that Barentsjgkulen has lost 130 km? of ice since the
LIA - a number that is 20% greater than estimated by |Martin-Moreno et al.| (2017)).
However, based on the figures, both numbers may be questioned for the following
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reasons:
First, Martin-Moreno et al. (2017)) provides a number but on the complementary
figure only Freemanbreen is marked with an area of ice loss. Additionally, Duck-
witzbreen is not mentioned in the text but instead Hiibnerbreen is referred to. Hiib-
nerbreen did reach the sea during its maximum extent but converted relatively
quick into a land-terminating glacier (Section (Lefauconnier and Hagen, |1991)).
Therefore, it is uncertain what glaciers were used to determine ice loss.

Second, Dowdeswell et al.| (2018)) marked Duckwitzbreen’s surge extent as the LIA
extent. By using the surge moraine as LIA maximum extent, the effect of the LIA
on Duckwitzbreen’s advance is overestimated (Figure [5.10)).

Third, Martin-Moreno et al. (2017) mark Freemanbreen’s maximum extent based on
lateral moraine ridges and interpret a fan-shaped ice extent. The interpreted area is
greater than the area estimated by Dowdeswell et al.| (2018]). However, Dowdeswell
et al. (2018) base their estimate on the same data as used in this work and interpret
ridge T3 as LIA maximum extent (Figures[5.4 and 5.10). The dataset does not cover
the entire area within the terminal moraine ridges based on the fact that ridge T3
was used as LIA extent, it may be concluded that both [Martin-Moreno et al.| (2017
and |Dowdeswell et al. (2018)) overestimated area loss for Freemanbreen.

Finally, in order to determine more accurate numbers of ice loss, the area was calcu-
lated incorporating the LIA maximum extension determined in this study (Figure
. Furthermore, retreat of the land-based glaciers to the east was included.
Whilst previously assumed by Martin-Moreno et al.| (2017) and Dowdeswell et al.
(2018)), ice loss of the now land-based glaciers on the east coast of Barentsgya can-
not be disregarded. The calculated area of 146.5 km? is significantly higher than
previous estimates. Figure |5.10| clearly points out that the increased number is
caused by the glaciers to the east of Barentsgya. It may be concluded that although
land-terminating glaciers often retreat more slowly than marine-terminating glaciers
(Benn and Evans, |2010), their ice loss cannot be neglected.

6.2 Glacier Surges of Barentsgya

Both Duckwitzbreen and Freemanbreen surged during the 20th century (Gripp,
1929; Lefauconnier and Hagen, |1991; [Hagen et al., [1993)).

Duckwitzbreen exhibits rhombohedral ridges (Figures[5.3]and [5.7B) which are often
used as an indicator for glacier surges and play an important role in landsystem
models of surge-type tidewater glaciers (Solheim and Pfirman) 1985; |Ottesen and
Dowdeswell, |2006; Ottesen et al., 2008)). A glacier advance of 5.4 km within 17 years
not connected to a surge is highly unlikely as these clearly exceed regular glacier
advance rates (Gripp, (1929)). The timing of surge cannot be extracted from the
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geomorphological data provided but must be based on Tyrrell (1921)) visiting Duck-
witzbreen in 1919 proposing the surge to have occurred in 1918. Duckwitzbreen
experienced steady retreat until now changing from a marine-terminating to a land-
terminating glacier. Thus and with mass balances being negative (Hagen and Liestol,
1990; Dowdeswell and Bamber} [1995)), future surges are unlikely to occur.
Although Freemanbreen surged between 1955 and 1956, no rhombohedral ridges
were found in the multibeam bathymetric dataset. Although rhombohedral ridges
are a common feature in glacier forefields, they do not form necessarily during a surge
(Farnsworth et all [2016]). However, glacial lineations clearly indicate fast ice flow
(Figure ) and the presence of three terminal moraines (Figure ) suggests
multiple glacier advances in the past. Aerial imagery displaying an advanced, highly
crevassed glacier snout in 1956 (Figure provides final evidence for a surge.
Noteworthy is also the lack of iceberg keel marks around the submarine glacier
forefields of the two recorded surge-type glaciers. Surges are often associated with
large amounts of small icebergs during active phases (Dowdeswell, [1989). However,
little iceberg calving in front of Duckwitzbreen might have been caused by its termi-
nal moraine ridge reaching above water acting as constraining barrier (Figure [3.5))
(Lefauconnier and Hagen|, 1991). Additionally, the bathymetric dataset is limited
to the inner part of the glacier forefield, iceberg plough marks might occur outside
of the dataset.

Again, little to no iceberg activity was observed in front of Freemanbreen in aerial
images (Figure , and iceberg keel marks might have remained unnoticed due to
data resolution.

Besselsbreen has not been recorded surging. However, Farnsworth et al.| (2016))
marks it as potential surge-type glacier based on the presence of CSRs in the sub-
aerial glacier forefields. Rhombohedral ridges were also found under water (Figure
and Lefauconnier and Hagen| (1991) marks the glacier as potentially but not
likely to surge in the future. Additionally, further landforms indicative for but not
unique to surge-type glaciers such as glacial lineation, debris-flow lobes and iceberg
plough marks were mapped in front of Besselsbreen (Figure [5.2)).

The presence of CSRs in combination with absent surge behaviour challenges previ-
ous literature that assumes that the landform is only formed by surging glaciers
on land (e.g. |Sharp|, [1985a; Evans and Reaj, 1999, 2003; [Rea and Evans, 2011}
Schomacker et all [2014) and as rhombohedral ridges under water (e.g. |Ottesen
et al. |2008; Dowdeswell et al.| [2016a). As a result, the idea of using CSRs as so
called smoking-gun indicators (Allaart], |2016; Farnsworth et al., 2016) for surge-type
glaciers might have to be reconsidered. Glaciers can show highly crevassed termini
without a surge (Harper et al., [1998)). [Evans et al. (2012) suggest that debris ridges
arranged in a geometric network may be created due to elevated meltwater pressure
and ice hydrofracturing causing densely spaced crevasses which are then filled. Little
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is known about Besselsbreen’s thermal properties so this might be a possible expla-
nation for the presence of rhombohedral ridges without a recorded surge. Although
aerial images are quite sparse during the 20th century, it is unlikely that the glacier
surged unnoticed as the surface would have been visibly crevassed (Clarke et al.,
1986; [Benn and Evans|, 2010)). However, the possibility remains that Besselsbreen’s
terminal moraine and subglacial landforms were formed by a surge well predating
the LIA.

Most tidewater glaciers on the east coast of Spitsbergen and on Edgegya surged at
least once since the LIA (Farnsworth et al., 2016).

6.3 Potential of Geomorphological Mapping

Geomorphological maps provide a short but detailed overview over the morphology
of the glacier forefield at the time data was obtained. However, several factors need
to be considered:

Glacier forefields are quickly changing environments. Dead-ice melting, nivation
and postglacial erosion trigger relief adjustments and changes in sedimentological
characteristics in particular in terrestrial glacier forefields (Christiansen, [1998; Bal-
lantyne}, 2002)).

Geomorphological mapping will always be subject to the author’s interpretation.
The resolution of mapping depends on the input data.

Therefore, this thesis works mostly with multibeam bathymetric data as not only
major parts of the glacier forefields are located under water but also preservation
potential of marine landforms are significantly higher. This is mostly due to lack
of fluvial erosion and permafrost reworking (Evans and Reay, 1999, [2003; |Ottesen:
et al., 2008} Flink et al.| |2015). However, submarine postglacial sedimentation may
restrict surface expression of landforms; hence landforms of low height such as CSRs
may be draped and eventually buried by glaciomarine sediments with time (Flink
et al., 2015)).

This thesis and in particular the geomorphological maps of Duckwitzbreen and Free-
manbreen (Figures and [5.41A) provide a good example how data resolution
affects results. When comparing the resolution of Figure to Figure [5.4B, the
amount of landforms mapped may be noticed. As the dataset of Duckwitzbreen is
available in a 2 x 2 m grid, more landforms can be observed also in more detail than
in the 10 m x 10 m grid of Freemanbreen. Finer features such as iceberg plough
marks or crevasse-squeeze ridges may get overseen in datasets with low resolution.
By comparing the outlines of Martin-Moreno et al. (2017) and Dowdeswell et al.
(2018), the importance of marine geomorphological maps for tidewater glaciers is
highlighted. Major parts of glacier forefields remain disregarded and important in-
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formation might get lost if only the terrestrial parts of the glacier forefields are
studied. On the other hand, multibeam bathymetric data retrieval requires a signif-
icant amount of time and resources compared to aerial imagery which is often easily
accessible for Svalbard. Consequently, a combination of marine and terrestrial ge-
omorphological maps will give best results as glacier behaviour also varies between
land and water.

Finally, it is important to notice that even the most detailed geomorphological maps
will not provide any chronology. Therfore, dating of landforms is essential to com-
prehensively reconstruct glacier dynamics.

6.4 Application of Landsystem Maodels

The understanding and description of landform assemblages characteristic for glacier
surges (Sharp, [1985a,b; Evans and Real, 2003; |(Ottesen and Dowdeswell, |2006; Otte-
sen et al., 2008) are of importance to distinguish between glacier advances driven
by internal glaciological processes (Kamb et al.,|1985; [Raymond), [1987; Fowler et al.)
2001; Murray et al., 2003} Sevestre and Benn|, 2015) and glacier advances driven by
climatically induced glacier fluctuations. In order to better understand geological
records, surge-type and non-surge-type glaciers must be distinguished. Landsystem
models may offer a relatively easy way to identify glacier type based on a suite of
landforms when lacking observational data (Ottesen and Dowdeswell, 2006; Bryn-
jolfsson et al., 2012).

Surging glaciers are often used as analogue to terrestrial paleo-ice streams and surg-
ing ice-sheet lobes in regard to assemblage but at much higher scale (Evans and Rea,
1999, [2003; |Ottesen et al., [2008; |[Schomacker et al., [2014]). Nevertheless, further evi-
dence is required to determine if landsystem models can be scaled (Ingélfsson et al.),
2016)).

Meanwhile, one must keep in mind that landsystem models are often based on a
limited number of glaciers in a restricted area. Glacier behaviour and dynamics
depend clearly on bed conditions, resistant forces, glacier location, precipitation
and termination type - an amount that cannot be compressed into a single, simple
model. Furthermore, substratum plays a crucial role and has so far not been incor-
porated in models. Ottesen et al. (2017)) added to the number of existing landsystem
models by creating a model for glacier surges into an open-marine setting (Figure
. Bathymetric datasets in front of nine tidewater glaciers were used. However,
the glaciers used are limited to eastern Svalbard. In addition, the model includes
glaciers that are known to not have surged (e.g. Besselsbreen, |Lefauconnier and
Hagen, [1991)).

Besselsbreen’s landform assemblage fits well into the landsystem model for surging
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glaciers in an open-marine setting by |Ottesen et al.| (2017) (Figure . Equal to
the model, the glacier forefield exhibits fan-shaped glacial lineations, kettle holes,
an arc-shaped terminal moraine with debris-flow lobes, eskers and small retreat
moraines (Figure[5.2B). The match may be obvious as Besselsbreen was part of the
dataset the landsystem model was based on. However, as previously explained, al-
though Besselsbreen exhibits rhombohedral ridges, it has no recorded-surge history.
Freemanbreen exhibits similar arc-shaped terminal moraines and fan-shaped glacial
lineations (Figure as the model suggested by |Ottesen et al. (2017). On the other
hand, the occurrence of several moraine ridges (Figure ) may suggest that the
fjord has more in common with the multiple-surge glacial landsystem by [Flink et al.
(2015)) (Figure [L.1B)). The absence of eskers in the submarine dataset comply with
the model by |Flink et al.| (2015]).

Duckwitzbreen lacks any glacial lineations which are omnipresent in landsystem
models for surge-type glaciers (Ottesen and Dowdeswell, 2006; (Ottesen et al., |2008;
Flink et al., 2015} Ottesen et al.,[2017). However, a variety of small ridges are present
in the basin (Figures and [5.7B). Existing landsystem models often recognise the
presence of small ridges. Nevertheless, their varying shapes and properties are not
regarded in detail. The shape of the terminal moraine, although not fully displayed
in the dataset, suggests an open-marine setting similar to (Ottesen et al. (2017). On
the other hand, remaining landforms and their orientation do not match the model
of an open-marine setting. Furthermore, the central large transverse ridges inter-
preted as overridden terminal moraines are absent from the model.

Lefauconnier and Hagen| (1991)) referred to shallow water surging glaciers as 'Duck-
witzbreen type’. One may conclude that there might be a pattern and a need for
a new model capturing landform assemblages of shallow-water surge-type glaciers.
Glaciers with similar properties need to be determined before a sufficient landsys-
tem model can be created. Based on Duckwitzbreen’s landform assemblage, a wider
range of small ridge types need to be included. However, by basing a landsystem
model on the properties of a single glacier forefield, false assumptions may be made.

6.5 Further Studies

This study aimed at combining seafloor morphology with historical data and previ-
ous studies to gain a better understanding of Barentsgya’s ice cap, Barentsjgkulen.
However, projects are often limited by time, resources and data. In the following,
suggestions are made to eliminate outstanding uncertainties.

Great efforts were made by the PONAM expedition (Landvik et al., [1992b) in or-
der to gain a better understanding of Barentsgya’s deglaciation. Dating techniques
have improved significantly since 1991. Therefore, it might be helpful to conduct
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more fieldwork and collect new and varying samples (e.g. lake cores, Hoek et al.
2016)). In particular sediment cores from proglacial lakes have become a helpful tool
to provide a better age constraint of the timing of Neoglacial advances and climate
variabilities for eastern Svalbard such as Lovévatnet provides for western Svalbard
(van der Bilt et al) 2015). There are multiple lakes in Barentsgya’s north which
might have potential to act as coring site and would add to other efforts in eastern
Svalbard (Schomacker et al., 2017). Lake cores could provide insight on the advance
and retreat dynamics of Barentsjgkulen prior to the LIA.

Bathymetric data with higher resolution for Freemanbreen and Besselsbreen will
deliver a broader picture of the genesis of subglacial landforms. Marine cores and
sub-bottom profiles contribute to a deeper understanding of internal composition,
formation and timing of terminal moraines. By dating the terminal moraines, a final
explanation may be given if the ridges in front of Besselsbreen and Freemanbreen
were formed by surge events earlier during the Holocene or during Neoglacial maxi-
mum extension. Sub-bottom profiles may provide thickness of glaciogenic sediment
and reveal potentially buried landforms (Flink et al., 2015).

As this study is purely based on remote sensing data for its terrestrial part, detailed
sedimentological investigations are required. Field investigations are essential for
ground verification in order to create detailed and comprehensive geomorphological
maps. By excavating large sections and collecting sediment samples, more can be
learned about internal structures of landforms in relation to glacier dynamics and
paleoglaciology (Schomacker and Kjeer] [2008)). Visits to all terrestrial glacier fore-
fields are recommended to provide sedimentological data and ground verification.
As a geomorphological map only provides an overview at the time it was generated,
continuous studies over time will lead to a better understanding of landform preser-
vation and evolution in glacier forefields. Furthermore, continuous retreat leads to
revelation of new landforms which then need to be analysed and mapped further.
Field observations are optimal but constant documentation using aerial imagery will
already generate helpful results given a sufficient periodicity.

Further studies on Edgegya could provide supportive information where data on
Barentsgya is absent. Due to their proximity, the two islands are often regarded
collectively (Landvik et al., [1992b; Dowdeswell and Bamber, 1995)). Further data
points are required in eastern Svalbard and data needs to be connected to fully un-
derstand the dynamics of the region during and after the LGM.

Since Duckwitzbreen has now retreated on land and mass balance decreases contin-
uously, future surges are unlikely. Additionally, surges of Besselsbreen and Freeman-
breen become more and more improbable. Nevertheless, if the glaciers happen to
surge, satellite imagery will play an important role for continuous observations.

64



7 Conclusion

o The submarine glacier forefields of Besselsbreen, Duckwitzbreen and Freeman-
breen were recorded in geomorphological maps. The geomorphological maps
present subglacial imprints of the glaciers during the Holocene caused by surges
and climatically-induced glacier advances.

« Barentsjokulen’s Holocene glacial dynamics were discussed based on geomor-
phological maps, historical maps, literature and aerial imagery. Dating of the
terminal moraines is essential in order to provide a complete glacial history.

» Barentsjgkulen has continuously lost ice area since the LIA. The area of ice
loss was estimated to 146.5 km? - an area 12% greater compared to previous
studies.

o Duckwitzbreen and Freemanbreen surged after the LIA.

» Existing landsystem models only apply in limited form to Barentsgya’s glaciers.
Duckwitzbreen’s glacier forefield reveals the need for a new landsystem model
for shallow-water surge-type glaciers.

o The assumption that crevasse-squeeze ridges are landforms unique to surge-
type glaciers may be obsolete.

o The study improves an overall understanding of post LGM glacier dynamics
in eastern Svalbard.
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