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Abstract

This thesis aims to better understand the variability of glacial erosion along glacial troughs located
in high latitude settings, through a case study of Kongsfjorden, Svalbard. Kongsfjorden is one of the
major glacial troughs in northwest Svalbard and acted as a paleo-ice stream tributary, draining
large amount of ice towards the continental margin over the Quaternary. The inner part of
Kongsfjorden hosts several bedrock dominated islands covering a varied geological configuration,
including several tectono-structural geological units bound by major tectonic contacts, which
allows for a broad variety of bedrock parameters to asses.

The research question of this thesis is to identify the controlling factors on variable glacial
modification of the bedrock dominated areas in Kongsfjorden. Fieldwork was conducted to analyze
bedrock structures and glacio-erosional landforms of outcrops on islands distributed within
Kongsfjorden. These findings were compared with regional patterns using available Digital
Elevation Model’s (DEMs) of the surface, subglacial and bathymetrical topography.

The identified factors controlling variable glacial modification included variation in bedrock
mechanical properties, linear fracture zones, and changes in glacio-erosional processes. The
bedrock mechanical properties show that the rocks located at Lovéngyane, around the center part
of the fjord, have a lower erosion resistance compared to the rocks located at the nunataks, at the
innermost part of the fjord. The assessment of the linear fracture zones show that the main
structures of the area are N-S and NW-SE oriented. These structures relate with overdeepended
linear valleys within the fjord and are suggested to have formed by differential glacial erosion of the
weak brecciated rocks within the fracture zones. The geomorphology on outcrops shows that the
glacio-erosional processes acted upon the bedrock varied between abrasion to plucking dominated
surfaces for different lithologies. The geomorphology on the regional scale shows that streamlining
of landforms are unevenly distributed within the fjord floor, with more streamlined and elongated
landforms distributed towards the outer fjord.

The implications of the findings suggest a modest amount of glacial erosion took place at the
Lovéngyane ridge, at the center part of the fjord, relative to the outer fjord. Evidence suggesting
modest glacial erosion comes from the weak bedrock mechanical properties standing out of the
water and the low elongation ratio of landforms. This study suggests that the ice dynamical
behavior at the Lovéngyane ridge was lower relative to the overdeepened channel down-ice
towards the outer fjord. This change in paleo-ice flow dynamics could represent a zone of

acceleration of the Kongsfjorden paleo-ice stream tributary.
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1 Introduction

Glacial troughs are among the most impressive landforms formed by glaciers. Landscape evolution
at high latitude locations is characterized by its specific tectonic setting, the glacial modification of
repeated glaciations and interglacial erosional processes (Sugden, 1974). Glacial troughs, i.e. large
linear U-shaped features carved into bedrock, mark the areas with most dramatic glacial
modification (Sugden, 1978; Glasser & Bennett, 2004; Benn & Evans, 2010). Within ice sheets these
glacial troughs are commonly occupied by channeled and relatively fast flowing ice confined by
topography which often comprises of ice streams or ice-stream tributaries. The distribution of
these glacial troughs is primarily controlled through the pre-glacial topographic settings, such as
drainage pattern and tectonic grabens, in parts of the high latitude locations, such as in Norway
(Nesje & Whillans, 1994), in Greenland (Swift et al., 2008; Peulvast et al., 2011), in Canada (England,
1987) and in South America (Glasser & Ghiglione, 2009). Subsequent widening and deepening of
the pre-existing topography, due to extensive glacial modification (which took place during
repeated glaciations of fast flowing ice), have led to the characteristic fjord landscapes at high
latitudes (Sugden, 1978). Positive relationships have been established between glacial valley size
and ice drainage (Brook et al., 2003). Larger stresses and velocities of the ice caused larger erosion
rates and these in turn further increased the cross-sectional profile of the valley (Hirano & Aniya,
1989). However, there is also a relation between glacial valley morphology and bedrock properties.
Glacial valleys consisting of weak rock tend to be broader and shallower in size, whereas glacial
valleys consisting of strong resistant rock tend to be narrower and deeper (Augustinus, 1992, 1995;

Harbor, 1995; Brook et al.,, 2004; Swift et al., 2008).

The area of Svalbard has been repeatedly glaciated during the Quaternary. This created a glacial
landscape of rugged mountains, coastal plains and fjords. Recent studies have found that the alpine
regions and some low-lying areas of north-western Svalbard have only experienced minimal
erosion during the late Quaternary (Houmark-Nielsen & Funder, 1999; Gjermundsen et al., 2015).
During the late Quaternary, cold-based ice preserved large parts of the landscape, including the
alpine uplands and some strandflats. Recent research suggests that the occurrence of significant
erosion was constricted to the central axes of fjords and valleys, related with the paleo-ice stream
activity (Hormes et al., 2011; Gjermundsen et al., 2015).

Kongsfjordrenna was one of the major paleo-ice streams in north-western Svalbard, conveying
large amounts of ice towards the continental margin, and was fed on its turn by two paleo-ice

stream tributaries: Krossfjorden and Kongsfjorden (Ottesen et al.,, 2007). Recent studies of the



reconstruction of the Kongsfjorden paleo-ice stream tributary activity have primarily focused on:
(i) bathymetrical mapping and marine stratigraphy (Howe et al., 2003; Landvik et al., 2005, 2014,
Ottesen et al,, 2005, 2007; Jessen et al., 2010; Maclachlan et al.,, 2010; Ing6lfsson & Landvik, 2013;
Streuff et al., 2015); (ii) cosmogenic dating of erratics (Hormes et al., 2011; Gjermundsen et al.,
2013; Landvik et al., 2013; Henriksen et al., 2014; Grant, 2016); and (iii) terrestrial sedimentology
and geomorphology (Miller, 1982; Lehman & Forman, 1992; Houmark-Nielsen & Funder, 1999;
Miccadei et al., 2016). However, no studies have been performed thus far that have focused on the
geomorphic signatures of the bedrock dominated areas of the paleo-ice stream tributary within

Kongsfjorden.

The innermost part of Kongsfjorden, which is exposed at the surface, is bedrock dominated. These
bedrock-dominated areas are characterized by areas with net erosion. The study of bedrock-

dominated areas is important for the following reasons:

1) Research of the characteristics of these bedrock-dominated areas may contribute to an
increased understanding of paleo-ice stream activity on basis of its glacio-erosional
signature. The bedrock-dominated areas provide the sediments downstream that
contribute to fast flowing ice-streams through soft sediment deformation (Bradwell, 2013;
Livingstone et al,, 2013). Furthermore, the transition from slow sheet flow to fast streaming
flow - also called onset zones of ice streams and their tributaries -typically occurs within
these bedrock-dominated areas (Bradwell, 2013; Margold et al., 2015). These onset zones
mark an ice flow acceleration from <10 to >400 m/a, sometimes within a range of 10 km
(Rignot et al., 2011). The mapping of glacio-erosional landforms in bedrock-dominated
areas has been used to locate such paleo-onset zones, e.g. the topographically-controlled
onset zone of a paleo-ice stream tributary in NW Scotland (Bradwell, 2013). Such zones of
acceleration have never specifically been mapped for the Kongsfjorden paleo ice-stream
tributary in Svalbard.

2) Studying bedrock-dominated areas may contribute to an increased understanding of
variable glacial modification of landscapes covered by repeated glaciations. In turn, this
could improve our understanding of present day glacial erosional processes at the bed of
ice-sheets. The main controlling factors of variable glacial modification in those bedrock-
dominated landscapes are changes in glacio-erosional processes and bedrock properties

(Glasser & Bennett, 2004; Swift et al., 2008; Benn & Evans, 2010; Krabbendam & Glasser,



2011). Increased glacial modification due to glacio-erosional processes can be recognized
by establishing the presence of a smoother and more streamlined landscape compared to
the shape of landscape structures in surrounding areas (Phillips et al.,, 2010; Bradwell,
2013). Increased glacial modification due to bedrock properties can be recognized by
relating bedrock mechanical properties with glacio-erosional landforms, such as
overdeepened rock basins and streamlined landforms (Roberts & Long, 2005; Krabbendam
& Bradwell, 2014). The main factors controlling the variable glacial modification of the

Kongsfjorden area have previously not been identified.

The Kongsfjorden paleo-ice stream tributary is a suitable place to study the variable glacial
modification of bedrock-dominated areas of glacial troughs and this is for the following three main
reasons: (i) Kongsfjorden is one of the areas of Svalbard that is most intensively studied. This
implies a broad availability of geological maps and datasets, such as surface, bathymetry and
subglacial Digital Elevation Models (Norwegian Mapping Authority Hydrographic Service, 2014;
Norwegian Polar Institute, 2014a; Lindback et al., 2018); (ii) The geological setting of Kongsfjorden
is varied, comprising of several tectono-structural geological units that are bound along major
tectonic contacts (Hjelle et al.,, 1999). This implies that many geological parameters can be analyzed
to evaluate the relative erosion resistance of the bedrock; (iii) Many bedrock outcrops are exposed
on islands at the central axis of the glacial trough, and these are locations where the glacial erosion

related to the ice activity is highest (Hormes et al,, 2011; Gjermundsen et al., 2015).



1.1  Research Question

This thesis aims to address the variable glacial modification of bedrock-dominated areas by
combining the pre-quaternary geological elements with the present landscape morphology in the
Kongsfjorden paleo-ice stream tributary in north-west Svalbard.

The research question guiding this study is as follows: What are the factors that control the
variability in glacial modification of the bedrock-dominated areas in the Kongsfjorden paleo-ice
stream tributary? In order to answer this, the main research question is broken down into the

following three sub-questions:

i) What are the main bedrock characteristics outcropping within the Kongsfjorden area?
ii) What are the main geomorphological characteristics of the Kongsfjorden area?
iii) To what extent are outcropping bedrock structures related to linear morphological

features occurring at the fjord floor?

To be able to answer the first sub-question, detailed field analysis of the mechanical and structural
properties of the different lithologies within the study area needed to be conducted. This was
undertaken between the 16th and 27t of August 2017.

For answering the second sub-question, glacio-erosional landforms were identified and
classified on outcrops that were visited in the field. Linking the observed glacio-erosional landforms
to findings that were retrievable from the existing literature made it possible to infer the glacial-
erosional process that formed them. However, observations of glacio-erosional landforms in the
field provides us only individual observations of various glacial-erosional processes that act upon
the bedrock and yields no information about features related to glacial origin spatially. This thesis
aims to overcome this shortcoming by using the elongation ratio of landforms which allows for
spatial evaluation of the distribution of streamlined landforms.

For being able to address the third sub-question, the implementation of remote sensing
techniques was required. Such techniques allow to compare linear morphological features at the
fjord floor with structural weak zones as found in the field. These features can then be identified as
geological lineaments and be linked to overdeepend linear valleys that have evolved through

differential glacial erosion (Krabbendam & Bradwell, 2014).



2. Study area

2.1  Geographical setting

Kongsfjorden is located between 78.9 N and 79.1 N, and 11.2 E to 11.4 E in the northwest part of
Spitsbergen (Figure 1), the largest island of the Svalbard archipelago. Currently, about 60 percent of

the land area of Svalbard is covered with glaciers.
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Figure 1: Overview of study site indicating main islands and nunataks. Background image is an orthophoto of the study area
for which aerial photographs made in 2009 were used. The contour lines have a 100m interval and are made from a Digital
Elevation Mode (DEM) available at Norwegian Polar Institute (2014b).

Kongsfjorden is characterized by an Arctic climate with a mean annual temperature of -3.4 °C
and mean annual precipitation of <400 mm. Summer temperatures rarely exceed 10 °C (Svendsen
etal, 2002; Cisek et al.,, 2017). These climatic conditions suggest the rocks only experiences slight
chemical weathering.

The present landscape of the Kongsfjorden area is characterized by glaciers, islands, coastal

plains and steep mountains. Elevation of the mountains surrounding the fjord reach up to 1000m



a.s.l (Figure 1). Between the mountain peaks, numerous cirque glaciers terminate on the coastal
plains along with five tidewater glaciers terminating within Kongsfjorden. The tidewater glaciers
are called, from south to north; Kongsvegen, Kronebreen, Kongsbreen, Conwaybreen and
Blomstrandsbreen. The tidewater outlet glaciers towards the east are separated by three major
nunataks; Colletthggda (611m a.s.l), Ossian Sarsfjellet (364m a.s.l) and Stemmeknausane (579m
a.s.l). Blomstranhalvgya is the largest island (385m a.s.]), it represents the last island before
Kongsfjorden slowly opens up towards the open sea in the west.

The NW-SE trending Kongsfjorden is about 20km long and 4 to 10km wide. Towards the NW,
Kongsfjorden merges with Krossfjorden at Kapp Guissez into a large submarine trough,
Kongsfjordrenna, which runs out towards the shelf-edge.

The bathymetry of Kongsfjorden consists of an inner and an outer basin separated by an N-S
trending threshold, north and south of Lovéngyane. This threshold is also referred to as the
Lovengyane ridge. It plays a significant role within Kongsfjorden for the following reasons: (i) the
ridge acts as a barrier for oceanic circulation. The outer basin is up to 375m deep and has direct
communication with North Atlantic seawater. The inner basin, however, is about 100m deep and
contains a large freshwater input of glacial meltwater during the summer season. This variability of
the freshwater input between summers and winters controls the sediment discharge into the fjord
and the stability of the stratification within the water column (Svendsen et al., 2002; Aliani et al.,
2016); (ii) The ridge traps the high sediment load from the glacial meltwater of the surrounding
tidewater outlet glaciers, with Kronebreen as the main sediment contributor (Elverhgi et al., 1980).
The sediment accumulation rate within the inner basin at the margin of Kronebreen is about 20.000
g m2yr!and drops sharply to about 2500 g m-2yr-1at the threshold around Lovéngyane and again
towards the outer basin north of Ny Alesund. In the latter case the rate drops to about 200 g m-2yr-1
(Svendsen et al,, 2002). Dominant deposition of sediments within Kongsfjorden includes
suspension settling from meltwater plumes and ice rafting (Elverhgi et al., 1980). The outer basin is
bedrock-dominated draped with a thin (< 10m) sediment cover (Howe et al., 2003). The inner basin
is characterized by sediment deposits with a thickness of up to 20m (Streuff et al., 2015); (iii) The
Lovéngyane ridge marks the maximum advance during the 1869 surge of Kongsbreen (Elverhgi et
al,, 1980; Liestgl, 1988; Streuff et al.,, 2015) and could represent a topographic barrier streaming the

surge flow towards the north.



2.2 Geological setting

2.2.1 Regional geological setting

The geology of Svalbard resembles the geology of the adjacent Barents Sea and northern Greenland
and in many respects the Kongsfjorden area exemplifies and reflects the key development of
Svalbard as a whole. Kongsfjorden is located on the tectonic boundaries between the Northwestern
Basement Province (NWBP) to the north, the Post-Caledonian sedimentary deposits in the east and
the West Spitsbergen Fold-and-thrust Belt (WFSB) in the south (Hjelle, 1993), Figure 2. Contact
between the Northwestern Basement Province and the Post-Caledonian sediments is characterized
by fault-controlled basins within the Basement Province and with an angular unconformity towards
the east, exposed at Pretender Mountain (Hjelle et al., 1999). The contact between the WFSB and
the two previously mentioned structures is marked by a NW-SE trending frontal thrust fault zone
that runs through the southern part of Kongsfjorden (Figure 3). Each of these features mark an
important geological event that contributed to the present geological and geomorphological setting

of Svalbard and will be described separately below.
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Figure 2: Geological map of Svalbard modified from Hjelle (1993). The black box indicates the location of Figure 3. Note the
tectonic boundaries in Kongsfjorden between the Northwestern Basement Province (NWBP), the Post-Caledonian sediments,
including Carboniferous strata together with the Old Red Sandstone (ORS), and the West Spitsbergen Fold-and-thrust Belt
(WSFB).
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Figure 3: Regional geological map of Kongsfjorden area indicating the different lithological units within Kongsfjorden along
with structural data (based on Hjelle, 1993 and Dallmann, 2015). Contour lines represent surface topography with 100m
intervals (Norwegian Polar Institute, 2014b). The shore line is obtained from the Norwegian Polar Institute (2014c) and
modified through use of a smoothening filter. Note the frontal thrust of the WSFB running through the southern margin of
Kongsfjorden and the Kongsvegen glacier.



The Northwestern Basement Province (NWBP)

The NWBP of Svalbard is structurally the lowermost and oldest feature within the Kongsfjorden
area. The NWBP is one out of three major basement blocks that are suggested to be juxtaposed
during the Caledonian orogeny. This process was accommodated by large-scale transcurrent faults
with predominantly sinistral strike-slip kinematics (Gee & Tebenkov, 2004). The NWBP around
Kongsfjorden consists of three litho-tectonic units (Hjelle et al., 1999; Dallmann et al., 2006; Ohta et
al,, 2008; Dallmann, 2012, 2015); metasedimentary rocks (belonging to the Middle Proterozoic to
Neoproterozioc, also referred to as the Krossfjorden Group); granitoids of early Tonian age (around
970 Ma); and granites of Caledonian origin. The Krossfjorden group is estimated to be around 7.5
km thick and consists of metapelitic schist and quartzite in the lower part (Signehamna formation)
and marbles in the upper part (Generalfjella formation). It was then intruded by granotoids during
the early Tonian age (around 970 Ma), followed by a phase of migmatization along with partial
melting, during the Caledonian Orogen about 444 to 419 Ma (Myhre et al., 2009). The granotoids
and migmatites are also referred to as the Smeerenburgfjorden complex. Throughout the entire
succession, folds can be traced with a fold axis trending N-S, a wavelength of 15 - 20 km and an
amplitude of 2 - 3 km (McCann, 2000). The main foliation present within the NWBP is N-S oriented.
Locally N-S oriented L-tectonites are dominating over foliation planes, measured further up north
at Liefdefjorden (Braathen et al., 2017). The presence of L-tectonites suggests substantial extension

along the L-tectonite lineation (Fossen, 2010).

2.2.2 Post-Caledonian sedimentary deposits

The Post-Caledonian sedimentary rocks at Kongsfjorden unconformably overlie the Northwestern
Basement Province. The lower part is interpreted as an intra-montane basin infill in the Caledonian
mountain chain which occurred after the tectonic collapse during the Late Silurian? to Middle
Devonian, also referred to as the Old Red Sandstone (Gjelsvik, 1974; Friend et al., 1997; McCann,
2000). The basin was then tectonically inverted by the Svalbardian Event (Piepjohn, 2000). The
upper part unconformably overlies the Devonian sediments and marks a renewed extensional
phase which took place after the Svalbardian Event associated with platform sedimentation during
the Carboniferous to Mesozoic (McCann & Dallmann, 1996). The Post-Caledonian sedimentary
deposits at Kongsfjorden can be subdivided into clastic Old Red Sandstones (ORS) that were
deposited terrestrially during the Late Silurian? to Middle Devonian (Gjelsvik, 1974; McCann,
2000), and Permian and Mesozoic clastic and carbonate sediments deposited on a shallow marine

environment (Dallmann et al., 1999).
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Old Red Sandstone (ORS)
The ORS in Kongsfjorden comprise the stratigraphically lowermost clastic sedimentary rocks
deposited terrestrially after the Caledonian orogeny (Friend, 1961; Gjelsvik, 1974). The ORS
deposits are characterized by their red colors, which indicate extensive hematite oxidation by sub-
aerial weathering during deposition (Gjelsvik, 1974). Two different formations can be recognized
within the Kongsfjorden area: the stratigraphically lowermost Red Bay Group located in fault-
bounded basins within the NWBP (Gjelsvik, 1974; Thiedig & Manby, 1992}, and the uppermost
Wood Bay formation (Piepjohn, 2000; Dallmann, 2015).
The Red Bay Group is characterized by a syn-tectonic fluvial basin infill including boulder sized
clasts from the basement which is generally fining upwards, but also fining northwards (Friend
1961, McCann 2000). The Red Bay Group directly overlies deeply weathered and brecciated
marbles from the basement, also referred to as the Viggobreen formation (Thiedig & Manby, 1992;
Piepjohn, 1997, 2000). The depositional environment of the Red Bay Group at Kongsfjorden area is
interpreted to be the first deposition of clastic material in braided rivers and alluvial fans within
narrow grabens (Gjelsvik, 1974) and corresponds with the Wulffberg member described as a 100m
thick marble conglomerate at the base of the Red Bay Group at Liefdefjorden area, northwestern
Spitsbergen (Friend et al., 1997). The Red Bay Group within Kongsfjorden is only exposed on
Blomstrandhalvgya and on Lovengyane (Figure 3). The tectonic setting of Svalbard during
deposition of the Red Bay Group is still under dispute. Gjelsvik (1974) suggests that sedimentation
in tectonically bounded grabens was displaced by strike-slip faulting, whereas Friend et al. (1997)
and McCann (2000) maintain that deposition in fault blocks within pull-apart basins was
accommodated by large-scale sinistral strike-slip faulting during the Monacobreen deformation
phase (Early Devonian). Braathen et al. (2017), however, have recently put the tectonic setting of
Svalbard into new light arguing that deposition of the ORS is due to a top-to-north extensional
detachment with associated exhumation of a metamorphic core complex throughout the Late
Silurian to Mid-Late Devonian. After deposition the Red Bay Group at Blomstrandhalvgya and
Lovéngyane were emplaced on top of the marbles by thick-skinned thrusting and back-thrusting
due to orthogonal compression during the Svalbardian orogeny (Piepjohn, 2000).

The overlying Wood Bay formation has a much thicker sequence, and it extends much more
laterally towards the Billefjorden Fault Zone and is characterized by finer sediments deposited
during subsidence in an extensional tectonic setting (McCann & Dallmann, 1996; McCann, 2000).

The Wood Bay formation within the Kongsfjorden region is only exposed at Colletthggda and
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Pretender Mountain where the latter unconformably is situated between the NWBP and overlying

Carboniferous-Mesozoic platform strata (Piepjohn, 2000; Dallmann, 2015).

2.2.3 West Spitsbergen Fold-and-thrust Belt (WSFB)

The WSFB is spanning from Kongsfjorden all the way down to the southern tip of Spitsbergen
(Bergh et al,, 2000; Piepjohn et al., 2015). The structures at the WSFB are similar to the structures
in northern Greenland and Ellesmere Islands and are attributed to the Eurekan orogeny. The latter
is characterized by an intraplate compressional activity, prior to the opening of the Greenland Sea,
when Svalbard was located along the northern margin of Greenland (about 56 - 45 Ma; Dallmann,
2015).

The deformation event within the Kongsfjorden area is exposed on Brgggerhalvgya and has
been described by Bergh et al. (2000) as a three-phase deformation event. This event comprises of
an early stage of coupled dextral transpression, a mid-phase of decoupled transpression and a late
phase of transtensional extension associated with dextral strike-slip faulting. The transpressional
stresses, during the early and mid-phase deformation event of the WSFB, seem to derive from a
rotational movement of Greenland due to active sea-floor spreading at the Labrador, Baffin Bay and
North Atlantic sea (Dallmann, 2015). The late-phase extensional regime associated with dextral
strike-slip characterizes the final stage of the Eurekan orogeny (after 45 Ma) and marks the onset of
the separation between the Barents-shelf and northern Greenland which was concentrated along
the De Geer Fracture Zone (Bergh et al., 2000; Piepjohn et al,, 2015).

That part of the eastern margin of the WSFB that is located within the study area is marked
by a major thrust fault running parallel to the NW-SE trend of Brgggerhalvgya along the southern
margin of Kongsfjorden (Figure 3). Svendsen et al. (2002) proposed that the glacier Kongsvegen,
and its deglaciated prolongation along Kongsfjorden, has probably been formed in a morphological
depression due to structural weaknesses paralleling the major thrust front of the WSFB. The main
orientation of the thrust belt is deflected from a NW-SE trend within Kongsfjorden to a more N-S
trend south of Kongsvegen (Piepjohn et al,, 2013), Figure 2. As part of this current study no
measurements were taken from the WSFB, as the major thrust zone is not exposed at the surface

and the bedrock only covers a very minor part at the southern part of Kongsfjorden.
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2.3 Glaciological setting
Barents Sea
During the Pleistocene, Svalbard has repeatedly been glaciated. The /Svalbard

initiation of glaciations at the Svalbard Barents-sea Ice Sheet (SBIS) Cont. Shelf
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was marked by an increased deposition of Ice-Rafted Debris (IRD) in 1 B
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Figure 4: Glacial curves of the Barents Sea/Svalbard margin indicating shelf edge
glaciation (Sejrup et al, 2005). 4

Unlike many other places in Svalbard, Kongsfjorden shows evidence, based on sedimentary records,
of multiple glaciation events (Landvik et al., 2014) reaching back to the early Pleistocene glaciation
(Miller, 1982; Houmark-Nielsen & Funder, 1999). The most important glacial events of the

Kongsfjorden area since the last glaciation will be discussed below.
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2.3.1 Lastglaciation and deglaciation

The ice sheet at western Svalbard reached shelf-edge glaciation during the Late Weichselian around
24 cal ka BP (Jessen et al,, 2010), marked by a terminal moraine at the shelf break (Ottesen et al.,
2007), Figure 5 and Figure 6. Geomorphological evidence, such as mega-scale lineation, lateral
moraines and grounding zone wedges found in the Kongsfjordrenna trough, suggests drainage of
dynamically active warm-based ice through ice streams bounded by cold-based dynamically non-
active ice (Landvik et al,, 2005, 2013; Ingélfsson & Landvik, 2013), Figure 6. Throughout the last
glaciation, Kongsfjorden and Krossfjorden together drained substantial amounts of ice from the NW
Spitsbergen ice fields towards one of the main ice streams of western Svalbard, Kongsfjordrenna

(Landvik et al., 2005; Ottesen et al., 2007).
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Figure 5: Reconstruction
of the ice flow regime
during the Late
Wechselian of the
Svalbard-Barents Sea Ice
Sheet, modified from
Ottensen et al. (2007).
Note the various ice
streams at the western
and northern margins of
Spitsbergen.

Figure 6: Compilation of
submarine landforms of
the Kongsfjordrenna
trough and Kongsfjorden
area described in
literature, from Streuff
(2013).
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Reconstructions using cosmogenic dating of the ice sheet cover over Svalbard during the last
glaciation have revealed a multi-dome arrangement (Hormes et al.,, 2011; Gjermundsen et al.,
2013). Gjermundsen et al. (2015) found that cold-based ice in alpine topography of northwest
Spitsbergen caused minimal erosion during the Late Weichselian and arguably erosion was
concentrated within dynamically more active glacial troughs between the mountain summits. The
occurrence of this erosional ice restricted in troughs during the Late Weichselian is supported by
findings of Hormes et al. (2011). This study found, by analyzing exposure dates of erratic boulders
in Nordaustlandet, that plateaus were covered with cold-based non-erosive ice and that the
dynamically active erosional ice was restricted in lowlands and fjords below 230m a.s.L.

Deglaciation started with an initial thinning of the interior ice-sheet of northwest
Spitsbergen around 25 -20 ka (Gjermundsen et al., 2013; Hormes et al., 2013; Henriksen et al.,
2014). The thinning of the interior of the ice sheet was followed by ice marginal retreat around 20.5
ka, which was dated by a peak in IRD in marine sediments at the shelf-edge (Jessen et al., 2010).
The minimum ice surface elevation in Kongsfjorden is estimated to be >450m a.s.l. during the Late
Weichselian (20 - 17 ka; Henriksen et al., 2014). The ice-sheet retreated from the shelf-edge and
reached the fjord mouth of Kongsfjorden around 16.6 ka (Landvik et al., 2005; Henriksen et al.,
2014). Marine records from the Kongsfjordrenna trough suggest an ice proximal environment with
low sedimentation rates and restricted ice-rafting, reflecting limited calving due to a low ice flux,
between 16.5 and 15.2 ka (Landvik et al., 2005; Henriksen et al., 2014). This low ice flux does not
support fast flowing ice streaming within Kongsfjorden and therefore it is suggested by the same
authors that this indicates a major reduction in glacial dynamic activity. Henriksen et al. (2014) and
Landvik et al. (2014) further suggested that the ice dynamical behavior of Kongsfjorden has
changed from an active ice-stream to a less active outlet glacier around 16.6 ka.

Through use of geomorphological data (Maclachlan et al., 2010), cosmogenic dating of
glacial erratics (Henriksen et al., 2014) and through 1*C dating on marine organic materials in
raised beaches (Lehman & Forman, 1992), it has been documented that the recession of the outlet
glacier from the fjord mouth of Kongsfjorden occurred in multiple stages. The earliest ice-free
conditions in Kongsfjorden are estimated to have occurred around 9000 cal yr BP, on basis of 14C
dating on mollusk fragments on top of striated bedrock at Ossian Sarsfjellet (Lehman & Forman,
1992). Since the Late Weichselien (about 14 ka) Kongsfjorden has been uplifted about 44m a.s.], a
level that has been estimated on basis of exposed beach ridges at the northern shore of

Kongsfjorden, due to glacio-isostatic rebound (Lehman & Forman, 1992).
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2.3.2 Little Ice Age (LIA)

The LIA in Kongsfjorden, which ended at the end of the 19t century, marks the maximum Holocene
advance of glaciers since the ice-free conditions after the LGM (Liestgl, 1988). Evidence from
depositional glacial landforms indicates the occurrence of glacier margins extending up to 5 km
beyond their present margins (Streuff et al., 2015). Surge activity has been identified on some of the
tidewater glaciers draining into Kongsfjorden, namely Kongsvegen, Kongsbreen, Blomstrandbreen
and Conwaybreen (Liestgl, 1988; Streuff et al., 2015; Farnsworth et al.,, 2016). The tidewater outlet
glaciers are presently retreating and thinning, resulting in the exposure of new bedrock outcrops

that have not yet been described.

Glacial landforms within Kongsfjorden produced before the Holocene are located in the outer and
central part of the fjord and include: drumlins, flutes (Howe et al., 2003), crag-and-tails and
transverse ridges (Ottesen et al., 2005; Maclachlan et al., 2010; Forwick et al., 2016). The landforms
within the fjord are reworked by bottom currents and/or draped with a thin sedimentary cover
(<10m) caused by suspension fallout and mass failures after the LGM (Howe et al., 2003). The outer
and central fjord also consist of two deeper basins filled with at least 30m of sediments. However,
the draped sediment cover is usually too thin to obscure landforms produced by the last full glacial
and deglaciation period (Forwick et al., 2016). The inner fjord consists mainly of glacial landforms
produced by the glacial advance during the LIA and these are described in detail by Streuff et al.
(2015).
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3. Theoretical framework

Observations of glacial erosional landforms within bedrock dominated areas can inform us about
the glacio-erosional processes acting on the bedrock which were involved in the formation of those
landforms. Information about glacio-erosional processes, in turn, can be used to infer paleo-ice flow

dynamics (Glasser & Bennett, 2004; Benn & Evans, 2010; Bradwell, 2013).

3.1 Glacio-erosional processes

Glaciers underlain by bedrock-dominated areas (‘hard beds’) can be subjected to three different
processes of erosion (Benn & Evans, 2010), namely: by abrasion, when rock particles scour on top
of the bedrock surface; by quarrying, when large blocks of rock are being removed by failure of
joints; and by glacial meltwater, when mechanically and/or chemically weathered rocks are
removed by water. These three processes operate at different scales but combined they create an

assemblage of different glacial landforms. Each process will be discussed below.

3.1.1 Abrasion

Bedrock surfaces eroded by abrasion is caused by two processes: scouring and polishing. Scouring
results in the formation of linear grooves (striations) and polishing results in the reduction of the
bedrock surface roughness (Benn & Evans, 2010). Striations are formed by localized stress
concentrations of rock particles (usually larger than 1 cm) that are incorporated into the ice and
then dragged over the rock surface. When this happens, they leave a linear groove behind them.
These grooves are the result of the cumulative effect of small brittle fractures, caused by the
localized stress concentrations of the rock particles, and the subsequent removal of the loose
material. Polishing of rock surfaces is the result of the removal of small irregularities within the
rock surface.

Controlling factors of erosion favored by abrasion include effective basal pressure greater
than 1 MPa, high velocity of particles in the ice, high concentration of particles in the basal ice and
relative rock strength between particles and bedrock (Boulton, 1974; Hallet, 1979; Iverson, 1991a;
Benn & Evans, 2010; Krabbendam & Bradwell, 2011). Abrasion rates are inversely related to rock
strength, therefore quantifying rock strength could be a tool to determine abrasion resistance

(Boulton, 1979; Krabbendam & Glasser, 2011).
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3.1.2 Quarrying

Bedrock erosion by quarrying, also known as plucking, describes the process of the separation of
rock fragments from the host rock (Benn & Evans, 2010). Quarrying is fundamentally the same
process as abrasion, although taking place at a different scale. Localized cumulating stress
concentrations enlarges fractures within the bedrock which on its turn leads to separation of rock
fragments from the host rock (Benn & Evans, 2010). It has been suggested that ideal conditions of
rock fractures occur at rock steps were large stress gradients can develop as a result of fluctuating
water pressures at lee-side cavities (Iverson, 1991b). If water pressure drops within lee-side cavity,
fractures propagate downwards parallel to the lee face of the rock step, isolating large fragments
(Iverson, 1991b; Cohen et al,, 2006). These fragments will then be removed by the tensile deviatoric
stresses in the direction of the ice flow, as the compressive stresses within the bedrock generally
are vertically oriented (Benn & Evans, 2010). For this reason, the distribution and orientation of
pre-existing joints within the bedrock have a strong influence on erosion by quarrying.

Controlling factors of erosion favored by quarrying include strong water pressure
fluctuations, low-effective basal pressure (0.1 - 1 MPa), high sliding velocities, low porosity and
presence of joints within the host rock (Iverson, 1991b; Hallet, 1996; Cohen et al., 2006; Benn &
Evans, 2010; Diihnforth et al., 2010; Krabbendam & Bradwell, 2011). Several field studies have
shown that joints effectively control whether quarrying occurs or not (Gordon, 1981; Dithnforth et
al,, 2010; Krabbendam & Glasser, 2011; Hooyer et al., 2012). Cavity formation is favored at the lee-
side of landforms that are characterized by structural weaknesses, such as bedding, joints, foliation
trends and fracture zones (Glasser et al., 1998; Krabbendam & Bradwell, 2014). Important is also
the orientation of these structural weaknesses in respect to ice flow. It is of consequence if bedding
and foliation of the bedrock strike parallel or transverse to ice flow (Gordon, 1981; Glasser et al.,
1998; Krabbendam et al.,, 2016). For example, Glasser et al. (1998) found that quarried rock faces of
metamorphic rock slabs located at the innermost Kongsfjorden are particularly well developed
where former ice flow was (sub-)parallel to the dominant bedrock foliation. The same authors also
found that the formation of cavities is suppressed where the former ice flow was normal to the
trend of the dominant bedrock foliation. However, rocks without joints could possibly fracture sub-

glacially, but such events seem to be exceptional (Hooyer et al., 2012).
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3.1.3 Glacial meltwater erosion

Glacial meltwater erosion involves the removal of mechanically and/or chemically weathered
particles. Glacier meltwater erosion is controlled by bedrock structure and strength; discharge
regime (including water velocity and turbulence); and the amount of sediment transport within the

meltwater (Glasser & Bennett, 2004).

3.2 Glacial erosional landforms

Glacial erosion can be distinguished from fluvial, coastal and/or aeolian erosion by recognition of
glacial modified landforms. According to Glasser and Bennett (2004), erosional forms modified by
glaciers can be grouped into three different scales: micro-scale, meso-scale and macro-scale
landforms. More detailed descriptions and definitions of these glacial erosional landforms can be

found in Sugden and John (1976); Glasser and Bennett (2004) and Benn and Evans (2010).

3.2.1 Micro-scale landforms
Micro-scale landforms are erosional forms smaller than 1m in size, often ornamenting larger
landforms. In this study, micro-scale landforms are referred to as striae and micro-crag and tails.

Striae are linear grooves incised into bedrock, usually only a few millimeters deep and up to
several meters long. They are produced through the process of glacial abrasion. Striae are formed
parallel to local ice movement on flat surfaces and can therefore be used as a basis for paleo-ice
flow orientation. The presence of striae, reflecting glacial abrasion, suggests warm-based subglacial
conditions with basal debris, basal sliding and a moderate level of effective normal pressure
(Glasser & Bennett, 2004). Striae are associated with areas of polished surfaces which comprise of
numerous micro-striation (<10um) (Benn & Evans, 2010).

Micro-crag and tails are small streamlined features consisting of a resistant bedrock crag at
the stoss-side and a tapering tail at the lee-side of less resistant rock. The bedrock at the tail is
preferentially protected from glacial abrasion at the lee-side of more resistant features on the
surface of the rock. Presence of micro-crag and tails can be used to determine paleo-ice flow
direction. The occurrence of such features indicates that abrasion processes are operating, and this

reflects similar glacial conditions as the formation of striae (Glasser & Bennett, 2004).
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3.2.2 Meso-scale landforms
Meso-scale landforms are between 1m and 1km in size and include landforms such as whalebacks,
roches moutonnées and megalineations.

Whalebacks are characterized as rounded, often streamlined bedrock bumps elongated in
the ice flow direction with a relative low height to length ratio. Streamlining of the landform occurs
through striation and polishing of all the bedrock surfaces by glacial abrasion. It is assumed that the
absence of quarried lee faces on whalebacks implies that low-pressure cavity formation has been
suppressed (Glasser & Bennett, 2004). Areas where cavity formation has been suppressed is
proposed to occur below thick ice with high ice-overburden pressure. It has been further suggested
that these conditions are present in two different subglacial settings: (i) below thick and slow-
sliding ice with low basal meltwater pressures (Glasser & Bennett, 2004); and (ii) below thick, fast-
sliding ice with stable meltwater pressures (Evans, 1996; Roberts & Long, 2005; Bradwell, 2013).

Roches moutonnées are partly streamlined asymmetrical bedrock bumps with abraded
stoss-faces and quarried lee-faces along ice flow direction. However, joints and bedding within the
bedrock have a strong control on the final shape of roches moutonnées once plucking is initiated
(Gordon, 1981). Roches mountonées are typically formed where ice overburden pressure is high at
stoss surfaces and sufficiently low at lee surfaces to allow for cavity formation. Cavity formation,
together with rapid cavity pressure fluctuations, promote quarrying. These conditions are thought
to take place beneath relatively thin, fast-flowing ice with rapid cavity pressure fluctuations. The
fluctuations of pressure in cavities are in response to changes in meltwater input, which is derived
from transport of surface meltwater through crevasses to the bed or by basal meltwater (Iverson,
1991b; Evans, 1996; Hallet, 1996; Glasser & Bennett, 2004).

Megalineations is a collective term for highly elongate positive and negative bedrock
landforms larger than 100m and with an elongation ratio larger than 1:10 (Benn & Evans, 2010;
Krabbendam et al,, 2016). Megalineations are also referred to as megaridges or megagrooves if the
landform is recognized as a positive or negative feature, respectively. Megalineations are related
with fast flowing ice and have been used to map paleo-ice streams on bedrock dominated surfaces
(Krabbendam et al., 2016). Bedrock surfaces with bedding striking parallel to ice flow generate
more developed megalineations rather than bedrock surfaces with bedding transverse to strike

(Krabbendam et al., 2016).
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3.2.3 Macro-scale landforms

Glacially eroded macro-scale landforms are landscape features with dimensions larger than
1 km. These landscape features may be ornamented with such smaller landforms as mentioned
above. The macro-scale landforms referred to in this study include: glacial troughs and
overdeepenings.

Glacial troughs are deep linear U-shaped features carved into bedrock, probably developed
over repeated glaciations of pre-glacial fluvial landscapes resulting in topographic channeling of ice
flow into the glacial trough (Nesje & Whillans, 1994; Egholm et al., 2017). The transition of the
shape of a fluvial valley into a glacial trough is thought to have developed after 200 000 years of
glacial modification (Kirkbride & Matthews, 1997). Erosion of the bedrock within glacial troughs
occurs through the combined effect of glacial abrasion, quarrying and glacial meltwater erosion.
Zones of weaker bedrock, such as fracture zones paralleling the glacial trough, could lead to
enhanced erosion and the development of locally deeper glacial channels than the overall U-shaped
trough (Harbor, 1995). The formation of glacial troughs or channeling of ice in areas of low
elevation is essential for flow focusing. This process leads to a positive feedback of dynamically
more active ice with higher erosive power. Increased erosion leads to larger cross-sectional areas
accommodating larger ice volume drainage through the glacial trough (Brook et al., 2003; Bradwell,
2013; Egholm et al., 2017). However, cross-profile morphology of glacial valleys is strongly related
to bedrock properties such as rock mass strength, with soft and weak rocks usually having a wider
and shallower cross-profile valley morphology (Augustinus, 1992; Brook et al., 2004; Swift et al.,
2008).

Overdeepenings, represent basins eroded into bedrock within the floors of glacial troughs.
Development of these basins is controlled by both glaciological variables such as thermal regime,
ice velocity and ice thickness, and bedrock properties such as lithology and structural weak zones
(Gonzales & Aydin, 2008; Benn & Evans, 2010; Cook & Swift, 2012). Overdeepened sections often
develop in areas with increased ice drainage, such as downstream of merging tributary valleys or at
narrow corridors within the glacial troughs (Shoemaker, 1986). However, overdeepened linear
valleys can also develop at structural weak zones. Selective glacial erosion of the fractured rock
could increase the vertical component of linear valleys resulting in overdeepened linear valleys

(Krabbendam & Bradwell, 2014).
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4. Methods and datasets

In this research project, fieldwork is used combined with available aerial photographs and Digital

Elevation Models (DEM’s) to assess the bedrock geology and geomorphology by comparing detailed

outcrop observations with regional patterns within the study area.

4.1 Datasets

The available datasets used in this study include a geological map of the area and three different

DEM'’s. These different DEM’s cover the bathymetrical, subglacial and surface topography. An

example of the bathymetrical DEM is presented in Figure 7. Details of each DEM are shown in Table

1 and will be described separately below.

Datasets

Type
Method
Resolution
Accuracy
Year

Source

Bathymetrical DEM
Swath-bathymetry data
5m
?

2010
Norwegian Hydrographic
Service (2014)

Table 1: Datasets used in the study

4.1.1

Bathymetry DEM

Subglacial DEM
Ice Penetrating Radar
150 m
?
2014-2016
Lindbéack et al. (in
review)

Surface DEM
Stereo aerial photographs
5m
2-5m
2009

NPI

Geological map
Mapping
1:100.000
1999 - 2012

NPI

The bathymetrical DEM with a 5 m resolution was compiled by the Norwegian Mapping Authority

Hydrographic Service (2014). The high-resolution swath-bathymetry data used for compiling the
DEM were captured in 2000, 2007, 2010 and 2011. In 2000, an EM 1002 multi-beam echo sounder

was used for capturing data; in 2007, 2010 and 2011, an EM 3002 multi-beam echo sounder was

used for the same purpose.

In this study, the bathymetrical data have been processed to produce a slope map, a

hillshade map and an aspect map of the fjord floor. They were also used to draw transverse surface

profiles, with the aim to relate the glacial landforms with the cross-valley morphology.
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Figure 7 : Example of one of the Digital Elevation Models (DEM’s) used in this study. This is the Bathymetrical DEM
(Norwegian Mapping Authority Hydrographic Service, 2014) with 20m spaced contour lines. The shore line is obtained from
the Norwegian Polar Institute (2014c) and modified through use of a smoothening filter. Note the high roughness around the
Lovéngyane archipelago and the overdeepend channel between Ny-Alesund and Blomstrandhalvaya.

4.1.2 Subglacial DEM
A subglacial topography DEM of the tidewater outlet glaciers; Conwaybreen, Kongsbreen,
Kronebreen and Kongsvegen, was provided by the courtesy of the Norwegian Polar Institute. The
subglacial topography data that were used to create the DEM were collected by Lindback et al. (in
review), using radio-echo sounding radar profiles either mounted on a helicopter (in crevassed
areas) or towed behind a snowmobile during expeditions executed in the spring of 2014, 2015 and
2016. These data, covering in total about 1300 km of common-offset radar profiles, were then
supplemented with older radar profiles collected by the Norwegian Polar Institute during earlier
expeditions. All the radar profiles were calibrated by determining the misfit in bed elevation at
crossover points of different radar profiles. The resulting DEM has a resolution of 150 m.

In this study, the subglacial DEM was used to draw transverse surface profiles along

Kongsfjorden, with the aim to highlight geomorphological features.
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4.1.3 Surface DEM
Both a surface topography map and an orthophoto of the Kongsfjorden area are available online
(Norwegian Polar Institute, 2014a). The surface DEM and the orthophoto were created using stereo
aerial photographs of 2009 and 2010. The DEM has a resolution of 5m and an accuracy of 2 to 5m. It
covers the whole Kongsfjorden area.

In this study, the orthophoto and surface DEM were used with the aim to map and interpret
the morphological features of the islands within Kongsfjorden. The surface DEM was also used to

draw transverse surface profiles of Kongsfjorden.

4.1.4 Geological maps
Four different geological map sheets with scale 1:100.000 were provided by courtesy of the
Norwegian Polar Institute. The maps included Norsk Polarinstitutt Temakart numbers 30, 39, 42
and 49 (Hjelle et al., 1999; Dallmann et al., 2006; Ohta et al., 2008; Dallmann, 2012).

In this study, the geological maps were used to supplement the collected field data. Through

that it was possible to extrapolate individual observations of outcrops to the study area at large.

4.2  Acquiring field data

In the field, priority was given to acquiring an overview of the variable bedrock characteristics and
geomorphological characteristics for each different lithology within the study area. For this, 9
daytrips were made to various sites throughout Kongsfjorden to study the different lithologies.
These daytrips were carried out between 18 and 27 August 2017, using a boat provided by the
nearby research station in Ny-Alesund. The locations visited are shown in Figure 8 (respectively A,
B and C). Only the lithologies located north of Brgggerhalvgya, i.e. north of the West Spitsbergen
Fold-and-thrust Belt (WSFB), were described.

Descriptions of the bedrock characteristics include lithology, structural data, bedrock
mechanical properties and degree of alternation. The structural data that were noted comprise of
strike, dip, lineations and slip kinematics of fault planes. The declination for the study site was 7°
(derived from the World Magnetic Model acquired from http://www.ngdc.noaa). The assessment of
the bedrock mechanical properties included measurements of intact rock strength and rock mass
strength for each lithology, and will be described in more detail in sections 4.2.1 and 4.2.2.

The geomorphological characteristics were analyzed by identifying and classifying the

glacial erosional landforms on the visited outcrops. The classification of glacial erosional landforms
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was based on Glasser & Bennett (2004). On basis of striations on outcrops the paleo-ice flow
direction at that particular locality could be approximated.

Finally, the characteristics of fracture zones were also closely examined as there are strong
indicators that these exerted a major influence on differential erosion (Gonzales & Aydin, 2008;
Krabbendam & Bradwell, 2014). Most of the fracture zones were poorly exposed, except the ones at
Juttaholmen. For this reason, the findings of the central fracture zone at Juttaholmen (location 010)
were extended to similar structures around the Lovéngyane archipelago. The assessment at
Juttaholmen included descriptions of the fracture zone describing its lithology, texture, type of

brecciation, bedrock mechanical properties and degree of alternation.
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Figure 8: Locations visited by the author during fieldwork, as referred to in the text. Maps A, B and C display sites that were
visited to determine the main bedrock and geomorphological characteristics. The white arrow indicates the location of the
fracture zone assessment on Juttaholmen. The background image is an orthophoto of the study area provided by the
Norwegian Polar Institute.
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4.2.1 Intact Rock Strength (IRS)

In the literature, Intact Rock Strength (IRS) is mostly defined as the strength of rock material
between discontinuities and this determines the hardness of the intact rock block material (Hack &
Huisman, 2002). Diverse studies have shown that abrasion resistance is dependent on the absolute
hardness of the bedrock, as well as on the relative hardness between basal debris particles and
bedrock (Boulton, 1979; Iverson, 1991a; Sklar, 2001). The Schmidt Hammer rebound values have
previously been used as a method to give a reliable approximation of the absolute hardness of the
bedrock and can therefore satisfactorily be used as a proxy for IRS and abrasion resistance
(Sachpazis, 1990; Augustinus, 1992; Brook et al., 2004; Aydin & Basu, 2005; Krabbendam & Glasser,
2011; Viles et al,, 2011; Krabbendam & Bradwell, 2014). This method was chosen because the
Schmidt Hammer is easily portable, quick-in-use, non-destructive and performs at low-cost.
Through this, data could be gathered at many different localities and lithologies.

For this study, a ‘BN’ type electronic Schmidt Hammer (named SilverSchmidt) was used
(made by Proceq). The ‘BN’ type SilverSchmidt collects indirect rebound values (Q-values) by
calculating the difference of the velocity during impact and rebound at different outcrops. In the
literature, studies tend to refer to an older version of Schmidt Hammer (called Original Schmidt)
which measures direct rebound values (R-values). The R-values are calculated by measuring the
fractional rebound distance during impact. R-values can be converted into Q-values by a conversion
factor in the order of +9.6 - 10.1 units (Winkler et al., 2014). The SilverSchmidt provides
measurements which are independent of the impact direction and it uses an impact energy of 2.207
Nm with a compressive strength of 10 - 100 MPa (Viles et al.,, 2011). However, the mechanical
anisotropy within rocks influences Q-values. A mechanical anisotropy within rocks comprises of
non-uniform and non-regular geometries of discontinuities, such as joints and fractures (Noorian
Bidgoli & Jing, 2014). A strong mechanical anisotropy can contribute to a reduction in Schmidt
Hammer rebound values and should be taken into account (Viles et al,, 2011).

In the present study, the method described by Gupta et al. (2009) was employed for
collecting the Schmidt Hammer hardness measurements. This method includes 50 single rebound
measurements per site on a smooth flat surface, separated by at least a piston width (~2 cm). All
measurements were taken at a distance of at least 10 cm from the edge of the outcrop, to minimize
edge effects. The upper and lower 10 values were then discarded to reduce variability when
calculating summary statistics. This method was chosen as it tends to minimize outlier values,

which are common on bedrock surfaces due to local weathering remnants or minor discontinuities.
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An effort was made to select outcrops with minimal weathering signatures and discontinuities

within the rock, to reduce the influence of mechanical anisotropy of the Q-values.

4.2.2 Rock Mass Strength (RMS)

The Rock Mass Strength method, developed by Selby (1982), can be used in the field to
determine the control of jointing in the rock strength of an outcrop. This method has been applied
widely, e.g. to assess bedrock control in glacial valley development (Augustinus, 1992; Brook et al,,
2004); to study overdeepened glacial erosion (Gonzales & Aydin, 2008; Diihnforth et al., 2010); and
to research glacio-erosional landform formation (Krabbendam & Glasser, 2011; Krabbendam &
Bradwell, 2014).

In this study, fracture spacing was used as a proxy for RMS (Krabbendam & Glasser, 2011). The
fracture spacing values were obtained through application of the ‘circle inventory method’, as
described by Davis & Raynolds (1996). This method aims to measure all the fractures within a
predefined circle on a selected outcrop. The fracture spacing is then calculated by dividing the total
length of all fractures by the area of the circle. This method was applied by making photos of
outcrops visited in the field, using a 1 m measuring stick for scale. The photos could later be
imported into ArcGIS 10.5 and referenced to the appropriate scale using a meter-stick. All visible
fractures on the outcrops were digitally drawn in the photograph, within the predefined circle. The
fracture spacing of the outcrop concerned would then be calculated by dividing the cumulative
length of all drawn polylines by the area of the circle. Outcrops with background jointing were
chosen to determine the fracture spacing value of a specific lithology to avoid bias from fracture
zones. For the purpose of this study, structures were subdivided into joints and fracture zones.
Fracture zones are linear zones of dense fracturing and joints are individual fractures without

displacement (Davis & Raynolds, 1996).
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4.3 Data analysis

After returning from the field the different types of data were analyzed separately. The collected
data were divided to be able to tackle the three sub-questions separately, following a one-to-one
comparison, and will be described separately below. A summary of the used datasets, type of

analysis and products of the study is shown in Figure 9.
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Figure 9: Summary of used datasets, type of analysis and results of the study. Arrows indicate the datasets that were used to
obtain the final results (within the dashed grey box).

4.3.1 Main bedrock characteristics
The main bedrock characteristics were analyzed on basis of three different sub-sections:

i) A simple updated geological map of the Kongsfjorden area (1:100 000) was produced,
using ArcMap, in which the spatial distribution of the different lithologies and fracture
zones of the study area were highlighted. In addition, a detailed geological map of the
Lovéngyane archipelago (1: 8 000) was produced highlighting the spatial variations in
texture of lithologies and the distribution of fracture zones in this region. Sketches of
outcrops were made for visualizing the geological configuration, using CorelDRAW 2017.

ii) Schmidt Hammer hardness measurements were plotted against fracture spacing to
evaluate the bedrock mechanical properties of each lithology, according to Krabbendam
& Glasser (2011) and Krabbendam & Bradwell (2014). A rock type with large fracture
spacing and high rock hardness suggests a higher resistance to glacial erosion.

iii) Measurements of fault-slip planes, bedding and foliation of outcrops in the field were

plotted and analyzed in Schmidt nets (equal area projections), using Stereonet. The
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4.3.2

Schmidt net diagrams were used to differentiate fault populations within the fracture
zone in Juttaholmen. This was done by first plotting all measured structural data,
including fault planes and lineations, from the fracture zone into a Schmidt net. Then,

clustering of fault planes and lineations were extracted and analyzed separately.

Main geomorphological characteristics

The main geomorphological characteristics were analyzed into two different sub-sections:

i)

ii)

iii)

The classified glacio-erosional landforms described in the field were analyzed
separately for each different lithology.

Positive geomorphological landforms were manually digitized within the Kongsfjorden
area and stored as polygon datasets. The elongation ratio for each landform was then
calculated and analyzed according to their distribution. A modified version of the
elongate landform method was applied, described by Phillips et al. (2010). In this study,
the manually digitized landforms were stored as polygon datasets instead of line
datasets to avoid geometry bias of the landforms. Therefore, the minimum bounding
geometry tool from ArcMap 10.5 was used to calculate the elongation ratio of the
landforms.

Four different transverse profiles were produced along Kongsfjorden. This allowed a
detailed comparison to be made between the distribution of elongate landforms and
underlying bedrock geology with the cross-valley morphology; in particular, the effect
of topographic focusing on the elongation ratio of landforms and the effect of large-scale

tectonic structures on the changes in cross-valley morphology.

The elongation ratios of the positive landforms were derived by first digitizing the foot of the

landforms using a hillshade and a slope map of the Bathymetry DEM and Surface DEM. The

hillshade and slope map were created in ArcMap 10.5. Only the landforms within Kongsfjorden

beyond the LIA maximum extent were digitized to avoid bias from recent glacial activity that might

have modified or covered the glacial landforms formed during the LIA. The elongation ratios of the

mapped landforms were calculated using the minimum bounding geometry tool in ArcMap 10.5.

This tool created a new shape file that is comprised of rectangles that represent the minimum

geometry that fits the polygon of the landform, Figure 10. The long axis of the rectangle

corresponds to the widest diameter of the polygon. The short axis corresponds to the widest

diameter perpendicular to the long axis. The new shape file contained the orientation, the length
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(long axis) and the width (short axis) of the minimum rectangle that fits the polygon. This
information was used to calculate the elongation ratio of the landforms by dividing the length and
width of the rectangle relative to paleo-ice flow. The paleo-ice flow was determined on basis of
measured striations collected in the field at Lovéngyane. The mapped landforms were then divided
into different assemblage zones which shared similar characteristics. The landforms of each
assemblage zone were plotted in frequency diagrams according to their aspect ratio and plotted in
rose diagrams according to the orientation of the long axis, relative to the course of the paleo-ice

flow, using Stereonet.
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F

Figure 10: The map on the left indicates the digitized positive landforms (orange polygons). The map to the right presents the
minimum rectangular geometry that fits the polygon (blue boxes). The attribute table of the rectangles includes length, width
and orientation of each landform. Background image is a slope map of the bathymetrical DEM (Norwegian Mapping
Authority Hydrographic Service, 2014). The shore line is obtained from Norwegian Polar Institute (2014b) and modified by a
smoothening filter.

The transverse surface profiles were made by drawing transects for each DEM at the same location,
using ArcMap 10.5. The parts that did not describe the surface topography, i.e. the glacier surface
and the water surface, were clipped out. The elevation of the bathymetrical DEM close to shore
lines or outlet glaciers are missing or unreliable due to challenges in collecting reliable data. This
shortcoming of information was considered to be of minor importance considering the
circumstance that transverse profiles can have a length up to 20 km long. The surface roughness
was calculated by dividing the ground surface distance by the projected grid distance of each

profile.
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4.3.3 Linear morphological features
Distinct linear morphological features were digitized at the fjord bottom of Kongsfjorden and for
this an aspect map of slopes steeper than 30° was used. The aspect map was created using the
bathymetrical DEM in ArcMap 10.5. This method of digitizing linear morphological features is based
on Indrevaer and Bergh (2014), but differs from it in minor aspects. In this study, only slopes
steeper than 30° were used rather than those of 5° to avoid bias from sub-glacial landforms that
were formed during the LIA maximum extent, such as moraine ridges or crevasse squeeze ridges
(Streuff et al., 2015). The aspect map was produced using the aspect tool in ArcMap, which
calculates the downslope direction of each data point based on neighboring data points ina 3 x 3
(pixel) window. The linear morphological features were then identified and mapped according to
this aspect map. A length weighted rose diagram was produced on basis of the mapped features.
Through that the main orientations of the linear features could be determined by first assessing the
geographical starting point (x1, y1) and end point (x2, y2) of each drawn polyline in an UTM grid.
The angle between the two points was then calculated in the field calculator, using the following

formula:

tan~! ((x2 — x1), (¥2 — y1)) X % (1)
In the attribute table the angle of each drawn polyline relative to north was obtained. By inserting
the length of each polyline into the attribute table it was possible to plot the data into a length

weighted rose diagram, using MATLAB script as developed by Puszta (2017).
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5. Results

As aresult, this study was able to identify (1) the main bedrock characteristics of the outcropping
lithologies in the Kongsfjorden area; (2) the main geomorphological characteristics of the

Kongsfjorden area; and (3) the linear morphological features at the fjord bottom of Kongsfjorden.

5.1 The main bedrock characteristics

Descriptions of the main bedrock characteristics of Kongsfjorden include:(i) the distribution of its
lithologies; (ii) the mechanical properties of these lithologies; and (iii) the fracture zones cutting

through these lithologies.

5.1.1 Lithologies of Kongsfjorden

The geological map of the study area, including the interpreted subsurface continuation of these
lithologies, is shown in Figure 11. A profile of the bedrock geology along Kongsfjorden is shown in
Figure 12. The lithologies that were visited can be subdivided into two zones: (i) Nunataks in the
east-bearing basement rocks that were recently exposed, and (ii) the Lovéngyane archipelago in the
west where fractured and altered marbles and red sedimentary rocks predominate. A detailed

geological map of the visited field localities on Lovéngyane is presented in Figure 13.
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Legend

""" Fault [this study] WEST SPITSBERGEN FOLD- DEVONIAN AND LOWER NORTHWESTERN
AND-THRUST BELT CARBONIFEROUS BASEMENT PROVINCE
Normal fault _ SEDIMENTARY UNITS
) ; 9 Sandstone, siltstone and g Marble
Strike-slip conglomerate Dolomite, limest., . .
[ hvdrit b 9 Mica schist
Thrust fault B Black shale and siltstone anfydrt e/gypsum, carb. ) .
breccia 40, Garnet mica schist
— River B carbonate rocks o Sandstone, siltstone and [ Migmatite
[ | Water 12 Phyllite and quartzite shale
. Glacier 13 Marble . Red sandstone and

. . conglomerate
1 Unconsolidated material 8 (Garnet-)mica schist

Figure 11: Updated geological map from Kongsfjorden modified on basis of Dallmann (2015). Faults (red dashed lines) and
subsurface geology that are interpreted on basis of this study are added onto this geological map. Contour lines represent
surface, bathymetrical and subglacial topography with 50m intervals. Transect of geological profile (Figure 12) is indicated
with black line.
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Figure 12: Profile of the bedrock geology along Kongsfjorden. geological map (Figure 11) for transect of the cross-section.

Elevation is 2x vertically exaggerated.
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Figure 13: Detailed geological
map of Lovéngyane (1:8 000).
Background image is a slope map
of the bathymetrical DEM
(Norwegian Mapping Authority
Hydrographic Service, 2014) and
an orthophoto of the Norwegian
Polar Institute, (2014b).
Structural data obtained from
Midtholmen (left Schmidt net)
and Sigridholmen (right Schmidt
net), indicating poles of fault
planes (black dots), slickensides
(triangles), main fault trends

(dashed lines) and Faults = 46 Faults = 89
bedding/compositional banding Slickensides = 11 Compositional banding = 5
(continuous lines). Bedding = 8
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Red sedimentary rocks

The red sedimentary rocks from the Red Bay Group (Old Red Sandstones) were described at
different locations in the Lovéngyane archipelago, such as on the islands Juttaholmen,
Observasjonsholmen and Midtholmen. Such sedimentary rocks are typically bedded and consist
predominantly of 20m thick layers of clast-supported breccia, altered by thin sandy layers (<0.5m),
Figure 14A. The bedding is dipping about 40° towards the west, Figure 13. The breccia has a silty to
sandy reddish-brown matrix with angular marble clasts (and sporadically phyllite clasts). The size
of the clasts ranges between 0.2cm and 20cm and the majority of them are of a size of about 5cm.
Within the breccia layer, pressure solution stylolites can be found, located parallel to the bedding,
Figure 14B. The sandy layers are remarkably red with grain size ranging from silt to coarse sand,
Figure 14A. The base of the sedimentary sequence on Observasjonsholmen consists of a 15m thick
sequence of m scale bedded grey-yellowish conglomerate, sandstone and silt (cf.,, Figure 14C and
Figure 15). The gray conglomerate is composed of predominantly rounded marble clasts of up to
5cm in length. The sequence is coarsening upwards, whereas the individual layers within this
sequence are fining upwards. Some of the layers contained trough cross-bedding dipping towards
the north, indicating that the stratigraphy is not inverted (Figure 14D). At several locations calcite
veins of about 1cm in width and up to 20cm in length could be found cross-cutting the red

sedimentary breccia striking E-W, Figure 14D.
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Figure 14 : (A) Red silt to coarse sandy layer altering with clast supported breccia. (B) Sedimentary breccia with stylolites
parallel to bedding. Note the angularity of the marble clasts. (C) Trough cross-bedding in the grey-yellowish conglomerate
and sandstones. (D) E-W striking calcite veins on a polished surface at Midtholmen.
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Figure 15: View looking from the north of Midtholmen towards the south of Observasjonsholmen. The base of the sedimentary
rocks consists of grey conglomerate and the top consists of altering sedimentary breccia with thin sandy layers (<0.5m).
White lines indicate bedding. Note the polished surface at the top and the rugged slopes at the side of the hill. Paleo-ice flow is

from right to left.
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Marbles

Marbles from the Generalfjella formation, dispersed throughout the study area, were described at
several locations. However, the characteristics of the marbles differ significantly from each other. In
the east, i.e. on Ossian Sarsfjellet and on Stemmeknausane, the marbles are predominantly
composed of composite-banded marble with some calk-silicate inclusions, Figure 31A. At the
Lovéngyane archipelago, i.e. on Sigridholmen and Juttaholmen, the marbles are mostly altered and
brecciated and only partly composed of composite banded marbles, Figure 16A. These altered
marbles have different bedrock characteristics such as a red stain brecciated with red matrix, and a
laminated very fine grained green-greyish carbonate, Figure 16 (B, C and D, respectively). These
characteristics are in accordance with descriptions of the Viggobreen formation by Thiedig &
Manby (1992) and Piepjohn (2000).

The contact interfaces between the marbles and the red sedimentary rocks are
characterized by fracture zones, which are well exposed on Juttaholmen. The compositional
banding within the marbles strikes N-S and dips 40° towards the west on Sigridholmen, similar to
the bedding of the red sedimentary rocks (Figure 13). On Ossian Sarsfjellet and on

Stemmeknausane the marbles dip about 60° towards the east.
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Figure 16: Different lithological occurrences of marble: (A) Compositional banding on Sigridholmen; (B) Red staining on
Sigridholmen; (C) Brecciated marble on Juttaholmen; and (D) Grey-green, very fine grained, laminated carbonate, with
calcite veins.

Quartz mica-schist, phyllite and quartzite

Quartz mica-schist, which alters with bands of phyllite and quartzite from the Signehamna
formation, was described on Ossian Sarsfjellet. At Ossian Sarsfjellet quartz mica-schist occurs in
two different forms: one weakly foliated, well-polished form interlayered with quartzite bands and
phyllite (found at the western part of Ossian Sarsfjellet), and one densely foliated mylonite form
(found at the eastern part of Ossian Sarsfjellet, close to the contact with the marble), Figure 17 (A
and B). The composition of the mica-schist changes when moving between eastern and western
direction. In the west, the mica-schist is dominated by muscovite and chlorite altering quartzite
bands. In the east, the mica schist is dominated by biotite. In all outcrops quartzite lenses are found
in the mica-schist, of up to 10cm in length. The foliation of the mica-schist is generally trending N-S
and is dipping 60° towards the east. At some localities on the eastern part of Ossian Sarsfjellet, the
mica-schist appeared to have a linear rather than planar fabric. The linear fabric plunges slightly
towards the south. The quartz mica-schist occurred in bands altered by 5m wide foliated yellowish-

brown quartzite. The foliation of the quartzite trends N-S, parallel to the quartz mica-schist
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foliation, and has a foliation spacing of about 10cm, Figure 18. The tectonic lineations on the

foliation planes are sub-horizontal.
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Figure 17: (A) Quartz mica-schist and phyllite at the western margin of Ossian Sarsfjellet with weak foliation. Note the
polished and striated surface; (B) Strongly foliated quartz mica-schist close to the contact with the marble at the eastern end
of Ossian Sarsfjellet. Note the absence of striations on the strongly foliated quartz mica-schist.

Figure 18: Quartzite at Ossian Sarsfjellet. Note the angular bedrock surface and foliation spacing of 10cm.
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Migmatites

Migmatites from the Smeerenburgfjorden complex occur on Colletthggda and Stemmeknausane,
close to the present glacier margin, see Figure 11. At both localities, the migmatites are zoned in
diatexite and metatexite. Diatexite is a variety of migmatites where all the pre-migmatization
structures are destroyed, resulting in homogenization of the texture (the darker and lighter parts
merge into one another). Metatexite describes a variety of migmatites containing structures that
survived the partial melting. This, in its turn, resulted in discrete light-colored areas (leucosomes)
and darker areas (melanosomes)(Fettes & Desmons, 2007). The diatexite migmatite are distributed
close to the western section of the migmatite, near to the contact zone with the marbles, Figure 194,
and the metatexite migmatite are distributed towards the east, Figure 19B, about 200m distance
from the contact. The contact itself, at both locations, is covered with subglacial debris. The
diatexite migmatite has a biotite schistosity texture, Figure 19A, with muscovite grains on the
foliation plains and includes tourmaline crystals in black melt pockets. The foliation is N-S oriented
and dips around 60° towards the east. The mineral assemblage of the metatexite includes

lecosomes consisting of quartz, plagioclase, K-feldspar, cordiorite and silliminite and melanosomes

consisting of garnet, biotite schist with quartz lenses.

Figure 19: (A) Diatexite migmatite close to the contact zone with the marbles at Stemmeknausane. Note the N-S oriented
foliation. (B) Metatexite migmatites including melanosomes and leucosomes found in further distance from the western
contact of the migmatite at Colletthggda. Note the polished surface and absence of joints and foliation.
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5.1.2 Bedrock mechanical properties in Kongsfjorden
The bedrock mechanical properties of the different lithologies within the Kongsfjorden area are
summarized in Table 2. The measured fracture spacing is plotted against Schmidt Hammer
hardness (Q) in Figure 20. Figures used for deriving fracture spacing values for each lithology are
shown in Figure 21.

The measured Schmidt Hammer hardness values, i.e. indicating the intact rock strength,
range between 50 and 80Q. The rocks with highest intact rock strength are the ‘massive’ rocks
without significant mechanical anisotropy, e.g. quartzites and migmatites. The rocks with the
lowest intact rock strength - i.e. altered marbles, sedimentary breccias and mylonite quartz mica-
schists - have a strong mechanical anisotropy (a large number of non-uniform discontinuities). This
strong mechanical anisotropy can either be attributed to dense foliation in the quartz mica-schists
or to the numerous of (minor) discontinuities within the sedimentary breccias and altered marbles.

The fracture spacing values, indicating rock mass strength, vary between 0.01 to 2.1m. The
rocks with the lowest fracture spacing (between 0.01 and 0.1m) are predominantly situated close
to fracture zones or structural contacts, such as mylonite quartz mica-schist on Ossian Sarsfjellet
and brecciated marbles and sedimentary rocks on Lovéngyane. Rocks with the highest fracture
spacing (> 0.1m) are situated at some distance from the fracture zones, examples of which are
migmatites on Colletthggda and marbles on Stemmeknausane. The wide range of intact rock
strength and rock mass strength of the altered marble, found both on Sigridholmen and
Juttaholmen, can be attributed to the fact that the Viggobreen marbles come in different altered

forms with each their own mechanical properties.
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Bedrock Properties

. Total
Lithology Setting area, | lenath | Practure Spacing | Fracture density: | Hardrness | e ors

AT | Lm)
Migmatite A Background jointing 4.4 16.0 0.278 3.6 78.83 £0.83 085 78910N12.650 E
Migmatite B Background jointing 4.4 6.4 0.699 1.4 78.83 £0.83 085 78910 N 12.650 E
Migmatite C Background jointing 6.0 2.1 2.056 0.5 78.83 £0.83 085 78910 N 12.650 E
Marble Background jointing 0.9 3.8 0.225 4.4 67.37 +1.30 091 78976 N12.586 E
Quartz mica-schist Background jointing 1.0 8.6 0.116 8.6 74.75 £ 0.65 026 78969 N 12.464 E
Quartz mica-schist Mylonite zone 0.4 59.2 0.007 149.0 59.77 £1.90 033 78967 N12.511E
Quartzite Background jointing 3.5 249 0.142 7.0 80.35+0.88 027 78969 N 12.465 E
Sedimentary breccia Background jointing 5.2 26.1 0.201 5.0 5242 +222 005 78.937N12.285E
Tectonic breccia Fracture zone 11 15.8 0.059£0.013 16.9 47.1+38 010 78943 N12.253 E
Marble Altered and brecciated 1.0 21.7 0.035+0.01 28.6 61.40 +2.35 007 78943 N12.250E
Marble Strongly altered 0.7 35 0.168 £ 0.039 6.0 23.0+5.4 010 78943 N12.253E

Table 2: Bedrock hardness, joint and fracture density data of lithologies visited in the field localities within the Kongsfjorden

area.

90

80

70

60

1%,
o

e
o

Hardness (Q)

0.001

Mylonite quartz

mica-schist

Quartzite Migmatite
A ——
(2
\\
Quartz mica-schist # ¢ .%’ﬂ.‘b
® Marble ﬁef_,\
. . @ Sedimentary breccia
Tectonic breccia
g |
Altered marble
0.100 1.000 10.000

0.010

Fracture Spacing (in m)

Figure 20: Bedrock mechanical properties of the different lithologies shown in Table 2. Rock hardness represents intact rock

strength measured using the Schmidt Hammer. Fracture spacing represents rock mass strength determined by the ‘circle

inventory method’ using field photographs of rock outcrops, Figure 21. The black markers are lithologies from the Northwest
Basement Province situated in the east, while the white markers are lithologies distributed at Lovéngyane in the west, Figure

11 and Figure 13.
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Figure 21: Photos of outcrops of various lithologies visited in the field within the Kongsfjorden area. Right of the photographs
indicates the digitized fractures within the predefined area (black circle) for each lithology with the subsequent fracture
spacing (A/L).
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There is no clear difference in fracture spacing between basement rocks assessed at the nunataks in
the east (black markers) and rocks assessed on the Lovéngyane archipelago (white markers).
However, there is a difference in fracture spacing between lithologies distributed near to or at fault
lines, and lithologies distributed at a distance from them. The tectonic breccia, for example, has a
much lower fracture spacing (~0.06m) than sedimentary breccia (~ 0.2m). Furthermore, the
basement rocks are predominantly plotted towards the upper right corner of the graph, reflecting a

higher erosion resistance relative to the lithologies distributed at the Lovéngyane archipelago.

5.1.3 Fracture zones on Juttaholmen

On Juttaholmen, three different fracture zones were identified. On these, the marbles of the
Generalfjella formation are juxtaposed against, and situated on top of, the sedimentary breccia of
the Red Bay Group, Figure 22. Two of the fracture zones mark the contact between the two
formations at the eastern and western edge of the island and both strike NNW - SSE. The eastern
fracture zone is about 5m wide and is composed of unconsolidated grey to black schist with larger
marble fragments. The faults are shallow and dip towards the west. The slickenside on the fault
planes indicates predominant normal displacement. The western fracture zone is about 7m wide
and dips nearly vertical. Slickensides on the fault planes of the western fracture zone indicate
predominantly sinistral strike-slip displacement.

The central fracture zone cuts straight through the long axis at the center part of the island,
Figure 13 and Figure 22. The central fracture zone is N-S oriented and about 20m wide. The
fracture zone is well exposed and is therefore described in more detail. Within the central fracture
zone five different units were recognized, Figure 23 (A and B). All units are bound by major fault

planes and will be described separately below.
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Figure 22: (A) Image of Juttaholmen, view towards the north. (B) Sketch on basis of the photograph showing the cross-
sectional configuration of the interpreted fault movements. The red box indicates the location of Figure 23. (C) This graph
indicates stereoplots of the western (left) and eastern (right) fracture zone, which show contour intervals of the poles to fault
planes (black dots); the main fault orientation (dashed black line; and the lineations (white triangles). The western fracture
zone is characterized by nearly vertical N-S oriented strike-slip faults. The eastern fracture zone, on its turn, is characterized
by high angle normal and strike-slip displacement.
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Figure 23: (A) Central fracture zone at Juttaholmen indicating the different units, cf. Figure 22 for geographical location. B)
Sketch of the central fracture zone, including the major faults (black lines) and fracture spacing measurements of the
different units. The bedrock properties of each unit are summarized in Table 3.
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Unit A is about 8m thick at the base and 9m high. It is a clast-supported breccia with angular to
rounded grey and white marble clasts, between 2mm and 5cm in length. The matrix is composed of
reddish silt varying to very fine sand. The exposed surface of Unit A, shown in Figure 234,
represents a fault plane covered with numerous grooves and slickensides, Figure 24 (A and B). The
slickensides indicate sinistral movement with two different plunge directions; one dipping 20

degrees towards the south and the other dipping 40 degrees towards the south, Figure 24A.

Figure 24: (A) Grooves with two different plunges with trailed grain (indicated by the white circle). (B) Indications of crystal
fibers growth. Note that the kinematic indicators in both images indicate sinistral displacement.

Unit B is characterized as a more brecciated version of Unit A situated on either side of Unit
C. The western section is well exposed and stretches about 5m wide at the base to only 1m at the
top. The eastern section is about 4 m wide and is largely covered by unconsolidated debris or
covered by soil. Unit B has a similar composition as Unit 4, i.e. clast-supported breccia with red
stained fine matrix. However, the variability in clast size is larger and the clasts are more angular.
The size of the marble clasts within Unit B average between 5 to 30cm but can be up to 1m in length
(Figure 25B). Most of the fractures within this unit seem to follow the grain boundary around the
clasts. Calcite mineralization and slickensides are distributed on those grain boundaries as well.

The slickensides indicate predominant sinistral displacement.
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Figure 25: (A) Overview of Unit B showing the variability in clast size throughout the unit. (B) is a detail image of (A)
indicated with the white box. (B) Detailed image of Unit C indicating very angular marble clasts and fractures following the
grain boundary.

Unit C is a 2m thick dark section of brecciated material mostly composed of dark green,
brown and black mica schist as well as some marble fragments. The average clasts size of the mica
schist is about 0.5cm and does not exceed 2cm. This unit is heavily brecciated, Figure 26 (A and B).
Most of the faults within Unit C strike into the exposed surface, which makes it difficult to measure

the structural characteristics of each individual fault plane.

Figure 26: (A) Overview of Unit C. The white box marks the extent of B. Note that the majority of the fractures strike into the
exposed surface. (B) Detail of Unit C indicating brecciated green-brown-black mica schist. Note the small size of the clasts.

52



Unit D marks the eastern boundary of the fracture zone and continues 30m towards the east
in the direction of the eastern fracture zone in Juttaholmen (Figure 22A). Unit D is composed of
altered marble which is characterized by consolidated white brecciated marbles in a red silty
matrix, Figure 27A. Unit D has a more massive texture than both Unit B and Unit C.

Unit E is situated within Unit D and is about 1m wide and 4m high. The composition of the
unit is characterized by very fine green and red laminated carbonates cut by cm scale calcite veins
(Figure 27B). The contact between Unit D and Unit E is characterized by fault planes on all sides
(Figure 27C). The concave direction of the crescent marks towards the north suggest dextral
displacement according to Petit (1987), Figure 27C. The texture visible in both Unit E and Unit D
can be interpreted as indications of altered marbles from the Viggobreen formation although they

represent different alternation forms.

Figure 27: (A) Altered marble of Unit D with the Schmidt Hammer for scale (the piston is about 2cm wide). Note the white
brecciated marble in red silty matrix. (B) Unit E composed of fine grained green-grey and red-laminated carbonate. Note

calcite veins cutting the laminated carbonate rock. (C) The area of contact between Unit E and Unit D along a fault plane.
Crescent marks are highlighted by the white circle, these suggest dextral displacement.
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Bedrock mechanical properties of fracture zone

The mechanical properties of each unit are listed in Table 3 and plotted in Figure 28. The units with
the highest erosion resistance - i.e. the rocks with the highest rock hardness (Q) and largest
fracture spacing - are the units marking the eastern and western boundary of the fracture zone
(unit D and unit A, respectively). Unit C has the lowest erosion resistance with an internal rock
strength of 21 Q and a fracture spacing of 0.031m. Despite the fact that the variation of erosion
resistance of the different units is quite substantial, the surface expression of the fault zone at the
top of the island is hardly visible. The only topographical expression of the fault zone can be

identified as the bay at the southern tip of Juttaholmen, Figure 8B.

Fracture zone Juttaholmen

78943 °N 12,253 °E

Unit Cir‘:lfni::]e a fr:{';:t::::n].gt[zl] Fracture spacing: A/L (m) Frait;;?rﬂFSSiw Hardness (Q)
A 119 35.9 0.266 = 0.066 38 625+3.1
B 11 15.8 0.059 = 0.013 1.7 47.1+3.8
C 0.3 9.6 0.031 32.3 218+6.2
D 18 Q.0 0.266 2 0.068 0.4 67.50% 1.4
E 0.7 3.3 0.168 = 0.039 6.0 230x54

Table 3: Bedrock mechanical properties of the different units within the central fracture zone at Juttaholmen.
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Figure 28: Bedrock mechanical properties of different units within the central fracture zone on Juttaholmen. Note that units

at the center of the fracture zone have a lower erosion resistance than rocks located towards its margin.
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Structural data of central fracture zone

All the measured fault planes of the fracture zone are plotted in Figure 29A. Four different clusters
of fault planes can be recognized, based on the contour lines of the poles of the fault planes (black
dots). The four clusters represent two different fault populations which are extracted and plotted in
Figure 29 (B and C). The majority of the measured fault planes can be categorized into one of the
two fault populations (139 out of 180). The faults of Figure 29B are near vertical and are
predominantly striking NE-SW. The faults at Figure 29C are also near vertical, yet these are
predominantly striking N-S.

All the measured striations on the fault planes are plotted in Figure 29D. Three different
clusters can be recognized based on the contours of the plotted striations (hollow triangles). The
three clusters represent three different fault populations which are extracted and plotted in Figure
29 (E, F and G). Nearly all of the measured striations can be categorized into one of the three fault
populations (67 out of 75). The faults corresponding with the striations in Figure 29E comprise of
nearly vertical faults striking NE-SW, similar to the faults plotted in Figure 29B. Nearly all of the
striations in Figure 26E plunge towards the SW between 10° and 40°, suggesting strike-slip
displacement with a slight dipping component. The kinematic indicators along these fault planes
indicate predominantly sinistral displacement with some dextral displacement, Figure 24 (A and B)
and Figure 27C. These faults are defined as fault population A. The faults corresponding with the
striations plotted in Figure 29F include nearly vertical faults striking NNW-SSE, similar to what is
represented in Figure 29C. The striations are slightly more spread out than the striations presented
in Figure 29E, but the majority are shallowly plunging towards the north and towards the south,
suggesting strike-slip displacement. The kinematic indicators along these fault planes indicate
predominantly sinistral displacement. These faults are defined as fault population B. The faults
related to the striations plotted in Figure 29G include nearly vertical faults striking E-W. All the
striations plunge towards the east between 20° and 30°. The kinematic indicators suggest a

predominantly dextral displacement. These faults are defined as fault population C.
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Figure 29: Stereoplots of structural data of the
central fracture zone in Juttaholmen. A)
Contour interval of the poles of all fault planes
measured within the fracture zone (n = 180).
Note the four clusters. B) Fault population A. C)
Fault population B. D) Contour interval of all
striations on the fault planes. Note the three
clusters. E) Fault population A, extracted from
clustering strations in 29D. F) Fault population
B, extracted from clustering strations in 29D. G)
Fault population C, extracted from clustering
strations in 29D. Black dots represent poles of
fault planes, white triangles represent
striations and black dashed line represents
main fault orientation.
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5.2 The main geomorphological characteristics

The description of the main geomorphological characteristics provided below includes i) glacio-
erosional landforms on outcrop scale; ii) elongation ratio of landforms on regional scale; and iii)

transverse surface profiles of Kongsfjorden.

5.2.1 Glacio-erosional landforms for each lithology

Red Bay Group

The glacial-erosional landforms within the Red Bay Group include both polished and quarried
surfaces. Striations are found only sporadically on top of abraded rocks. Remarkable is that only the
marble clasts within the sedimentary breccia are striated, Figure 30B. Only the upper surface of
rocks are polished, leaving the sides of the rock outcrops to be rather rough, Figure 30A. The
polished upper surfaces are mostly distributed within the sedimentary breccia where distinct
bedding is present. Close to faults, or at the fracture zones, the breccia is rather rough and does not
have a polished upper surface. Moreover, the morphology of the islands within Lovéngyane at large

appears to be smoother at the upper surface, whereas the sides tend to be a bit rougher with signs

of rock falls along cliffs, Figure 15 and Figure 22A.

Figure 30: (A) Polished and quarried surfaces within the red sandstones. (B) Polished surface of the Red Bay Group; note that
the striations (white lines) are only visible on the marble clasts.
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Generalfjella formation

The glacio-erosional landforms within the Generalfjella formation vary throughout the area. The
marbles at Lovéngyane are in most cases rough and quarried with some polished surfaces, Figure
31 (C and D). The overall surface morphology of the island is quite flat. Most of the surfaces were
covered by post-glacial soil (Figure 16). The marbles observed on Ossian Sarsfjellet and
Stemmeknausane were covered by glaciers during the Little Ice Age. These marbles have only
recently been exposed to the surface which has resulted in a much higher preservation potential of
glacio-erosional landforms. For this reason, the outcrops on Ossian Sarsfjellet and Stemmeknausane
are heavily striated along with locally quarried faces, predominantly coinciding with joints, Figure
31B. Additional landforms within these freshly exposed marbles include micro crag-and-tails on
Ossian Sarsfjellet. These micro crag-and-tails are about 1 m long and consist of a resistant calk-

silicate nodule at the ice-proximal side protecting the marble at the lee-side.

ice flow

Figure 31: A) Micro crag-and-tail of about 1 m long at Ossian Sarsfjellet. The calk-silicate nodule on the left (proximal) end of
the feature protects the marble on the right (distal) end of the feature. B) Polished marble on Ossian Sarsfjellet. C) Quarried
rock surfaces at Sigridholmen, Lovéngyane. D) Polished surface including striations close to the shore at Sigridholmen.
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Signehamna formation

The glacio-erosional landforms visible within the Signehamna formations vary with the lithology.
The quartz mica-schist is dominated by polished surfaces, including some stoss-and-lee side
landforms (Figure 32A) whereas the foliated quartzite has only quarried surfaces (Figure 18 and
Figure 32B). Striations are present on the weakly foliated quartz mica-schist and on the quartzite,
interlayered within the mica-schist (Figure 32B and 32D, respectively). There are no striations
present on the strongly foliated quartz mica-schist (Figure 17B). Furthermore, stoss-and-lee side
landforms, interpreted as roches moutonnées, are only present in the more weakly foliated quartz
mica-schist at distance from the contact with the marbles. The quarried surfaces within the
quartzite correspond with the foliation spacing, suggesting that the size of the blocks, quarried by

the ice, did not exceed the foliation spacing (5-10cm).

Quartzite

 Quartz
" miea-schist

F

Figure 32: A) Roches moutonnée at the quartz mica-schist. B) Quarried quartzite surfaces and polished quartz mica-schist
surfaces with striations (white lines). C) Linear valley parallel to ice flow. Note the fault at the left side dipping towards the
north. D) Differential erosion between biotite mica-schist with no striations and the interlayered quartzite bands with
striations (white lines). Note that the quartzite lens sticks out above the mica schist.
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Smeerenburgfjorden complex
The glacio-erosional landforms within the migmatite of the Smeerenburgfjorden complex include
polished and quarried surfaces. The migmatite outcrops are predominantly polished and striated.

Many of the migmatite outcrops do have quarried lee-sides, but seem to be related to the

background jointing (Figure 33).

: g [ s

Figure 33: Roches moutonnée of migmatite outcrop. Note the polished surface at the ice proximal side and the quarried
surfaces along joints at the ice distal side.
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5.2.2 Elongation ratio of landforms

In total, 204 landforms were mapped in the Kongsfjorden area, the majority of which was
distributed within the fjord (Figure 34). Most of the mapped submarine landforms are tens of
meters high. Howe et al. (2003) interpret the composition of the fjord floor to be bedrock
dominated draped by a thin layer of sediments (<10m). It seems unlikely that the thin layer of
sediments could generate submarine landforms rising tens of meters from the fjord floor. It is

therefore likely that the majority of the mapped landforms are composed of a bedrock core.

The mapped landforms were subdivided into four different assemblage zones. These will be
described separately below. A frequency plot of the elongation ration of the landforms for each
assemblage zone is presented in Figure 34. The orientations of the long-axis of the landforms and
the paleo-ice flow are plotted in rose diagrams, which are presented in Figure 35 as well. The
orientation of the paleo-ice flow is measured to be NW-SE between 260 to 320°, at Lovéngyane,
similar to the main trend of the fjord (Figure 35).

Assemblage Zone 1 is situated at the inner fjord towards the east and includes
Blomstrandhalvgya and the area around the Lovéngyane archipelago. According to the frequency
plot, most of the landforms within this assemblage zone have an elongation ratio below 1:1, which
implies that the features are more rounded or elongated transverse to the paleo-ice flow. This is
well illustrated by the rose diagrams which show that the majority of the landforms in Zone 1 are
N-S oriented, between 350 and 30°, and nearly perpendicular to the paleo-ice flow.

Assemblage Zone 2 is situated southwest of Zone 1 and covers all the landforms constrained
by the channel like feature, Figure 36C. The frequency of elongated landforms in Zone 2 (with
elongation ratio values between 1:1 and 1:5.5) are higher than those in Zone 1 (with elongation
ratio values below 1:1). Two singular landforms are very elongated, with elongation ratio values
reaching 1:12. The main orientation of the long axis of the landforms in Zone 2 is at a slight angle to
the paleo-ice flow measured in the field. However, locally the paleo-ice flow might be
topographically controlled by the channel between Ny-Alesund and Blomstrandhalvgya. Therefore,
the landforms of Zone 2 are interpreted to be more streamlined than those found in Assemblage
Zone 1.

Assemblage Zone 3 is situated northwest of Zone 2 and west of Blomstrandhalvgya. This zone
is characterized by a slight change within the main orientation of the long axis of the landforms.

Zone 2 has NW-SE orientation, whereas Zone 3 is more NNW-SSE oriented. The elongation ratios of
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the landforms within Zone 3 range between 1:1 and 1:4. The majority of the landforms have an
elongation ratio of 1:3.

Assemblage Zone 4 is located northwest of Zone 3 and marks the outermost zone of
Kongsfjorden before it merges with Krossfjorden in the north. This zone is characterized by a high
number of elongate landforms, with elongation ratios ranging between 1:1 and 1:7. Three singular
landforms exceed the 1:7 ratio and reach elongation ratios up to 1:13. These are the highest
elongation ratios measured within the study area. The majority of the landforms are NW-SE

oriented, similar to directions of orientations in Zone 2.
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Figure 34: Landform distribution, including the four different assemblage zones separated by black dashed lines. Background
map is a slope map of the bathymetrical DEM (courtesy of Norwegian Mapping Authority Hydrographic Service, 2014). Blue
lines mark the LIA maximum extent after Liestgl (1988). Note the overdeepened section (channel) in Assemblage Zone 2.

63



Frequency

Frequency

Frequency

Frequency
-

_,\«\,@nﬂeua««p@f
O 0% WY AT VAT T W T ¢ P ’\q’\‘j‘b &7 o

. Assemblage Zone 1 (inner fjord) /
N=79
10 |
{
0 —————— \

Aspect ratio of landforms

Assemblage Zone 2 (within of channel)

1 N=31

‘.-‘.\“qf‘j ., ,-.. ':‘JQ"“”"‘
& NE ﬂ.,r"ﬂ.f’ﬂ: ﬂfcu’ & 4’ f-’ F AN AT T

Aspect ratio of landforms

[=-]
1

S
L

(=]

c:.x%ﬁ, ; .,..‘pf\‘.:.‘bﬁﬂﬂ_
q o N 'x "\,rbﬁ,,‘j"h 6, W bf-’h"‘o‘-"b’hb(-""\'i\'\?‘-bﬁ%%"

Aspect ratio of landforms

N = 64
16
12 Assemblage Zone 4 (at fjord mouth)
3_
N =64
4,_
0 —— e
RPN I LI S A L8 I V- R R T
o7 et AT gt a7 o,\'?»o,‘:o\bq A %o,ch NORTLNNT LN AT
[ N ¢ 0T A AT o LY I R
N A 47 o o \ ‘b @ o g \‘;90 Y {.::

Aspect ratio of landforms

Figure 35: Frequency diagrams of aspect ratio of landforms within the different
assemblage zones (left) with related rose diagrams of the long axis of landforms
(right). The rose diagram at the lower right indicates the paleo-ice flow
orientation (blue bin) derived from striations measured in the field. Note that
Assemblage Zone 1 is significantly different than the other assemblage zones
with much lower aspect ratios of landforms.

Assemblage Zone 3 (northwest of channel)
N =30 ‘
[

64



5.2.3 Surface profiles along Kongsfjorden

Four transverse surface profiles of the topography across Kongsfjorden are drawn and plotted in
Figure 36. The landforms associated with Assemblage Zone 1 correspond to the transverse surface
profile B-B’ and the northern half of profile C-C’, covering Blomstrandhalvgya. The mapped
landforms of Assemblage Zone 1 are all distributed on land or located in relatively shallow water
(at depths above 100m). The landforms associated with Assemblage Zone 2 correspond to the
channel within the southern half of surface profile C-C". The more elongate landforms are strictly
located within the deeper parts of the channel (at depths below 100m) which is only about 2 km
wide (Figure 36). The landforms associated with Assemblage Zones 3 and 4 are located in the
section between the mouth of the channel and Kapp Guissez, where Kongsfjorden intersects with
Krossfjorden into the open sea. The outer basin along this section is relatively deep (below 200m
depth) and is about 4 to 6km wide (profile D-D’ in Figure 36).

There is a clear distinction along the southern margin of Kongsfjorden between the eastern
profiles (A-A’ and B-B’) and the western profiles (C-C’ and D-D’). This southern margin is
characterized by a lithological boundary between the WFSB, at Brgggerhalvgya, and the basement
rocks, towards the north (cf. Figure 11). The topographic expression of this lithological boundary
between the WFSB and the basement rocks can clearly be identified on profiles C-C’ and D-D’ by
steep slopes and deep basins. This lithological boundary appears to be shallower and flat along

profiles A-A’ and B-B’.
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5.3 Linear morphological features

In Figure 37A, the aspect map of slopes that are steeper than 30° is projected on top of a slope map
of Kongsfjorden. A histogram indicating the dominant slope azimuth direction of the aspect map is
presented in Figure 37B.

Most of the slopes at the shores of Brgggerhalvgya are NW-SE oriented and have their slope
azimuth facing towards the north or northeast. This is indicated with the largest orange peak in the
histogram situated around 40°. The strike of these slopes (around 130°) coincides well with the
strike of the frontal thrust of the West Spitsbergen Fold-and-thrust Belt (WFSB), Figure 3. However,
the majority of the slopes around the Lovéngyane ridge and Blomstrandhalvgya have a slope
azimuth facing towards the east and the west. These slopes are represented by the small yellow
peak at 90° and the large blue peak around 255° in Figure 37B. Remarkable is the narrow cyan
peak at 180° representing the slopes facing towards the south. These slopes are only sporadically
distributed along the northern shores of Kongsfjorden and along the northern face of the trough

between Blomstandhalvgya and Ny-Alesund.

67



T
12°30'E

) 79°0'N

gy

| Sersfjelllet

-78°56'N

78°56'N—

1’end
North (337 - 22)

N [ North East (22 - 67)
[ EBast(67-112)
0 5 Km [ south East (112 - 157)

“«, . [ south (157 - 202)
TR [ south West (202 - 247)
0y I st (247 -292)

E

% I North West (292 - 337)

1:100 000

Y

180° | 255¢ |

-78°52'N 12°lD'E ke 2%"&’

6000 | 400 | 90°

B |

2000

1000

90° 180° 270° 360°
Slope azimuth

Figure 37: A) Aspect map of Kongsfjorden of slopes larger than 30°. Background image is a slope map of the bathymetrical
DEM (Norwegian Mapping Authority Hydrographic Service, 2014). The shore line, courtesy of the Norwegian Polar Institute
(2014b), is modified by a smoothening filter. B) Histogram showing aspect of slopes steeper than 30°. Dashed lines indicate
peaks in slope azimuth direction described in the text. The histogram is created in ArcGIS and redrawn using CorelDRAW 2017.
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The linear morphological features derived from the aspect map are drawn and presented in Figure
38. The orientations of the linear morphological features are plotted into a length-weighted rose
diagram (Figure 38). The orientations of the linear features appear to be distributed into two
dominant sets: set A, trending N-S oriented (between 340° to 10°), and set B, trending NW-SE
(between 290° and 310°).

Set A represents the majority of the linear features and relates to the slopes facing towards
the east and west, i.e. yellow and blue peaks in Figure 37B, respectively. These lineaments are
mostly distributed across Blomstrandhalvgya and the Lovéngyane ridge.

Set B represents a lower number of linear features but tends to be much longer. These
linear features relate with the slopes facing towards the northeast and south, i.e. orange and cyan
peak in Figure 37B, respectively. The features of set B are distributed in two different areas: one
group close to the northern shores of Brgggerhalvgya and another group distributed at the
northern end of the channel between Blomstrandhalvgya and Ny-Alesund. The latter group runs
from the Lovengyane ridge towards the northwest and ends abruptly at the widening of the

channel (Figure 37A).

The linear morphological features are interpreted as relating to fracture zones occurring in two
settings and are therefore referred to as geological lineaments.

Set A correlates well with Fault population B (Figure 29). Set A also is oriented parallel to
structures observed in the basement rocks, including lithological boundaries and foliation (Figure
11). The group close to the shores of Brgggerhalvgya in Set B relates to the northeast facing slopes
which on their turn are associated with the lithological boundary between the NWBP and the WSFB
(Figure 3). However, the group at the northern end of the channel in Set B relates to the south
facing slopes, indicated by the cyan color in Figure 34B. These south facing slopes correlate well
with the main fault orientation measured on Midtholmen (Figure 13). These lineaments have not

been described by other studies before.
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Figure 38: Lineament map based on aspect map. Background image is a slope map of the bathymetrical DEM (Norwegian
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6

6.1

Discussion

Uncertainties

In general, it can be said that there are typical challenges in identifying factors that control variable

glacial modification. There are two main reasons for this.

1) Glacio-erosional landforms can relate to more than one erosional event. Areas may have

repeatedly been glaciated over time, and thus several types of erosional processes might

have contributed to the formation of the present morphology at hand.

These different types of erosion events include:

i.

ii.

iii.

Repeated glaciations. Glacio-erosional landforms have acquired their present
shapes by the impact of more than one individual glacial cycle. More specifically:
present glacier activity may have overprinted or modified glacial-erosional
landforms formed during the last glaciation.

Glacial dynamical flow behavior tends to vary over time. Roberts and Long (2005)
suggest that during these deglaciation events, smoothened landforms such as
whalebacks could have been subjected to quarrying due to lowering of ice
overburden pressures.

Interglacial- and post-glacial erosion processes. Slope processes, glacial valley
erosion and wave cut erosion are common erosion processes during interglacial
periods and also these could modify the glacial erosional landforms (Benn & Evans,

2010; Ingolfsson, 2011).

2) Itremains a challenge to differentiate soft sediment landforms from bedrock dominated

landforms with a restricted usage of high resolution DEMs. It is important to distinguish

between depositional and erosional processes in order to be able to interpret variability of

glacial modification.

The first challenge in relating glacio-erosional landforms to the paleo-ice stream tributary activity

proved to be minor in the case of Kongsfjorden for the following reasons:

i)

In Kongsfjorden, modification of glacio-erosional landforms due to Holocene glacial activity

seems modest. Glacial erosion rates for the drainage area of Kronebreen are estimated to

be around 0.6mm/yr since the LIA (Elverhgi et al., 1980). Even though these erosion rates

are estimates of recent glacial activity, it is likely that only the top layer may have been
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stripped off due to recent glacial activity, and that the larger (meso-scale) glacio-erosional
landforms thus were formed during earlier glaciations and have remained preserved.

ii) Additionally, in the case of Kongsfjorden, incidence of post-glacial rock falls, due to wave
cut erosion, seems to be modest. Many of the visited outcrops on the Lovéngyane
archipelago had retained their polished surfaces, as these were preserved in time from the
last glaciation (including glacial striations). The post-glacial rock falls at Lovéngyane seem
to have been most active at the margins of the islands close to fracture zones (cf. Figure 15

and Figure 22A).

The second challenge, of how to effectively distinguish soft sediment landforms from bedrock
dominated landformes, is also less demanding in the specific case of Kongsfjorden. Sub-bottom
profiling of outer Kongsfjorden has been performed by Howe et al. (2003) and by Maclachlan et al.
(2010). Howe et al. (2003) interpret the fjord floor to be predominantly bedrock dominated, draped
with a thin sedimentary cover (<10m). As most of the mapped landforms are elevated above 10m
from the fjord floor, it seems likely that the landforms are composed of a bedrock core. However,
Maclachlan et al. (2010) attribute glacial lineations (landforms with an elongation ratio >1:10) to

the effects of soft sediment deformation.
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6.2 Controlling factors on variable glacier modification

Comparison of the main bedrock and the geomorphological characteristics with the linear
morphological features indicates that several factors control the variability of glacial modification
of bedrock dominated areas in Kongsfjorden. Each of these controlling factors will be discussed

separately below.

6.2.1 Bedrock characteristics
The bedrock control on the variability of glacial modification can be subdivided into either
lithological control (due to changes in mechanical properties) or structural control due to fracturing

and jointing of the bedrock.

6.2.1.1 Lithological control
The following features suggest a lithological control in variable glacier modification:

1) There is a clear difference in mechanical properties of basement rocks located at the
nunataks in the east and sedimentary and altered marble rocks around the Lovéngyane
archipelago (Figure 20). The erosion resistance is much higher among the rocks with low
mechanical anisotropy and high fracture spacing, e.g. migmatite and quartzite. The erosion
resistance is considerably lower in high mechanical anistropical rocks with dense fracture
spacing, e.g. sedimentary breccia, altered marble and tectonic breccia, which are found
predominantly on the Lovéngyane archipelago. Therefore, profound topography of narrow
(deep) troughs and steep islands is to be expected in more resistant rocks (Swift et al.,
2008), such as those found at Blomstrandhalvgya, Ossian Sarsfjellet and Stemmeknausane.
This is supported by the high surface roughness of transverse profile (A-A”), Figure 36.

2) The altered marble, i.e. the Viggobreen formation, seems to exert a significant effect on the
erosion resistance of marble. The plot in Figure 20 shows clear difference in mechanical
properties of the altered marble, observed on Sigridholmen, compared to the more
mechanically massive marble, observed on Stemmeknausane and Ossian Sarsfjellet.

3) The micro crag-and-tail highlights a variation of erosion resistance between lithologies, as

the resistant calk-silicate nodule at the ice-proximal side protects the marble at the lee-side.
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6.2.1.2 Structural control

The following features suggest a structural control in variable glacier modification:

1)

2)

3)

Assessment along the central fracture zone in Juttaholmen showed a clear trend of more
resistant rock at the side, e.g. in Units A and D, and weaker brecciated rock towards the
center of the fracture zone, e.g. in Units B and C (Figure 28). The center part of the fracture
zone appeared to be more brecciated and therefore accommodated large displacement.
Significant changes in bedrock mechanical properties along the fracture zone suggest that
bedrock material is more easily erodible along major fracture zones.

The islands within the Lovéngyane archipelago are fault-bound and have steep faces
characterized with small post-glacial rock falls (Figure 13 and Figure 15). These steep faces
can be interpreted as such that they have been formed by a combination of glacier erosion
(including abrasion and quarrying) and a repeated sequence of slope collapse and rock falls
during interglacial periods and subsequent removal of debris during glacial erosion. |
interpret this as a formative process of the overdeepened linear valleys along the major
fracture zones at the Lovéngyane ridge, similar to the process described by Krabbendam &
Bradwell (2014).

A strong correlation has been established between linear features and fault populations
measured in the field. Set A corresponds with Fault population B (Figure 39). The
overdeepened linear valleys along the Lovéngyane ridge coincide with the linear features
from Set A and this suggests that the overdeepened valleys are distributed along N-S
trending strike-slip fracture zones. These overdeepened valleys may also have been
subjected to drainage of subglacial meltwater, so a component of subglacial fluvial erosion

seems plausible.
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Figure 39: A) Schmidt net of fault population B, measured at the central fracture zone at Juttaholmen, dashed line indicates
the main fault orientation. B) Length weighted rose diagram of linear morphological features at the fjord bottom. Note that
the similarity between the orientation of Set A and the strike of fault population B.

4) The N-S oriented fracture zones measured at Lovéngyane run parallel to the structures
occurring at the basement rocks in the east, such as the foliation and lithological boundaries
on Ossian Sarsfjellet and Stemmeknausane (Figure 11). These structures are oriented
perpendicular to paleo-ice flow and have a profound topographic expression. At the
southern side of Kongsfjorden, the majority of the structures are NW-SE oriented, parallel
to paleo-ice flow. Here the topography is much smoother (Figure 7).

Previous studies have reported on the significance of the orientation of structures
relative to paleo-ice flow in relation to variable glacial modification, showing that structures
perpendicular to ice flow have a higher erosion resistance compared to structures parallel
to ice flow (Gordon, 1981; Glasser et al.,, 1998; Krabbendam & Bradwell, 2014). It therefore
seems likely that the large-scale structures parallel to paleo-ice flow within Kongsfjorden
generate smoother landscape relative to structures oriented perpendicular to paleo-ice

flow.

[t is remarkable that the main trend of Kongsfjorden follows the lithological boundary of the NWBP
and the WSFB (Figure 11). Svendsen et al. (2002) suggest that the frontal thrust of the WSFB acts as
a structural weak zone that was carved out by the glacier. This seems likely, as fracture zones
paralleling ice flow enhance glacial erosion (Harbor, 1995; Johansson et al., 2001; Gonzales & Aydin,

2008). However, the surface expression of the frontal thrust appears to be significantly more
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profound at the outer basin of Kongsfjorden (west of Lovéngyane) than at the inner basin (Figure
36). The fjord bottom along the frontal thrust at the inner basin is smoother and less deep than at
the outer basin, which is characterized by the channel between Blomstrandhalvgya and Ny-
Alesund. The fjord floor along the frontal thrust drops from 100m depth to 350m in the down-ice
direction of the Lovéngyane archipelago. This would suggest that the magnitude of glacial
modification carving out the channel increases towards the down-ice section of the structural weak
zone. An extensive variability of the mechanical properties along the frontal thrust seems unlikely
as the same lithology of the WSFB occurs at the lithological boundary and there is no evidence that
this frontal thrust experienced variable tectonics. Therefore, the mere presence of the lithological
boundary marked by the frontal thrust of the West Spitsbergen Fold-and-thrust Belt cannot explain,
in itself, the variation of the surface expression and the development of the trough. A component of
increased glacial activity down-ice along the lithological boundary could explain the more profound

surface expression of the structural weak zone at the channel towards the outer basin.
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6.2.2 Glacio-erosional processes

Evidence from glacio-erosional landforms and the elongation ratio of landforms show that different

glacio-erosional processes took place which, in turn, affected the variability of glacial modification

throughout Kongsfjorden. The factors suggesting a variability of glacial modification are described

separately below.

6.2.2.1 Glacio-erosional landforms

The variability of bedrock landforms between outcrops found on different localities suggests

different glacio-erosional processes acting upon them. Here are some examples:

1)

2)

3)

Striations found on the red sedimentary rock outcrops are only distributed on the marble clasts

within the breccia (Figure 30B). The same observations were made on the quartz-mica schist
where striations are only present on the weakly foliated quartz-mica schist and absent on the
quartzite (Figure 32B).

A clear spatial difference between polished and quarried surfaces was observed on
Sigridholmen. Outcrops with more mechanically massive marble are dominated by polished
surfaces (including striations towards the center of the island), whereas plucked surfaces
dominate at the weathered and brecciated marbles at the margins of the island, Figure 31 (C
and D). Differences in erosional processes could be explained by variation in mechanical
properties of the marbles. The high mechanical anisotropy of the weathered and brecciated
marbles favor fracture propagation that could lead to separation of rock fragments (Iverson,
1991b). This study suggest that the quarried rock fragments might be relatively small (1-
10cm3) due to the dense fracture spacing of the weathered marble.

There is a clear difference in quarried faces between the outcrops. The quarried faces of the
densely fractured outcrops - i.e. mylonite quartz mica-schist, altered marble and tectonic
breccia - are distributed over the whole surface of the outcrop where the removed rock
fragments are smaller than < 5cm3 in size (Figure 17B, Figure 30A and Figure 31C). The
quarried faces at weakly fractured outcrops, i.e. migmatite and quartzite, coincide with the
background jointing and this circumstance suggests that rock fragments >10cm3 in size were
removed (Figure 18, Figure 20 and Figure 33). These findings further indicate that the size of
the removed rock fragments is related to the degree of fracture spacing and that glacial

modification by quarrying tend to dominate at densely fractured rocks.



6.2.2.2 Elongation ratio of landforms
The features of the elongation ratio of landforms presented below suggest a spatial variability in

glacial modification.

The majority of the landforms from Assemblage Zone 1 have an elongation ratio of around 1:1 or
less. Most of the landforms of this zone in general are oriented perpendicular to paleo-ice flow, and
are oriented sub-parallel to Set A in the lineament map (Figure 35 and Figure 38). This is in marked
contrast with landforms from Assemblage Zones 2 to 4 which are more streamlined with the paleo-
ice flow and which reach much higher elongation ratios (of up to 1:13).

Phillips et al. (2010) and Bradwell (2013) suggest that the higher elongation ratios of
landforms parallel to paleo-ice flow could be attributed to weaker underlying bedrock or higher
glacial modification of fast flowing ice. There seems to be no clear correlation between the ‘weak’
mechanical properties of the Lovéngyane archipelago and the high elongation ratios. Therefore, a
higher paleo-ice velocity is necessary to sustain the glacial modification to form the more
streamlined landforms. Due to the fact that the average elongation ratio of each assemblage zone
increases towards the outer fjord, moving from Zone 1 to 4, an acceleration of the paleo-ice flow
velocity is interpreted to have taken place between the Assemblage Zones 1 and 2 (Figure 35).

The absence of elongated streamlined glacial landforms within Assemblage Zone 1 could
also be ascribed to glacial modification during deglaciation, as suggested by Roberts & Long (2005).
However, this attribution seems unlikely, as hints of similar modification would be expected in

other assemblage zones as well, and this is not as far as our findings indicate.

In summary, several factors controlling the variability of glacial modification were identified,
including changes in bedrock properties and glacio-erosional processes. These identified factors
have implications for understanding the landscape development of Kongsfjorden and for
interpreting the subglacial topography of modern ice sheets which will be discussed in more detail

below.
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6.3 Implications on the Lovéngyane archipelago

In light of the above, it can be stated that the Lovéngyane archipelago contains many controls
favoring strong glacial modification, including ‘weak’ mechanical bedrock properties and high
density of fracture zones. Moreover, the Lovéngyane archipelago is distributed near to the
centerline of the fjord where the highest glacial modification is to be expected.
In spite of this it seems likely that the degree of glacial modification of the bedrock at the
Lovéngyane ridge was relatively modest, due to the following reasons:
1) The ‘weak’ mechanical rocks, i.e. the tectonic breccia and the weathered marbles of the
Viggobreen formation, are still preserved and stand out above sea level (Figure 20);

2) The absence of till cover, a circumstance which suggests limited generation of basal

debris;

3) The relative high roughness of the Lovéngyane ridge, which suggests that the

smoothening of the landscape was inefficient (Figure 7);
4) The absence of elongated streamline landforms (Assemblage Zone 1 in Figure 35).
5) The absence of any surface expression at the lithological boundary between the NWBP
and the WSFB.
The suggestion that the Lovéngyane archipelago experienced only modest levels of glacial
modification relative to modifications in Assemblage Zone 2 could be explained by the presence of
less dynamic ice. The high roughness of the Lovéngyane ridge paleo-ice flow velocities could exhibit
the paleo-ice stream tributary to reach ice streaming velocities. An alternative suggestion would be
that effective glacial modification is confined in the larger fracture zones by substantial strain. The
high contrast in bedrock mechanical properties along the central fracture zone at Juttaholmen
(Figure 28) supports the suggestion of differential erosion of the brecciated rocks with the highest
strain along fracture zones. Over repeated glaciations this could then have led to an increase of the
vertical component of the linear valleys resulting in a higher surface roughness.

On basis of the findings of this study it could be stated that it is likely that both processes
mentioned above took place. Due to the occurrence of structures perpendicular to paleo-ice flow
and higher roughness, the Lovéngyane ridge could have acted as a topographic threshold
hampering the paleo-ice stream tributary in reaching ice streaming velocities. The landforms of
Assemblage Zone 2, downstream of the Lovéngyane ridge, contain more elongate landforms and
this suggests the presence of more dynamically active ice during the last glaciations (Phillips et al.,
2010). The transition between Assemblage Zones 1 and 2 may represent a zone of acceleration of

paleo-ice flow which could have been controlled by the topographic drawdown of ice into the
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overdeepened channel, between Ny-Alesund and Blomstrandhalvgya. This acceleration might
represent a topographically controlled onset zone of the Kongsfjorden paleo-ice stream tributary,
similar to the topographically controlled onset zone in NW Scotland as described by Bradwell

(2013).

In short, the reason that the Lovéngyane ridge experienced relative modest erosion could
conceivably be attributed to structures oriented perpendicular to paleo-ice flow and to a lower ice
dynamical behavior relative to the narrow corridor between Ny-Alesund and Blomstrandhalvgya.
Evidence pointing in this direction is the absence of elongated streamlined landforms and the
preservation of ‘weak’ mechanical rocks standing out above sea level. The findings of this study
suggest that the ice accelerated after it would overcome the Lovéngyane ridge by a topographic

drawdown into the overdeepend channel between Ny-Alesund and Blomstrandhalvgya (Figure 40).

1:50,000

Figure 40: Interpreted paleo-ice flow (blue dashed arrows) between the Lovéngyane ridge and the topographic drawdown of
ice into the overdeepend channel. The assemblage zones are separated with black dashed lines. Background map is a slope
map of the bathymetrical DEM (courtesy of Norwegian Mapping Authority Hydrographic Service, 2014). The shore line,
courtesy of the Norwegian Polar Institute (2014b), is modified by a smoothening filter. Note that the more elongate and
streamlined landforms are distributed within the overdeepend channel.
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6.5 Implications of morphological features under modern ice sheets

In this study, detailed outcrop observations were related with regional patterns within the
Kongsfjorden paleo-ice stream tributary, an approach that was suggested by previous studies (e.g.
those of Glasser et al., 1998; Glasser & Bennett, 2004; Roberts & Long, 2005; Glasser & Ghiglione,
2009; Phillips et al.,, 2010; Krabbendam & Bradwell, 2011, 2014; and Bradwell, 2013). The
identified controlling factors on the variability of glacial modification in this study highlight the
importance of collecting field data to enable a thorough interpretation of glacial modification. This
study suggests that the collected field data should include the bedrock and geomorphological
characteristics on various scales (mico to macro scale) of the area. Relying on data provided by
remote sensing techniques alone would therefore make it difficult to interpret the intensity of

glacial modification on morphological features.

The widespread occurrence of major fault lines coinciding with glacial troughs and across
overdeepened structures at the bed of deglaciated fjords (as identified e.g. by England, 1987;
Gonzales & Aydin, 2008; Glasser & Ghiglione, 2009; Krabbendam & Bradwell, 2014) suggests that
major fracture zones are distributed along present-day overdeepened structures at the bed of ice
sheets and/or glacial valleys. These structures may provide an approximate indication about
relative erosion resistance of the bed, and could be a basis for further improvement of geological
maps. They help to identify lineaments under present glaciated areas using DEMs. Eventually, a
better understanding of subglacial geology could be invaluable when the aim is to develop more
accurate models of predicting and possibly constraining glacio-erosional processes and dynamic ice

flow behavior.
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7 Conclusions

This thesis has identified several controls on the variability of glacial modification based on analysis
of the bedrock characteristics, geomorphological characteristics, and linear morphological features

in the Kongsfjorden area. On basis of this, the following conclusions are drawn.

1. The Kongsfjorden area exhibits a varied bedrock configuration, including a number
of fracture zones and lithologies with distinct mechanical properties. More resistant
lithologies are located at the innermost part of Kongsfjorden. Fracture zones and
lithological boundaries are predominantly N-S and NW-SE orientated. This
circumstance, together with the occurrence of N-S orientated structures
perpendicular to the paleo-ice flow, could explain the high surface roughness and
the profound topography of Ossian Sarsfjellet and Stemmeknausane. Structures
oriented parallel to paleo-ice flow, such as the lithological boundary between the
NWBP and the WSFB, generate a smoother landscape.

2. Most of the fractures within the Lovéngyane archipelago are characterized by N-S
sinistral strike-slip faulting. The fracture zones at Lovéngyane are characterized by
weak brecciated rocks towards the center part of the fracture zone, accompanied by
more resistant rock towards the sides of the fracture zones. The N-S sinistral strike-
slip fault zones are associated with the N-S oriented linear features along the
Lovéngyane ridge. The major fracture zones within the Lovéngyane ridge are
overdeepened by subsequent glacial erosion, resulting in an increase of the vertical
component of the surface topography.

3. The Kongsfjorden area consists of a varied hard-bed landform assemblage, including
distinct glacio-erosional landforms for the different bedrock lithologies. Various
glacio-erosional processes have acted upon the bedrock between the different
lithologies, resulting in variable glacial modification of the bedrock.

4. The elongated landform distribution ranges from near circular to highly elongated
landforms. Near circular landforms perpendicular to paleo-ice flow were identified
at Assemblage Zone 1 (towards the inner fjord), whereas highly elongated
streamlined landforms were found mostly at Assemblage Zones 2-4 (towards the
outer fjord). The study suggests that the more elongated streamlined landforms
could be the result of more intense glacial modification beneath a more dynamically

active paleo-ice stream tributary.

82



5. Lovéngyane archipelago experienced relatively modest erosion which, on basis of
the analysis put forward in this study, could be attributed to structures oriented
perpendicular to paleo-ice flow and a lower ice dynamical behavior relative to the

down-ice channel between Ny-Alesund and Blomstrandhalvgya.

The factors that control the variability of glacial modification within the Kongsfjorden area suggest
that glacial erosion did not occur with the same intensity at all locations along the fjord, and this
resulted in dissimilar morphological features in the landscape. Knowledge of this variability in
glacial modification can be applied to identify morphological features below present-day ice sheets.
These could then be related with geological structures, provided that sufficient field data are

available to support such an undertaking.
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8 Points of further study

There are still significant local variations in the morphological expressions found in different
lithological boundaries. For example, the surface expression of the contact between the migmatites
and marbles at Stemmeknausane is much less profound than the fracture zones at Lovéngyane.
Therefore, there is a need for a better understanding of the relation between the occurrence of
different types of structural weak zones and overdeepened linear valleys. Such an understanding
could be acquired by identifying bedrock properties of different fault types from different tectonic
settings and through classifying these into different types of structural weak zone characteristics.
Such a classification could then be used to relate the different types of structural weak zones with
differential glacial erosion. More knowledge of such relationships would allow for a more accurate

interpretation of morphological features by means of high resolution remote sensing techniques.

Studies have shown a clear correlation between width of fracture zones and strain of faults
(Mitchell & Faulkner, 2009; Faulkner et al., 2011). Wider fracture zones have larger surface areas of
‘weak’ mechanical rock properties, susceptible to glacial modification and this tends to produce
wider linear valleys. Therefore, the width of linear valleys might approximate the strain of the
fracture zone. This, however, should be further substantiated through collecting additional data,
such as mapping the dimensions of fracture zones by seismic interpretations or assessing the

damage zone of different fracture zones to enable adequate comparison.

The suggested factors that control variable glacial modification that this study identified could be
studied separately to quantify the relative effectiveness of each such factor. Studying fjord settings
with low tectonic geologic activity would enable further assessment of the lithological control and
glacio-erosional processes. This type of fjords settings could include fjords located in sedimentary
basins such as in northern Greenland (Piepjohn et al,, 2015), or in Isfjorden, Svalbard (Dallmann,
2015). Studying fjords with similar lithology could, on its turn, allow for further assessment of the
controlling factors of structural weak zones and changes in glacio-erosional processes. Suitable
locations for performing such future research could encompass fjords within granitoid plutons
covering large areas such as in the basement provinces of Svalbard (Dallmann, 2015), in mainland
Norway or in southeast Greenland, where large granite bodies cover a whole fjord area (Geological

Survey of Greenland, 2015; Geological Survey of Norway, 2015).
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