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Abstract

The Barents Sea covers one of the world’s widest continental shelves, averaging
230 m in water depth. Over the last 3.5 My, the growth and retreat of ice sheets grounded
on the shallow shelf and eroded up to 3000 m of sediment in the sea. Glacial erosion was
particularly concentrated ~1.0 Ma, when multiple ice sheets converged and completely
covered the Barents Sea for the first time. During this period of convergence, flowing ice
beneath the ice sheet eroded the substrate and floating icebergs carved features into the
sedimentary cover. As the ice sheet retreated, new sediment was deposited over the
formerly ice-covered surface, preserving glacial features in the subsurface. Identification
and analysis of the features beneath the modern-day seafloor can illustrate past ice-sheet
characteristics arising before the last glacial maximum, such as paleo-ice flow direction
or changes in flow patterns. This study interprets 3D-seismic grids covering ~2000 km?
to identify glacial features on the Upper Regional Unconformity, a regional
unconformity representing the onset of glaciation. This method of examining glacial
history is exclusively possible in areas such as the Barents Sea, which has available
3D-seismic data of glaciated margins for the petroleum industry. A series of parallel,
evenly-spaced lineations ranging from 0.5-9 km in minimum length, trending northwest-
southeast, has been identified in the subsurface. In comparison to previous seafloor
studies, which mark the direction of ice flow from the last glacial maximum (~20 ka),
these northwest-southeast oriented lineations, trending ~340°-345°, indicate northwest
paleo-ice flow and are interpreted to form parallel to ice flowing towards Bjgrngyrenna

Trough, an area of extensive former ice stream activity. The seafloor surface shows



evidence of iceberg scours carved by drifting icebergs following ice-sheet retreat after
the last glacial maximum. The subsurface also has evidence of iceberg scours, as well as
other features including glacial lineations, erosional grooves, and meltwater depressions.
Analysis of glacial geomorphology from seismic data can be used to examine paleo-ice
flow and subglacial erosion. By comparison to features found in other glaciated
environments, it can lead to a better understanding of current and future ice-sheet

behavior.
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1. Introduction
1.1 Objectives

Examining glacial geomorphology in previously glaciated regions can reveal
information regarding paleo-ice sheet dynamics and aid in understanding current ice
margins. One area where detailed subsurface glacial geomorphology can be analyzed is
the Barents Sea, where considerable 3D-seismic data have been collected for industry and
academic use. This location is particularly interesting to study glacial geomorphology
because many of the geomorphic features that were carved by ice sheets during the onset
of glaciation have been preserved beneath the seafloor. The features preserved in the
subsurface, such as meltwater-influenced depressions and erosional grooves, may have
been directly eroded by ice sheets. In particular, the presence of seafloor iceberg scours
and subsurface mega-scale glacial lineations (MSGLs) provides information regarding
former ice sheet and ice stream dynamics in the previously-glaciated Barents Sea
(Dowdeswell et al., 2007; Andreassen et al., 2008; Dowdeswell and Ottesen, 2013).

There are two primary objectives for this thesis. The first objective is to use
industry 3D-seismic data in order to image subsurface glacial geomorphic features carved
by formerly grounded ice sheets during glaciation of the Barents Sea. The second
objective is to analyze subsurface glacial features in order to determine the direction of
paleo-ice flow, and compare those features to similar ones in other glaciated or

previously-glaciated margins.



1.2 Study Area

The study area is located within the southwestern portion of the Barents Sea off
the northern coast of Norway (Figure 1.1). The Barents Sea is an epicontinental sea of the
Arctic Ocean that encompasses 1.4 million km?, and covers one of the widest continental
shelves in the world, a shallow shelf which averages ~230 m in depth (Faleide et al.,
1984; Vorren et al., 1989; Loeng, 1991). The sea is bounded by mainland Norway to the
south, the Norwegian-Greenland Sea to the west, the Arctic Ocean to the north, and the
Kara Sea to the east.

The seafloor of the Barents Sea is characterized by banks, troughs, and channels,
influenced by the underlying bedrock and structural trends; the large troughs of the
region empty into the Arctic Ocean and Norwegian Sea to the north and west,
respectively (Winsborrow et al., 2010; Dowdeswell et al., 2016) (Figure 1.2). Modern
water depths average 230-480 m, and large-scale features identified on the seafloor, such
as MSGLs, glacial moraines, and iceberg plough marks. These are interpreted to have
formed from dynamic ice sheet changes during and after the last glacial maximum
(LGM) (Dowdeswell et al., 2007; Andreassen et al., 2008; Knies et al., 2009;
Winsborrow et al., 2010).

Repeated cycles of ice-sheet advance and retreat had increased melting through
ice streams, areas of fast-flowing ice carrying meltwater and sediment, which carved
elongated troughs into the underlying sediments and bedrock (Vorren and Laberg, 1997,
Andreassen et al., 2008). The largest and deepest of these troughs in the southwestern

Barents Sea is the Bjgrngyrenna Trough, a northwest-southeast trending trough



measuring 750 km long, roughly 150-200 km wide, and varying in water depth between
300-500 meters (Solheim and Elverhgi, 1993; Winsborrow et al., 2010; Laberg et al.,
2012) (Figure 1.2). This trough, an area of extensive former ice-stream activity, extends
past the western continental shelf break into a large trough mouth fan (TMF) known as
the Bjgrngya TMF. TMFs are depocenters of sediments from different troughs through
which sediment has been transported and ultimately deposited (\VVorren et al., 1988;
Andreassen et al., 2008). In areas of ice-stream activity, the direction of paleo-ice flow
can be examined by identifying MSGLs, which form parallel to the direction of ice flow.
Regional seafloor studies have mapped the presence of MSGLs following ice advance
and retreat during the LGM (Figure 1.3), but few studies have mapped subsurface
MSGLs in the Barents Sea.

The role of ice streams over long timescales is difficult to analyze in present-day
ice sheets (e.g., West Antarctic Ice Sheet and Greenland Ice Sheet) because of the shorter
timescale of observations (Winsborrow et al., 2010). However, the paleo-record can offer
a significant addition of information in previously glaciated areas, such as the Barents
Sea, because of the preservation geomorphic features in the subsurface. Analysis of
subsurface glacial features, and comparison to seafloor features as well as features in

other glaciated margins, can aid in understanding ice-sheet dynamics.
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Figure 1.1. Location map of the Barents Sea. The archipelagos of Svalbard (Norway)
and Novaya Zemlya (Russia) delimit the northwest and eastern edge of the Barents Sea.
This study focuses on the southwestern Barents Sea, with the study area outlined in red.
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Figure 1.3. Seafloor studies of MSGLs in the southwestern Barents Sea (insert from
Figure 1.2) mapping the direction of ice flow from the LGM. Bathymetry map from
Winsborrow et al., 2010. Yellow boxes outline 3D-seismic grids used in this study.
Different colored arrows from several different published authors. Dark blue = Ostanin
et al., 2005; Red = Winsborrow et al., 2010; Orange = Rebesco et al., 2011; Light pink =
Laberg et al., 2012.
2. Background
2.1 Geologic Background and Structural Setting of the Barents Sea

The Barents Sea continental shelf covers the northwestern corner of the Eurasian
continental shelf and encompasses a few of the world’s deepest sedimentary basins

(Faleide et al., 1984; Faleide et al., 1993; Worsley, 2008). While the eastern part of the

Barents Sea is linked to the tectonic history of the Uralian Orogeny (Worsley, 2008;



Smelror et al., 2009), the western portion, the focus of this study, includes a complex
tectonic history that led to the development of structural highs, basins, and platforms in
the southwestern Barents Sea (Faleide et al., 1984; Smelror et al., 2009) (Figure 2.1).
The western part of the Barents Sea has been affected by several rifting episodes,
leading to the break-up of the Eurasian plate, as well as major continental collisions
(Smelror et al., 2009). Faleide et al. (1993) have separated the post-Caledonian history of
the western Barents Sea into three rift periods: Late Devonian-Carboniferous, Middle
Jurassic-Early Cretaceous, and early Tertiary, with tectonic pulses in each phase.
Beginning in the Late Devonian, regional uplift followed by rifting created
several half-grabens during a period of regional sea-level rise (Worsley, 2008). This
rifting continued through the Early Carboniferous to create extensional basins with syn-
rift deposits (Breivik et al., 1998). In the mid-Carboniferous, a major regional uplift
followed by renewed rifting led to major subsidence and development of several deep

basins, such as the Nordkapp and Tromsg basins (Worsley, 2008).
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In the Middle Jurassic-Early Cretaceous, regional extension and strike-slip
movement created rift basins such as the Harstad, Tromsg, and Bjgrngya rift basins
(Faleide et al., 1993). While this continued rifting occurred, numerous faults arose and
separated the structural highs, and the southwestern Barents Sea continued to subside in
response to the rifting and faulting motion (Faleide et al., 1993).

During the Late Mesozoic-Early Cenozoic, tectonic events created deep
sedimentary basins (Breivik et al., 1998). Young passive margins bordering the Barents
Sea were created during the Cenozoic opening of the Norwegian-Greenland Sea to the
west and of the Eurasia Basin to the north (Faleide et al., 1984; Faleide et al., 1993). This
opening of the Norwegian-Greenland Sea led to considerable uplift in the Barents Sea,
and subsequent erosion removed much of the Cenozoic rock record in the southwestern
Barents Sea, creating an unconformable boundary between Cretaceous and Paleogene
sequences (Dimakis et al., 1998; Faleide et al., 1993).

Within the Neogene, the Plio-Pleistocene uplift and erosion of the western
continental shelf caused a rapid increase in erosion (Dimakis et al., 1998; Smelror et al.,
2009). The entire Barents Sea shelf was repeatedly eroded as large-scale glaciations
moved large amounts of sediment into submarine TMFs (Smelror et al., 2009). Glacial
erosion removed roughly 500-600 meters of sediment from the banks, and as much as
1000-1100 meters of sediment in the deeper troughs of the Barents Sea (Laberg et al.,
2012). The Barents Sea has been covered by a layer of glacigenic and glaciomarine
Quaternary sediments from subsequent glacial and interglacial cycles (Vorren et al., 1989;

Faleide et al., 1996). While regional lithology suggests that the upper layer of Quaternary



sediments are mostly marine deposits or shale (Figure 2.3), shallow boreholes drilled near
the island of Bjarngya (Figure 2.1) indicate that the layer of unlithified sediments is
dominated by diamictons, interpreted as till (Seettem et al., 1992; Faleide et al., 1996). A
combination of these interpretations would establish that the uplifted and eroded section
separates Cretaceous, shale bedrock from a mix of glaciomarine and marine till and shale.
Today, this sea overlies an intracratonic basin system that is bounded by passive
continental margins to the west and north, and has been covered with glacigenic and
glaciomarine sediments from repeated glacial cycles during the Quaternary (Vorren et al.,

1989; Vorren et al., 1991; Winsborrow et al., 2010).
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2.2 Glacial History

2.2.1 Glacial-interglacial Cycles

The past 3 My include some of the largest climate variations for glacial-
interglacial cycles documented in §'80 records (Raymo et al., 2006). The cycling between
warmer periods (interglacial cycles) and colder periods (glacial cycles) is represented
globally by light isotopic events (lower 80 values) and heavy oxygen isotopic events
(higher 80 values), respectively (Dokken and Jansen, 1999). Additionally, sediment cores
can be examined for pulses of iceberg-rafted debris (IRD), which occur when ice rafting
of icebergs deposits additional sediment into the sedimentary record during glacial periods
(TUtken et al., 2002). In the marine oxygen isotope curve (Liseicki and Raymo, 2005),
each marine isotope stage (MIS), or alternating periods of warmer and cooler periods of
Earth’s paleoclimate, are numbered: interglacial cycles are odd-numbered and glacial
cycles are even-numbered (Figure 2.4). The most recent glaciated period is represented by
MIS 2, which documents the *80 levels during the LGM roughly 20,000 years ago,
when global sea level was roughly 120 m below present-day sea level (Rohling et al.,

1998).

12
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In the Barents Sea, glaciations that reached the western continental shelf edge
(west of Svalbard) align with global glacial-interglacial cycles, and can be illustrated with
a glaciation curve (Figure 2.5). The extent of the glaciations are based on records of IRD
from sediment cores west of Svalbard, shown covering the last ~150,000 years (Ingélfsson
and Landvik, 2013). However, the purpose of this study is to examine the ice-sheet
advance during the onset of glaciation much further back in time, and will therefore

require the use of seismic data to study ice sheet advance from subsurface features.
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Figure 2.5. Glaciation curve showing time-distance relationship of ice extent in the
northern Barents Sea (close to Svalbard). Glaciation G matches up with M1S2, or the
LGM (from Ingélfsson and Landvik et al, 2013, modified after Mangerud et al., 1998).

2.2.2 Ice-sheet History in the Barents Sea

The study area is located in the southwestern Barents Sea, which was influenced
by the growth of three different ice sheets, the Fennoscandian ice sheet, Barents Sea ice
sheet, and Kara Sea ice sheet (Svendsen et al., 2004; Larsen et al., 2006). The
Fennoscandian ice sheet began growing from the northern, mountainous region of
mainland Norway, and the first large-scale glaciation in the Northern Hemisphere (~1.0
Ma) might be around the time the ice sheet first expanded to the shelf edge (Knies et al.,

15



2009). The Barents Sea ice sheet started from the Norwegian archipelago of Svalbard. At
its largest, this ice sheet expanded and reached the continental shelf break, increasing
sediment delivery and creating large, submarine trough mouth fans to the north and west
of the Barents Sea (Ottesen et al., 2005; Knies et al., 2009). The Kara ice sheet covers the
Russian archipelago of Novaya Zemlya; at the maximum extent during the Quaternary,
this ice sheet may have covered parts of European Russian and Western Siberia
(Mangerud et al., 2002; Knies et al., 2009).

The Barents Sea experienced three different major phases of ice growth in the last
3.5 million years (Sejrup et al., 2005; Knies et al., 2009). Phase 1 (3.5 - 2.4 Ma) was an
initial growth phase where the three ice sheets began to grow on mainland Scandinavia,
Svalbard, and Novaya Zemlya, respectively. During this phase, ice began growing in the
mountainous regions of the subaerially exposed Barents Sea, ranging in elevation from
1,000 to 2,500 km, which corresponds to the onset of Northern Hemisphere Glaciation
(Knies et al., 2009), and illustrated by frequent pulses of iceberg-rafted debris in borehole
data (Seettem et al., 1992).

Phase 2 (2.4 - 1.0 Ma) was a transitional growth phase in which colder, more
intense glaciations alternated with warmer, longer interglacial cycles. The western
Svalbard margin shows a decrease in IRD, which has been interpreted as partial
disintegration of the ice margins (Knies et al., 2009). During this transitional period, the
Barents Sea ice sheet grew considerably and reached the northern Kara Sea, possibly
merging to form an even large ice sheet, and a global shift in cyclicity from 100,000 years

to 40,000 years occurred; this switch from 100,000 year glacial cycles to 40,000 year

16



glacial cycles is attributed to changes in Earth’s obliquity and variations in Earth’s orbit
(Faleide et al., 1996; Knies et al., 2009; Huybers, 2009).

The third phase (<1.0 Ma) represented a large-scale intensification of glaciation
where the ice sheets not only expanded but also converged and covered the entire Barents
Sea (Knies et al., 2009) (Figure 2.5). Modellers suggest that around ~1 Ma, large parts of
the previously subaerially exposed Barents Sea first became a submarine shelf sea
(Dimakis et al., 1998; Butt et al., 2002). This phase marks the onset of full-scale glaciation
in the Barents Sea, when grounded ice advanced to the northern and western shelf break,
and can be used to study the processes that form subglacial geomorphic features in the

Arctic.

2.3 Upper Regional Unconformity (URU)

Since the early Pleistocene, glacial ice has extended multiple times to the
continental shelf break off the northern coast of Norway and western coast of Svalbard
(Seettem et al., 1992; Faleide et al., 1996; Landvik et al., 1998). These repeated glaciations
eroded sediment from the surface of the continental shelf, and deposited these sediments
in TMFs located at the continental shelf break (Solheim et al., 1996; Ottesen et al., 2005).
A regional unconformity, commonly referred to as the Upper Regional Unconformity
(URU), carved by ice sheets developed over the entire shelf from repeated cycles of ice
sheet advance and retreat, and represents the erosional base of continental shelf
glaciations in the Barents Sea (Solheim and Kristoffersen, 1984; Vorren et al., 1989;

Vorren et al., 2011).
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In the southwestern Barents Sea, glacigenic sediments are 0-300 meters thick on
the shelf, and thicken westwards towards the shelf break, where sediments can be as thick
as 900-1000 meters (Vorren et al., 1991; Solheim et al., 1996). In seismic data, the URU is
a bright reflector that separates variously dipping stratified bedrock below from a
relatively thin and continuous cover of sub-horizontal glacigenic and glaciomarine
Quaternary sediments (Vorren et al., 1991; Solheim et al., 1996; Andreassen et al., 2008).
This unconformity is interpreted to represent the base of glacial sediments in the Barents
Sea, separating pre-glacial bedrock from a cover of glacial deposits, and likely represents
the erosional base for several continental shelf glaciations from which large volumes of
sediment were eroded and deposited in submarine depocenters off the western continental
shelf break (Faleide et al., 1996; Andreassen et al., 2008; Smelror et al., 2009).

Previous studies by Sattem et al. (1992) measured the paleomagnetic polarity of
glacigenic and glaciomarine sediments from shallow boreholes close to the western
continental shelf break. The magnetization direction of the upper sediments were all the
same and all positive, implying that these sediments were deposited after the Bruhnes
Normal Polarity Chron (Sattem et al., 1992). Because these sediments all have the same
normal polarity above the unconformity, the oldest age for these sediments above the
URU was tentatively dated at the Bruhnes-Matuyama boundary (790 ka) (Seettem et al.,
1992). In the global sea-level curve, the Bruhnes-Matuyama boundary correlates roughly

to MIS 20.
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Figure 2.5. Schematic drawing of the three different phases of ice sheet growth in the
Barents Sea (BS) during the Plio-Pleistocene, where white polygons show interpreted ice
sheet minimums, while black dashed lines show inferred maximums. Red dots are shallow
boreholes from Knies et al., 2009. (a) Phase 1 (~3.5-2.4 Ma) is representative of an
initial growth period (b) Phase 2 (~2.4-1.0 Ma) shows the transitional period and (c)
Phase 3 (<1.0 Ma) marks the first large-scale glaciation when ice first converged and
covered the entire Barents Sea (modified from Knies et al., 2009).
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Additionally, amino acid analyses were conducted to examine the carbonate fossil
ages in order to estimate more accurate sediment dates. A measured alle/lle ratio was
ultimately compared to similar ratios from foraminifera in Eemian sediments in the
Norwegian trench, which estimate an age of 290-440 ka (Sattem et al., 1992; Sejrup et
al., 1989). This led Saettem et al. (1992) to determine the oldest age of the sediments above

the URU to be ~440 ka.

2.4 Glacial Processes and Landforms

Glacial ice has extended multiple times to the continental shelf break of the
Barents Sea since the early Pleistocene (Saettem et al., 1992; Faleide et al., 1996; Sejrup
et al., 2005; Andreassen et al., 2008; Knies et al., 2009; Jakobsson et al., 2014). This
repeated process of ice sheet growth and retreat causes sub-glacial erosion beneath the ice
sheet, and continuously carves glacial geomorphic features into the underlying sediment
or bedrock (Ottesen et al., 2005; Dowdeswell et al., 2007; Andreassen et al., 2008;
Dowdeswell and Ottesen, 2013). The presence of these features, can provide detailed
information regarding past ice sheet behavior, and play a critical role in understanding
future behavior (Andreassen et al., 2004; Dowdeswell et al., 2007; Andreassen et al.,
2008; Laberg et al., 2009; Hogan et al., 2010).

Previous studies have used swath bathymetry images, 2D, and 3D-seismic data to
examine submarine glacial geomorphology on the seafloor off the western and northern
coasts of Norway (Andreassen et al., 2004; Dowdeswell et al., 2007; Andreassen et al.,

2008; Hogan et al., 2010). Glacial geomorphology includes the study of different glacially-
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carved landforms, which are then used to interpret processes regarding how ice sheets and
glaciers move, and how these ice masses transport, erode, and deposit sediment (Menzies,
2009). Among these different types of glacial geomorphic landforms include MSGLs,
grounding-zone wedges, transverse ridges, and iceberg ploughmarks (Dowdeswell et al.,

2007) (Figure 2.6).
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Figure 2.6. Ice stream assemblage of glacial geomorphic features across a continental shelf
(from Dowdeswell et al., 2016). Both iceberg ploughmarks and MSGLs will be analyzed
further in the discussion.

While seafloor landforms can reveal information regarding ice flow patterns at the
LGM, preserved subsurface glacial landforms can provide more information about the
onset of glaciation at the beginning of ice expansion in the Barents Sea. In particular,
examination of buried landforms that have been preserved through periods of deposition
can indicate past ice-sheet activity on the continental shelf from the onset of glaciation,

22



when the Fennoscandian, Barents Sea, and Kara Sea ice sheets first merged and covered
the entirety of the Barents Sea (Svendsen et al., 2004; Larsen et al., 2006; Knies et al.,
2009; Jakobsson et al., 2014). Buried landforms have been identified off the western coast
of Norway on the Norwegian margin by tracing horizons using 3D-seismic data
(Dowdeswell et al., 2007). The surfaces created were then used to identify many of the
same features found on the seafloor in the southwestern Barents Sea, including
streamlined MSGLs, and iceberg-keel produced ploughmarks (Dowdeswell et al., 2007).
This method has proven to successfully identify glacial geomorphic features found
beneath the seafloor, and can be applied to the study area in the southwestern Barents Sea

in order to better understand the onset of glaciation in the Arctic Barents Sea.

3. Dataset and Method
3.1 Seismic Data

The 3D-seismic dataset used in this study was obtained from a larger university
consortium known as the LoCrA Project (Lower Cretaceous basin studies in the Arctic),
which is managed by Professor Alejandro Escalona at the University of Stavanger in
Norway and Professor Snorre Olaussen at the University Centre in Svalbard. These data
were acquired and processed by several petroleum companies and the Norwegian
Petroleum Directorate for industry and university use. Extensive 2D-seismic lines were
mapped to trace the regional extent of the URU. Additionally, two 3D-seismic grids,
SG9810 and SG9804, were used to map both the seafloor and URU, and were ultimately

used to identify glacial geomorphic features for further analysis (Figure 3.1).
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Figure 3.1. (A) Bathymetry map of the Barents Sea, with the southwestern study area
outlined in a red box (map modified from Winsborrow et al., 2010) and yellow boxes
outlining 3D-seismic data used. Black box used in summary Figure 5.14. Figure

continued on next page.
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Figure 3.1. (continued) (B) Inset of red box outlined in (A). Data used for interpretation
included light blue lines (2D seismic lines), and yellow boxes (3D-seismic grids SG9810
(left) and SG9804 (right) used in this study).

The western 3D cube, SG9810, covered a total area of roughly 970 km? (~371
mi?) and is post-stack time-migrated (Carrillat et al., 2005; Sayago et al., 2012), collected
in 1998 by Saga Petroleum ASA. This data is measured in two-way travel time (TWT)
and has normal polarity, with a bin size of 25x25 m (82x82 ft) and a sampling interval of
4 ms (Rather et al., 2011; Sayago et al., 2012). The inlines for this cube measure roughly
62 km, and crosslines about 21 km. A dominant frequency of 40 Hz provides a vertical
resolution (one quarter of the wavelength) of roughly 11 m, and a spatial sampling

distance of 12.5 m provides a horizontal resolution of roughly 12 m (Ruther et al., 2011).

A sound velocity of 1800 m/s was used as a rough estimate to calculate the thickness of
25



the glacigenic sediment overlying the unconformity and to convert TWT into depth in
meters (Sattem et al., 1992).

3D-seismic cube SG9804 covers roughly 1020 km?, and was collected in 1998 by
Saga Petroleum ASA and measured in two-way travel time (TWT) (Rafaelsen et al.,
2002; Ruther et al., 2011). In normal polarity the positive peak or increased acoustic
impedance is represented in black, while the negative trough or decreased acoustic
impedance is represented in red (Figure 3.3). A dominant frequency of 40 Hz provides a
vertical resolution of roughly 11 m and a horizontal resolution of roughly 11 m
(Rafaelsen et al., 2002; Khan, 2013). The inlines for 3D cube SG9804 measure roughly
25-48 km, and the crosslines range from 12-23 km (Figure 3.2). The dominant frequency
of the glacigenic section above the URU is about 40 Hz in the shallower portion of the
3D-seismic grid. The same sound velocity, 1800 m/s, was used to calculate the thickness
of the glacigenic and glaciomarine sediments as in grid SG9810 (Sattem et al., 1992;

Rafaelsen et al., 2002).

3.2 Seismic Artifacts

Avrtifacts in seismic data are not representative of real geological structures, but are
often created during seismic acquisition or seismic processing. One of the most commonly
occurring artifacts is the acquisition footprint, which is defined as a noise pattern
correlating to the position of sources and receivers on the earth during acquisition (Marfurt
et al., 1998). These footprints can be created from various irregularities including seismic

noise or inconsistent spatial patterns or geometries during acquisition (Marfurt et al., 1998,
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Bulat 2005). These acquisition footprints manifest as parallel ridges and grooves that run

parallel to the inlines, and appear in every surface created using 3D-seismic (Figure 3.2).

A TWT (ms)

400

.......

............

TWT (ms)
350
I 570

Figure 3.2. Shaded bathymetry surfaces of the seafloor of 3D-seismic grid SG9810 (A)
and SG9804 (B) showing seismic acquisition footprints (white dashed lines). These
footprints run parallel to the inlines of the grid (trending northwest/southeast).
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3.3 Seismic Character

The seismic data were analyzed in the shallow portion of the both 3D-seismic
grids and divided into three groups based on the characteristics of the reflectors within
each section (Figure 3.3).

Semi-continuous chaotic weak to moderately strong reflectors beneath the URU
indicate pre-glacial sedimentary units and bedrock. These reflectors are variously dipping,
often heavily faulted, and can be seen truncating into the URU above it.

The URU is an erosional unconformity that is shown as a bright continuous strong
reflector that runs mostly parallel, about 100 ms (180 m), beneath the seafloor. This
unconformity marks the boundary between pre-glacial units and glacial and glaciomarine
deposits across the Barents Sea continental shelf (Faleide et al., 1996). The URU clearly
separates variously dipping strata below from parallel to sub-parallel reflectors above.

Above the URU and beneath the seafloor, a series of chaotic and discontinuous
reflectors are relatively weak and laterally inconsistent. This section of parallel to sub-
parallel reflectors is roughly 180 m thick, and are interpreted as glacigenic, glaciomarine,

and marine sediment deposited after the onset of glaciation.
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Description Identification Example

Chaotic, discontinuous, M‘-".{“ i"\. p;n;s
weak, parallel to sub- Glacigenic, glaciomarine, bl | p L "W ik W V Y
. "y ]

parallel reflectors marine sediments

Bright, continuous, strong
reflector that runs mostly Upper Regional Unconformity
parallel to the seafloor (URU)

Semi-continuous, chaotic,
weak to moderately strong Pre-glacial sedimentary units
reflectors and bedrock (heavily faulted)

Figure 3.3. Seismic character divided into three categories after analysis in the
southwestern Barents Sea. The result separated glaciomarine sediments from pre-glacial

bedrock by the URU.

3.4 Seismic Attributes

A seismic attribute is a quantitative method of measuring seismic characteristics
in an area of interest (Chopra and Marfurt, 2005). These attributes can be calculated from
the seismic data in a window of interest and applied to the interpretation. The application
of seismic attributes and amplitudes may enhance the visualization of geological and

geomorphic features, as well as develop a better understanding of the seismic facies.
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Root Mean Square (RMS) Amplitude Seismic Attribute

The RMS post-stack attribute calculates the square root of the sum of squared
amplitudes, which is then divided by the number of samples used within the interval of
interest (Chen and Sidney, 1997). Application of this amplitude may be able to highlight
isolated anomalies found in the 3D-seismic data, and is particularly useful in
identification of channels or gas sands (Chen and Sidney, 1997). RMS amplitude maps
are a method of mapping the strength and distribution of amplitudes within a seismic

volume, and are a potential method for visualizing internal features (Ruther et al., 2011).

3.5 Interpretation Tools

Seismic interpretation was carried out on UNIX workstations using Halliburton’s
Landmark DecisionSpace® software, from Landmark Graphic Corporation (LGC), at the
University of Stavanger in Norway. Regional maps of the seafloor and URU were created
using 2D-multi-channel seismic data to gain a broad understanding of the structure of the
unconformity and seafloor across the southwestern Barents Sea. Higher-resolution
surfaces of the both the seafloor and URU were created using a dense interpretation of 3D-
seismic grids. The unconformity was delineated using horizon picking at an inline-by-
inline grid density based on the erosive character of the unconformity. Additionally,
ArcGIS 10, a geographic information system, was used to create maps and figures with

the data provided.
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Figure 3.4. 3D grid SG9810 showing seafloor surface (left) and RMS amplitude seafloor
surface (right), which was used to highlight glacial geomorphic figures.
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4. Results
In each of the following sections, a seismic line was used to illustrate the general
character of the seafloor and URU, followed by 3D surfaces of both the seafloor and

subsurface outlining different geomorphic features.

4.1 Results from 2D-Seismic Interpretation

2D-seismic lines were first interpreted in order to develop a better general
understanding of the URU. The unconformity is roughly parallel to the seafloor and
extends across the southwestern Barents Sea; the largest, most notable feature observed
both in bathymetry data (Figure 1.2) and the URU (Figure 4.1) is the Bjgrngyrenna
Trough, the deep, elongated trough that runs northeast-southwest across the Barents Sea.
The two 3D-seismic grids used for this study are located near the southern edge of the

trough.

4.2 Results from 3D-seismic Grid SG9810

A seismic inline of SG9810 is interpreted with two horizons outlined in light blue
(seafloor) and yellow (URU) (Figure 4.2). Beneath the water column, a strong,
continuous, black reflector is represented by a peak, indicating an increase in acoustic
impedance in normal polarity data. This reflector is the seafloor and is marked in light
blue in the seismic line at a water depth of ~410 meters. Below the seafloor, sub-parallel,
horizontal reflectors are mainly weak, discontinuous, and often chaotic. The lowermost

reflectors onlap onto the black reflector, which is strong and continuous throughout the
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seismic grid. This subsurface increase in acoustic impedance outlined in yellow is the
URU, approximately 150 meters below the seafloor, and separates sub-horizontal
reflectors above from variously dipping reflectors below. The underlying Cretaceous
shale bedrock is marked by southwest-dipping reflectors that terminate into the overlying
URU. Many of these reflectors are weak to moderately strong, and are often sub-parallel
to each other. The southeast area of the grid shows more strongly dipping reflectors,

while the northwest area shows gentler slopes.

' 20°0'E |

TWT (ms)
:B:

750

1350

70°0'N
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—_—- ;Kﬂametemm

Figure 4.1. Shaded time-relief map of the extent of the URU created from 2D seismic
interpretation. Light gray boxes mark the locations of 3D-seismic grids SG9810 (left) and
SG9804 (right), which were used to map and identify glacial geomorphic features from
the seafloor and subsurface.
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4.2.1 SG9810 Seafloor

The 3D seafloor surface for SG9810 is covered with criss-crossing, curvilinear,
irregular furrows that are u-shaped or v-shaped in seismic (Figure 4.3). The furrow
widths, measured from edge-to-edge in seismic data, range from 93 — 375 meters wide,
and the lengths measure up to several tens of meters, but likely continue past the
boundaries of the 3D survey. The relief of the furrows measured from trough-to-crest is
up to 17 m.

The furrows of varying widths and heights are distributed throughout the
seafloor, and the distance between individual furrows also varies. Though some of the
furrows are linear features, many of them are curved or oriented in different directions
(Figure 4.4). In general, the furrows are more visible in the shallower, southern part of

the survey than in the northwestern, deeper area.

4.2.2 SG9810 URU

Curvilinear furrows visible on the seafloor are absent on the 3D-URU surface.
Instead, the subsurface shows elongated ridges covering the eastern and southeastern
portions of the seismic grid are represented in seismic data as shallow, u-shaped dips
(Figure 4.5). The erosional ridges are continuous throughout the seismic data and are
often sub-parallel to each other.

The spacing of the ridges correlates to the dip of the underlying shale bedrock.
Below the URU, shallow sands are represented by a decrease in acoustic impedance, and

are troughs, or red truncating reflectors, in normal polarity data. Alternatively, shales are
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represented by an increase in acoustic impedance, indicated by peaks or black truncating
reflectors. The dipping shales terminating into the URU are more eroded, manifesting as
the shallow dips that create long, continuous ridges, while the dipping sandstones are less
eroded, slightly protruding red reflectors between the alternating shale layers.

In 3D, the shallow u-shaped ridges are continuous from north to south across the
URU surface (Figure 4.6). The ridges follow the dip of the underlying strata, which is
dipping roughly ~15° towards the southwest. The more gradual, gentler sloping reflectors
beneath the URU, with dips measuring 20-25°, do not create ridges, as seen in the
northwestern corner of the 3D surface.

A small, circular depression found in the western part of this surface is located in
an area unmarked by erosional ridges and can be seen in both seismic and the 3D surface
(Figure 4.7). This depression measures about 1 km in length and 1.5 km in width, and is
~17 m deep at its deepest point. The bottom of the depression shows slightly different
slopes: the western and northern edges of the depression indicate slightly steeper slopes,
while the eastern and southern edges have gentler slopes. The depression has defined
edges and a smooth, elliptical shape, and reflectors onlap onto the URU within the

boundaries of the depression.
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5 km

Figure 4.4. (A) Uninterpreted seafloor surface of 3D-seismic grid SG9810. Interpreted
seafloor surface (B) continued on next page.
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Figure 4.4. (B) Interpreted seafloor surface of 3D-seismic grid SG9810, with white
dashed lines outlining the curvilinear furrows carved into the seafloor. Furrows vary in
width and length, and are randomly oriented. Fewer furrows are visible in the
northwestern, deeper portion of the seismic grid than in the southeastern, shallower
portion.
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Figure 4.6. (A) Uninterpreted URU surface of SG9810 showing several erosional
grooves (eastern side of the surface). Interpreted surface continued on next page.
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4.3 Results from 3D-seismic Grid SG9804

Similar to SG9810, interpretation of horizons in seismic data of SG9804 shows
the seafloor in light blue and the URU in yellow (Figure 4.8). The seafloor reflector, a
peak and an increase in acoustic impedance, and is at a water depth of approximately
375-400 meters. Beneath the seafloor is a sequence of sub-parallel, horizontal, weak and
discontinuous reflectors that are often chaotic in character. The URU, roughly 140 — 160
meters below the seafloor, separates the overlying horizontal reflectors from variously
dipping, chaotic to moderately strong reflectors below, a few of which terminate into the
overlying URU.

4.3.1 SG9804 Seafloor

Similar to SG9810, the seafloor surface of SG9804 is also covered with furrows
that frequently cut across each other. Many of the furrows are v-shaped features
identified in seismic data (Figure 4.9). The furrows range from 50 — 350 meters in width
by measuring from edge-to-edge of the v-shaped incisions in seismic data. In relief, they
measure up to 15 meters from trough-to-crest measurements. The lengths of the furrows
are highly variable, with some a few meters and some tens of meters long, extending
beyond the 3D surface grid.

The furrows are irregular, curvilinear features that vary in width, height, and
length, and are distributed throughout the entire surface in random orientations (Figure
4.10). However, unlike SG9810, many of the furrows trend in an east-west direction

across the seafloor, rather than complete random orientation.
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Direction of
ice flow

Figure 4.10. Uninterpreted (A) and interpreted (B) seafloor surface for SG9804. Criss-
crossing, curvilinear furrows outlined in dotted white lines — many furrows seem to trend
in an east-west direction.
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4.3.2 SG9804 URU

A side-by-side analysis of the seafloor and URU shows that unlike the seafloor
surface, the URU of SG9804 does not show evidence of curvilinear, irregular furrows,
but does contain several straight linear features in the northern portion of the grid (Figure
4.11).

In a seismic inline, the linear features are represented by wavy, evenly-spaced and
ridge-groove pairs of the same or similar amplitudes (Figure 4.12). In the 3D-seismic
surface created from interpretation, the elongated and linear ridge-groove pairs have an
exceptional parallel conformity. They are roughly 200 — 500 m wide, measured from
crest-to-crest, and the relief of the linear features, measured from trough-to-crest, is up to
13 m in depth. The spacing is roughly 0.2 — 0.8 km apart, and have a minimum length of
2.0 - 6.5 km, although they may be longer by extending beyond the northern boundary of
3D acquisition.

From the 3D URU surface, the linear features are sub-parallel-to-parallel to each
other, and all trend northwest-southeast (Figure 4.13). The average direction of the

northwest-southeast-trending features is roughly 340° - 345°.
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Direction of i
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Figure 4.13. Inset (orange box) from Figure 4.11, with uninterpreted surface (A) and
interpreted surface (B). White lines outline several linear features, which are parallel or
sub-parallel to each other and trend northwest-southeast.
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Cutting across the ridge-groove pairs are several straight grooves that trend
northeast-southwest rather than northwest-southeast (Figure 4.14). Though the ridges are
straight, they differ from the linear ridge-groove pairs because they are fewer, shorter,
and spaced further apart than paired features. The ridges measure 1.7 — 2.5 km in length
and are spaced roughly 1.3 — 6.1 km apart. The relief of the cross-cutting features is much

smaller than the average relief of the white ridge-groove pairs (Figure 4.15).

TWT {ms)

Direction of
‘ ice flow R 45

Figure 4.14. 3D surface of SG9804 URU, with inset location from Figure 4.11. Pink
lines indicate straight grooves that cut across the ridge-groove pair features (white
lines). The pink lines trend northeast-southwest, while the underlying white lines trend
northwest-southeast.
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Direction of TWT (ms)
‘ ice flow R 513

Figure 4.15. Uninterpreted (left) and interpreted (right) seismic line drawn through the
pink lineation, with the location of the pink lineation indicated by the yellow arrow. The

small v-shaped indentation shows the relief of the pink linear feature.

In the eastern portion of the inset, a large, elliptical depression is visibly deeper

than the rest of the URU (Figure 4.16). This depression has a diameter range of 2.8 km —
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4.7 km and reaches depths of ~17 m. The sides of the depression are very gently dipping,

as is visible in the seismic data (Figure 4.16).

TWT {ms)

‘ Direction of N 515
ice flow A

-----
.....
Fi

Al

| o |
W TS D

Figure 4.16. SG9804 URU surface, with inset from Figure 4.11. Seismic inline (A -A))
across the depression is shown below. White arrows indicate the edges of the depression,
which has very gently sloping edges to the deepest part of the depression (~17 meters).
Vertical exaggeration: 10x.
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5. Discussion
5.1 Seafloor Interpretation

5.1.1. Iceberg-keel ploughmarks

The presence of cross-cutting, curvilinear furrows across the seafloor surfaces of
both SG9810 and SG9804 are interpreted as iceberg-keel ploughmarks, which have been
mapped using seismic data in previously glaciated margins such as the Norwegian-
Greenland Sea (Dowdeswell et al., 2007), North Sea (Graham et al., 2007; Dowdeswell et
al., 2013), and Barents Sea (Rafaelsen et al., 2002; Andreassen et al., 2004; Andreassen
et al., 2008). Iceberg-keel ploughmarks, often known as iceberg scours, have also been
mapped in Antarctica (Barnes and Lien, 1988; Lien et al., 1989; Dowdeswell and
Bamber, 2007; LOpez-Martinez et al., 2011).

Iceberg-keel ploughmarks are incisions formed by the gouging motion of drifting
iceberg-keels and sea ice, which reworks sediments when the iceberg makes contact with
the seafloor in submarine conditions (Stoker and Long, 1984; Barnes and Lien, 1988;
Dowdeswell and Bamber, 2007) (Figure 5.1). They are common features in high-latitude
regions, and are often found on the margins of ice sheets or fast-flowing ice streams,
where outlet glaciers are common (Ottesen et al., 2005; Dowdeswell and Bamber, 2007).
The detached iceberg, separated from the ice sheet or glacier terminus, can be carried in
open marine waters by wind direction and water currents for long distances; the length of
the ploughmark can extend several tens of kilometers before the iceberg melts

(Andreassen et al., 2008).
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Figure 5.1. Formation of iceberg-keel scours from free-floating ice in 3D and map view

(Menozzo da Rosa et al., 2016, after Woodworth-Lynas and Dowdeswell, 1994 and Eyles
et al., 2005). Marginal berms were used to measure widths of iceberg scours.
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The distribution of iceberg-keel ploughmarks is dependent on the changing flow
and form of the ice sheets and glaciers from which the icebergs break off (Dowdeswell
and Bamber, 2007). Additionally, the formation of iceberg scours depends on the water
depth. Iceberg scouring is a process that is significant in water depths of less than 550
meters (Dowdeswell et al., 1993), though the features are found in present-day water
depths of up to 848 m (Wise et al., 2017). Though the distribution of ploughmarks can be
topographically dependent (Lien et al., 1989), the shallow continental shelf and roughly
375-450 m of water depth in the study area is well within the range established by
Dowdeswell et al. (1993) for iceberg ploughmarks to cover the expanse of the seafloor.

A comparison of iceberg scour widths and reliefs between this study and other
glaciated margins is shown below (Figure 5.2 and 5.3). The measurements of iceberg
scour widths, measured from marginal berm to marginal berm of each v-shaped incision
in cross profile, range from 93 — 375 meters in SG9810 and 50-350 meters in SG9804;
these numbers are very close to scour measurements published in the Barents Sea by
other authors, ranging from 65 — 300 meters (Andreassen et al., 2008; Esteves et al.,

2017).
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The presence of iceberg scours on the seafloor is indicative of a glaciomarine-
environment, as documented by many authors within the Barents Sea (Rafaelsen et al.,
2002; Andreassen et al., 2008; Winsborrow et al., 2010; Andreassen et al., 2014;
Piasecka et al., 2016; Piasecka et al., 2018). The slight east-west orientation of the
iceberg scours, particularly visible in SG9804, suggests that wind direction and water
currents may have been oriented towards the east or towards the west (Rafaelsen et al.,
2002). The source of the icebergs that created the scours is most likely from the large ice
sheets that retreated during the last major deglaciation during the LGM (~20,000 years
ago) (Dowdeswell and Bamber, 2007). Intersecting ploughmarks may indicate slightly
differing ages (Andreassen et al., 2014); however, lack of present-day ice sheets in the
Barents Sea or northern Scandinavian region leads to the assumption that these iceberg-
keel plough marks were formed following the melting and retreat of ice sheets following

the LGM.

5.2 Subsurface Interpretation

5.2.1. Grooves from Differential Erosion

Long, continuous erosional grooves on the eastern side of the SG9810 URU are
heavily influenced by the underlying bedrock and structural trends of the southwestern
dipping beds. These grooves likely represent differential erosion of the bedrock beneath
the URU.

The underlying bedrock is dominantly Cretaceous shale, or possibly a mix of

sandstone and shale layers. If the bedrock consists mainly of shale, the differential
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erosion of the underlying substrate could mean that the long, continuous grooves were
eroded from slightly less-resistant shale layers. In contrast, the more-resistant layers
would protrude, creating the highs between each of the u-shaped lows.

If the substrate consisted of alternating, thick layers of sandstone and shale, the
shale would be represented by increases in acoustic impedance or black reflectors, while
the sandstone would be represented by decreases in acoustic impedance or red reflectors.
In this case, the shale would be more easily eroded (lows) between the more-resistant
sandstone (highs) creating u-shaped grooves that continue across the eastern portion of

this seismic grid (Figure 5.4).

-
apni|duy

Figure 5.4. Seismic line (location from inset in upper right corner) of SG9810 showing
potential differential erosion of non-resistant shale (black reflectors) and the slight
protrusion of more-resistant sandstone (red reflectors). Blue horizon represents seafloor,
and yellow horizon represents URU. Vertical exaggeration: 10x.
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Lack of core data from this study area leads to an incomplete understanding of the
Cretaceous bedrock, and therefore it is difficult to predict whether the reflectors beneath
the URU represent exclusively shale or alternating layers of sandstone and shale.
However, alternating sandstone and shale layers may be more plausible because it would
take into account both the lithology of the bedrock and the polarity of the seismic data. In
this case, a cross-profile view would show the shallow, u-shaped dips visible in the shale
bedrock with alternating layers of sandstone and shale (Figure 5.5). Though the dip slope
and scarp slope are not as easily discernable or as obvious in the seismic line as in Figure
5.5, much of the less-resistant, weaker shale layers have been eroded, creating shallow

dips between erosion-resistant sandstone.

scarp slope dip slope

Figure 5.5. Cross-profile view of tilted strata influenced by differential erosion. Valleys
are created by erosion of non-resistant strata (e.g., shale) between ridges of more-
resistant strata (e.g., sandstone). The asymmetrical valleys have a steeper side (scarp
slope) and slightly more gentle side (dip slope). The direction of ice flow is towards the
north-northwest, as indicated by the black arrow.

The RMS seismic attribute was also applied to the URU surface in SG9810 for

better analysis of the differential erosion. The amplitude values are generally low for the
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majority of the RMS map, but are slightly higher where the differential erosion is most
prominent (Figure 5.6). The depths of the grooves measure up to 11 m in relief in the

northeast section of the RMS surface.

RMS Seismic .. RMS Seismic
Attribute S Attribute
mo.23 j mo.23

Figure 5.6. Uninterpreted (left) and interpreted (right) RMS maps for SG9810 URU
surface, showing the higher amplitude values in the northern section (red arrow),
particularly concentrated in the upper right hand corner where differential erosion is
most prominent (erosional grooves outlined in dashed red lines).
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5.2.2 Subglacially-eroded Depressions

Two erosional depressions are observed in the subsurface, one from each seismic
grid. Previously, Rafaelsen et al. (2002) divided depressions found in the Barents Sea
using 3D-seismic data into three different categories: type | (concentric depressions with
a smooth surface and even edges), type Il (elliptical shape with rough or indented edges),
and type 11l (semi-circular depression with relatively smooth edges that formed in
bedrock).

The subsurface, circular depression observed on the URU in SG9810 and the
larger, slightly elliptical depression on the URU in SG9804 may both have formed from
subglacial erosion of the Cretaceous bedrock. The small depression (SG9810) is more
circular, located away from the erosional grooves, and has a slightly steeper slope on one
side and gentler slope on the other. The larger depression (SG9804) has a slightly
elongated northwest-southeast trend, an almost elliptical shape, and is not cut by the
ridge-groove paired features that trend northwest-southeast. In SG9804, a differently
oriented (northeast) 3D view of the depression shows ridge-groove paired features
reaching the edge of the depression, but not visible within the edges, suggesting the linear
features and depression may have formed at the same time (Figure 5.6). Both depressions
have relatively smooth edges and circular to semi-circular shapes, and may have been
formed beneath the ice sheet in locations where the bedrock was slightly easier to erode
(Rafaelsen et al., 2002). The subsurface depressions might be classified as type Il
depressions for their shape (semi-circular with relatively smooth edges), depth (up to 15

meters), and location (erosion of underlying Cretaceous bedrock).
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‘ Direction of
ice flow

Figure 5.6. Slightly angled view (north is now pointing towards the northwest) of
depression on URU in seismic grid SG9804 uninterpreted (above) and interpreted
(below) with a few linear ridge-groove pairs outlined in white lines, and the depression
outlined in a yellow dashed line. White linear features are visible across the northern
part of the grid, leading up to the edge of the depression, but not within the depression
itself.
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Depressions that form in bedrock due to subglacial meltwater erosion have ranged
in diameter from a few meters to several hundred meters (Bennett and Glasser, 2009).
The effectiveness of the subglacial meltwater beneath the ice sheet would depend on
three factors: the susceptibility of the underlying bedrock (e.g., structural weakness), the
water discharged (e.g., water velocity of subglacial meltwater), and the quantity of
transported sediment (Bennett and Glasser, 2009).

One possible explanation for the formation of the depressions could be that the
depressions are similar to sculpted forms, or s-forms, which are described in Alberta,
Canada, by Beaney and Shaw (2000). S-forms are eroded by subglacial meltwater and
often form in different varieties of vorticies in turbulent flow (Beaney and Shaw, 2000).
They form in broad areas of subglacial meltwater, which cause the coeval formation of
large depressions (e.g., in SG9804) with the other features (e.g., ridge-groove pairs)
which do not necessarily overlap or cross-cut each other because they were created by
similar flow (Beaney and Shaw, 2000).

Another potential explanation would be that these depressions are evidence of
plunge pools. These features are specific kinds of potholes that occur at the foot of a
nearly vertical waterfall, creating a steeply sloping side of the depression (Elston, 1917).
The depth and diameter of the depression would depend on the height of the waterfall and
the volume of the water, respectively (Elston, 1917). An example from Niagara Falls
describes a large plunge pool with a depth of 72 ft (21 m), which is close to the depths of
the depressions in this study region (~17 m) (Elston, 1917). This interpretation would

require that this specific area was subaerial at the time of plunge-pool formation;
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however, there is no detailed information regarding which regions of the Barents Sea
became submarine and which regions stayed a subaerial shelf sea around 1 Ma (Dimakis
et al., 1998; Butt et al., 2002). Though plunge pools are a possibility, they cannot be
proved with the current understanding of the Barents Sea at around 1 Ma, and even more
so during the formation of the URU ~800,000 years ago.

The more likely explanation includes the formation of depressions in bedrock by
subglacial meltwater erosion, potentially creating a subglacial lake beneath the ice. This
could be due to increased melting in one particular spot, which caused meltwater to
continuously erode the bedrock beneath. The depressions were mostly likely created at
the same time as the other features (MSGLs and grooves) on the URU because they two
structures do not overlap or cross-cut in any way. With the current understanding of the
Barents Sea at this time, subglacial meltwater erosion is a likely interpretation for both of

the depressions in SG9810 and SG9804.

5.2.3. Mega-scale Glacial Lineations

The linear, ridge-groove paired features observed in SG9804 that generally trend
in the same direction differ from iceberg-keel scour marks in several ways: they have a
clear preferred orientation, they are straight and appear parallel to one another, they do
not vary widely in size or depth, and they have a distinct pattern of ridge-groove-ridge-
groove topography covering an expansive area of the URU. Based on their description,

and previously published glacial history of the region, lineations such as these ridge-
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groove pairs are interpreted as MSGLs (Clark, 1993), which are often observed within

high-latitude troughs and fjords (Ottesen et al., 2005) (Figure 5.7).

N

Direction
of ice flow

Fast-flowing
ice stream

Figure 5.7. (left) Schematic diagram of submarine MSGLs indicating fast flow of ice
streams in a high-latitude region or continental shelf (right) swath bathymetric image
example of MSGLs (scale across 15 km) (modified from Dowdeswell et al., 2008)
MSGLs are streamlined, elongated glacial geomorphic features that form from
subglacial sediment deformation at the base of fast-flowing ice streams under rapid flow
in a layer of deforming till (Clark, 1993; Clark et al., 2003; Dowdeswell et al., 2008), and
can extend as many as tens of kilometers with wavelengths of tens to hundreds of meters
and up to a few meters of relief (Dowdeswell et al., 2008) (Figure 5.8). In this study area,
much of the underlying bedrock or substrate was eroded by the ice stream, which carved
parallel MSGLs in the direction of ice flow. The MSGLs measured in SG9804 are

roughly 200 — 500 m in width and up to 13 m in relief, extending a minimum length of

2.5 km, falling well into the range for MSGLSs.
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Figure 5.8. Cross section of an ice stream showing the deformation of the underlying till
layer, creating the groove-ridge pair features, or MSGLs (from Clark et al., 2003).
Certain areas of larger keels can erode through the till into the underlying substrate,
which is then eroded and adds to the sediment supply of the overlying till layer.

MSGLs are particularly useful for examining paleo-ice flow direction, because
the streamlined features form parallel to the direction of ice flow. In seismic grid
SG9804, the subsurface MSGLs are trending northwest-southeast (see Figure 4.13).
However, in order to determine the exact direction of ice flow, the features must be
compared to seafloor studies of the Barents Sea. Inferred ice flow direction of former ice
streams in the southwestern Barents Sea, from MSGLs mapped on the seafloor, show that
much of the ice from the LGM flowed out the deep Bjgrngyrenna Trough off the western
Barents Sea continental margin (Figure 5.9)

The location of SG9804 is close to the edge of Nordkappbanken (Figure 3.1A),
and by extrapolating from the direction of ice flow from the LGM (Figure 1.2), MSGLs
observed on the URU are more likely to flow towards the northwest, as those found on

the seafloor, rather than towards the southeast. This is additionally supported by the

glacial history of the region, where the ice sheets began growing on the mountainous
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regions of mainland Norway, then advanced out into the ocean, suggesting ice flowed
away from the continent rather than towards it (Knies et al., 2009). The trend of the
MSGLs, towards the northwest, are roughly 340°-345°. Additionally, the presence of
MSGLs, but lack of retreat moraines or sedimentary wedges, not only indicates fast
flowing ice through ice streams in this area (Andreassen et al., 2004; Andreassen et al.,
2008), but also are indicative of rapidly or continuously retreating ice (Dowdeswell et al.,
2008).

MSGLs have been mapped extensively in the Barents Sea (Rafaelsen et al., 2002;
Andreassen et al., 2004; Ottesen et al., 2005; Dowdeswell et al., 2008; Andreassen et al.,
2008; Winsborrow et al., 2010; Ruther et al., 2011; Piasecka et al., 2018), but have also
been observed in many other glaciated margins including Canada (Clark et al., 1993),
Newfoundland (Jakobsson et al., 2005), and Antarctica (Shipp et al., 1999; Wellner et al.,
2001; Dowdeswell et al., 2004; Campo et al., 2017). Measurements of the MSGLs
observed in SG9804 can be compared to similar measurements in other locations (Figure
5.10), a few of which are labelled in the histogram from a more comprehensive study of

MSGL dimensions (Spagnolo et al., 2014).
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Ultimately, a large scale comparison of MSGLs in the southwestern Barents Sea
would contrast MSGL directions from the seafloor (LGM) with MSGL directions from
the URU (~800,000 years ago) (Figure 5.12). Although the seafloor surface shows more
mapping of MSGLs, the subsurface MSGLs that have been identified seem to trend in the
same directions as those found from the LGM - particularly, most of the MSGLSs indicate
ice that was flowing out of the smaller troughs to reach the large, deep Bjgrngyrenna

Trough and flow westwards towards the Norwegian-Greenland Sea.
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Figure 5.12. Comparison of MSGL directions from the seafloor (above) and URU
(below), with study area 3D grids outlined in yellow. Bathymetry map from Winsborrow
et al., 2010. Different colored arrows are from published papers; pink arrow represents
paleo-ice flow direction from this study, which is only visible in the subsurface. For
seafloor arrows: Dark blue = Ostanin et al., 2005, Red = Winsborrow et al., 2010; Light
green = Rebesco et al., 2011, and Purple = Laberg et al., 2012. For URU arrows: Light
blue = Larsen et al., 2003, Dark blue = Ostanin et al., 2005; Dark green = Khan 2013;
and Orange = Piasecka et al., 2016.

5.2.4. Iceberg Break-up near the Grounding Zone
Four linear, erosional furrows cut across the MSGLs on the URU surface of
SG9804 (Figure 4.2.7). Though parallel to each other and also linear, they differ from

MSGLs in length, spacing, and direction — the younger features, cutting across older

MSGLs, are much shorter (1.7-2.5 km), spaced unevenly (ranging from 1.3-6.1 km
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apart), and trend northeast-southwest, unlike the northwest-trending MSGLSs.
Additionally, these features are erosional rather than the depositional/deformational
formation of MSGLs, and do not contain topographic ridges, only furrows.

The furrows are interpreted to be ice-marginal features that form close to the
grounding line — specifically, linear iceberg furrows (Halberstadt et al., 2016). This type
of furrow is different from an iceberg scour because they are created very close to the
grounding line, or at the edge of a large ice mass, where permanently grounded ice
transitions into a floating or calving ice shelf (Jakobsson et al., 2011; Halberstadt et al.,
2016). The proximity to the grounding line would allow for the furrows to be parallel, but
unevenly spaced depending on the size of the glaciers calving off from the main ice mass.

The relief of this lineation very shallow and much smaller than the MSGLs.
Depending on the varying changes in ice sheet advance and retreat, and the merging of
several ice sheets, the younger features may have been created by glaciers during a period
of relative ice sheet retreat, causing icebergs to break off and erode towards the northeast

rather than flow in the same northwest direction of the MSGLs (Figure 5.13).
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Figure 5.13. Interpreted direction of older MSGLs compared to the direction of younger,
linear iceberg furrows that cut across the lineations.

5.3 Summary of Glacial Geomorphic Features

For both SG9810 and SG9804, iceberg-keel ploughmarks covered the expanse of
the seafloor. Ploughmarks are good indicators of depositional environment, and in this
case represent a glaciomarine to open marine environment following ice sheet retreat of
the LGM. However, for the two 3D-seismic grids in this study, no features on the
seafloor showed evidence of ice flow direction from the LGM.

In the subsurface, a collection of different ice-related features were mapped and

analyzed. In SG9810, several long, continuous grooves are present, likely eroded by
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several cycles of advancing and retreating ice sheets during the onset of glaciation. A
small depression found on the URU carved into the underlying bedrock may be evidence
of subglacial meltwater erosion, possibly from pooling meltwater beneath the ice sheet
(Figure 5.14).

In SG9804, several elongated, ridge-groove paired features are interpreted as
MSGLs, which indicate northwest-flowing ice from ~800,000 years ago. A large, ~17 m
deep subglacially-carved depression identified next to the MSGLs has the same
northwest-southeast orientation, and was likely formed by the same flowing ice that
carved the MSGLs. This is particularly emphasized by the direction of the depression’s
long axis as well as the lack of MSGLs within the depression. Cross cutting the
northwest-flowing MSGLs are several short, northeast-trending furrows, which indicate a
potential change in environment of this specific spot from a subglacial environment
(which carved the MSGLs and depression) to a proximal glaciomarine environment close
to the grounding zone (which carved the short furrows). The furrows, which cross-cut the
MSGLs but not the depression, may have been created by icebergs that calved off in the
same, northeast direction, but were not deep enough to scour the bottom of the depression

(Figure 5.15).
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Figure 5.14. Summary figure of seafloor glacial geomorphic features in SG9810 and
SS9804 (bathymetry inset from Figure 3.1, from Winsborrow et al., 2010). Direction of
ice flow indicated by light blue arrow. 3D surfaces show iceberg-keel ploughmarks
outlined in dashed purple lines covering the expanse of the seafloor in both seismic grids,
indicating a glaciomarine or open marine environment.
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3D URU Surfaces .

Figure 5.16. . Summary figure of URU glacial geomorphic features in SG9810 and
SS9804 (background from 2D seismic data in Figure 4.1). Direction of ice flow indicated
by light blue arrow. 3D surface of SG9810 shows several long grooves from differential
erosion of tilted strata below carved by cycles of ice sheet advance and retreat. A
subglacial meltwater-carved depression (dotted yellow circle) is located away from the
continuous grooves. SG9804 shows MSGLs indicating northwest paleo-ice flow, which
likely also formed the subglacial meltwater-carved depression, which has an axis that
also trends in the same northwest direction. The MSGLs are cross-cut by short,
northeast-trending furrows that may indicate a change in environment from subglacial to
proximal glaciomarine, which would form short furrows trending in the same direction.
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6. Conclusions

The resolution and density of 3D-seismic data allow for the creation of detailed,
high-resolution surfaces that are able to image features >10 m in size and relief both in
the seafloor and subsurface. Though certain features were only found subsurface, or only
found on the seafloor, comparison to previously published papers creates the opportunity
to determine the direction of paleo-ice flow in the Barents Sea, as well as identify
depositional environments and examine geomorphic features carved by subglacial
erosion in the study area.

The northwest-trending MSGLs identified in the subsurface (URU) and the
comparison to seafloor studies of MSGLs suggest that paleo-ice flow was in the same
direction as ice flow during the LGM. In comparison to other studies in the region
(Figure 5.10), though the width of these MSGLs fall well within the range for the Barents
Sea, the relief of the subsurface features in this study is slightly larger than some other
published measurements. Though the gap between the subsurface (800,000 years ago)
and LGM (20,000 years ago) is quite large, the paleo-record for ice flow implies that ice
sheets most likely follow a pattern of behavior for growth and retreat. This is particularly
useful in examining current glaciated margins, such as Greenland and Antarctica, to map
MSGL locations and measurements in order to examine where fast-flowing ice is most
dynamic and predicting future ice sheet retreat across a continental shelf can be studied
using seafloor geomorphology (Mufioz and Wellner, 2018).

Though several authors have used MSGLs to examine changes in paleo-ice flow

patterns in the Barents Sea (Andreassen et al., 2004; Andreassen et al., 2008; Ruther et
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al., 2011; Winsborrow et al., 2012), the presence of cross-cutting features may not be
younger MSGLs, which would indicate a change in paleo-ice flow direction, but
potentially iceberg-keel ploughmarks cross-cutting the older MSGLs. This may indicate a
change in the environment of the region, which would have been subglacial during the
formation of MSGLs, but proximal to the grounding line for iceberg scours that moved
towards the northeast rather than the northwest.

The depressions and iceberg-keel ploughmarks are indicative of depositional
environments in the Barents Sea. The depressions eroded into the underlying bedrock
most likely occurred from subglacial meltwater erosion, while the presence of iceberg-
keel ploughmarks across the seafloor of both 3D grids indicates a glaciomarine
environment following subglacial conditions during the LGM ~20,000 years ago. Using
seismic data to study glacial geomorphology is particularly useful in examining past
glacial activity by imaging geomorphic features, such as MSGLs and iceberg-keel
ploughmarks, in order to develop a better understanding of present-day ice sheet

dynamics.
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