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Abstract

The behavior and retreat of the Icelandic Ice Sheet (11S) is not well understood and research
done on the shelf can help refine ice sheet models. Multibeam bathymetric maps and Chirp
shallow-reflection data offshore N-Iceland provide some answers to long-standing questions
about the extent of the Iceland ice sheet during the Last Glacial Maximum (LGM) and early
deglaciation of the Eyjafjardarall ice stream. The glacially eroded Eyjafjardarall rift basin (EB)
is ~80 km NS and 15-20 km wide EW and made up of complex extensional (normal) and
transform (strike-slip) faults draped by ice-marginal and subglacial sedimentary features,
megascale glacial lineations (MSGLs), moraines, eskers, and unidentified complex till ridge
features, which have not been previously described in literature, possibly representing a push
moraine or lateral crevasse-squeeze ridges. These features reflect the past ice flow directions of
at least two major ice streams, from Skagafjorour into Skagafjardardjup and from Eyjafjordur
into the southern Eyjafjardarall basin. These ice streams merged in the northern Eyjafjardarall
basin, where the more prominent Skagafjordur ice stream deflected the Eyjafjardarall ice
stream. The megaflutes are orientated parallel to the direction of the major basins and the
Kolbeinsey Ridge indicating that the ice streams were topographically constrained. Similar
lineations are also present within Skjalfandadjup, east of Eyjafjardarall. The highly reflective
V-shaped ridges are characterized by elongated “V-shape” formations with an average width
of 300-500 m and an average length ranging from 400-1500 m, at a depth of 320-450 meters
b.s.l. opening towards the flow direction of the main ice stream. The ridges change direction
gradually, along with the basin curvature, from NNW-SSE in the southern part of the basin
rotating to NNE-SSW, parallel to a 10 km long lateral moraine, which most likely separated
two main ice streams. These ridges have not been identified elsewhere. The seafloor also bears
ample scars made by icebergs from the IIS during the last Glacial as well as postglacial
icebergs from the Greenland Ice Sheet (GIS). The faults present in the EB cut through the
glacial features, indicating extensional activity within the EB after the deposition of the glacial
features and throughout Holocene based on sedimentary structures and current seismicity.
Analysis of the landsystems found throughout EB are useful to refine models of the 11S and
could place the terminal position of several ice streams further offshore than previously
thought.



Utdrattur

Fjolgeislamalingar af hafsbotninum asamt ha-upplausnar endurkastsmalingum
ati fyrir Nordurlandi hafa varpad nyju ljési & utbreidslu og hérfunarségu
skridjokla isaldar. Ummerki joklunar a sveedinu endurspegla skrid
Skagafjardarjokla nordur i Skagafjardardjup, Eyjafjardarjokla nordur i
Eyjafjardaral og jokla fra Skjalfandafldéa nordur i Skjalfandadjap. Jokulkembur
syna ad pessir megin joklar sameinudust og runnu saman a.m.k. 100 km Gt &
landgrunnid, ad sunnanverdum Kolbeinseyjarhrygg. Margbreytileg ummerki
joklunar ma greina & hafsbotni i hinum ~80 km langa og 15-20 km breida
Eyjafjardaral; par liggja jokulgardar af ymsu tagi, jokulkembur og sérkennilegir
V-laga hryggir eru sums stadar sundurskornir af miklum misgengjum.
Landgrunnid er einnig alsett isjakarakum, sumar hugsanlega fra isaldarlokum.
Misgengin endurspegla glidnunar- (siggengi) og skerhreyfingar (snidgengi) eftir
ad joklar hurfu af svaedinu. Myndunarsaga V-laga hryggjanna er
adalumfangsefni pessa verkefnis. Hryggirnir eru ad medaltali 400-1500 m langir,
300-500 m breidir, og mynda 6fugt-V eftir skridstefnu jokulsins. Lega
hryggjanna eftir bugdum Eyjafjardarals endurspeglar einnig breytingar i
skridstefnu jokulsins. Hryggirnir stefna NNV-SSA i sunnanverdum Eyjafjardaral
en NNA-SSV i honum nordanverdum, par sem peir liggja samsida um 10 km
langrar jadarurdar. Stefnubreytingin i nordanvedrum Eyjafjardaral er liklega
tilkomin vegna samruna skridjokulsins ar Skagafjardardjupi vid jokulinn i
Eyjafjardaral, sem &tla m4, ut fré landslagi, ad hafi verid mun minni.
Endurkastsmelingar syna ad V-laga hryggirnir eru ar hérdu efni (med haan
endurkastsstudul) og ad pa er einnig ad finna undir lausum setldgum i botni
alsins. Sambarilegum V-laga jardmyndunum hefur ekki verid lyst annars stadar
fra. Hryggirnir eru liklegast myndadir vid framskrid jokuljadarsins og
hugsanlega tengdir aflégun & botnseti jokulsins upp i botnsprungur undan
skridpunga hans. Hlidar peirra eru stundum mislangar og tengjast jokulkembum
eda jadargoroum sem liggja eftir skridstefnu jokulsins.
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1 Introduction

Ice streams are corridors of fast flowing ice extending from ice sheets and a large source of
mass removal from ice sheets (Bennett, 2003; Morgan et al., 1982; Rignot et al., 2011,
Spagnolo et al., 2014). Ice streams can flow up to 1000s of meters per year. Winsborrow et
al., (2010) suggested a hierarchy of controls that influence the location of ice streams, though
many studies (Alley et al., 1986; Engelhardt and Kamb, 1997; Tulaczyk et al., 2001) suggest
the primary factor for ice stream formation is a soft sedimentary bed (Spagnolo et al., 2014).
Examples of modern ice streams can be found in Antarctica (Joughin et al., 1999; Rignot et
al., 2011), Svalbard, and Greenland (Joughin et al., 2010), where they account for 90% of
mass loss in Antarctica and 50% mass loss in Greenland (Bamber et al., 2010; van den
Broeke et al., 2009; Margold et al., 2015). Modern ice streams are difficult to study due to
the inaccessibility of the ice-bed interface, so research done on paleo-ice streams is valuable
in understanding modern ice stream areas (Winsborrow et al., 2004; Spagnolo et al., 2014).

Glacial landforms are indicators of paleo ice sheet extent and behavior, however, the
conditions under which specific landforms and landform assemblages form can be very
unique (Stokes and Clark, 1999; O Cofaigh, et al. 2002). Offshore Iceland, paleo-ice stream
landforms are being researched as analogues to modern ice streams (e.g. Principato et al.,
2016). The insular shelf of Iceland has been incised by ice streams through repeated
glaciations, represented by fjords around most of its coastline (Figure 1). At the Last Glacial
Maximum (LGM, ~23kya), the Icelandic Ice Sheet (1IS) terminated in the ocean and has
been considered to have reached as far as the shelf break (Pétursson et al., 2015). A paleo
ice stream extended past Grimsey, an island 40 km offshore north Iceland, during the LGM
(Einarsson, 1967; Norddahl, 1991; Pétursson, 2015; Patton et al.,, 2017).
Tephrochronological data from a 37 m long MD99-2275 (MD-75) marine sediment core
within the Skjalfandi basin, ~21 km east of Eyjafjardarall (Sgndergaard, 2005;
Gudmundsdottir, 2010) indicates that ice streams on the NE-Iceland shelf retreated beyond
the shoreline, by 14-15 kya (Magnusdottir et al., 2015).

Multibeam bathymetric mapping has revealed offshore marine glacial landforms which call
for refined models of the extent and behavior of individual ice streams from the IS at the
LGM and the following period of rapid retreat (Pétursson et al., 2015; Patton et al., 2017).
Eyjafjardarall is the seaward extension of the ~60 km long fjord Eyjafjordur. The ~85 km
long N-S and 10-20 km wide Eyjafjardarall has been eroded by large ice streams from
Eyjafjorour and Skagafjordur and faulted by tectonics related to the Tjérnes fracture zone,
a transform zone which connects the Northern VVolcanic Rift Zone with the Kolbeinsey ridge
to its north (Einarsson, 2008). Evidence of the Eyjafjardarall paleo-ice stream is found on
the sea floor in the form of megascale glacial lineations, moraines, eskers, and V-shaped
ridges, seemingly associated with grounding zone wedges.



This thesis aims to describe and identify landform assemblages in the Eyjafjardarall basin
(EB), North Iceland, specifically the V-shaped ridges which thus far seem to be unique to
this location. | hypothesize the V-shaped ridges’ origin and attempt to further understand the
extent and behavior of the ice streams in North Iceland as indicated by these features. The
presence of other glacial features seen in the EB are described as well with reference to the
characteristics of individual ice streams. How far north did the ice stream extend at the
LGM? What evidence do we see in the landform assemblages that shows us that the retreat
of the ice stream was step like? How many grounding areas do we see?

Tectonics within the Eyjafjardarall Basin and along the Hasavik-Flatey Faults (HFF) will be
minimally discussed, mostly where it is necessary in the description of the glacial features.

1.1 Regional Setting

Iceland is located on the Mid-Atlantic Ridge within the North Atlantic Ocean, straddling the
arctic circle. It has been shaped over the past >15 million years by a volcanism and repeated
glaciations to create a unique location for studying the glacial history of the Arctic
(Geirsdottir and Eiriksson, 1994, 1996; Geirsdottir, 2004; Geirsdattir et al., 2007; Eiriksson,
2008; Sigmundsson et al., 2018). Iceland was created from a combination of the magmatism
of the Mid-Atlantic Ridge and a mantle plume fed hot spot located below the crust, thus
making the island oldest in the eastern and western most extensions and youngest within the
Neovolcanic zone (Figure 2) (Geirsdéttir et al., 2007; Einarsson, 2008; Sigmundsson et al.,
2018). It is predominately basaltic, with small percentages (>5%) of rhyolite and andesite
also present (Sigmundsson et al., 2018).

Iceland’s volcanism has had a large impact on the glaciations which have occurred there.
Firstly, the geothermal activity, which is concurrent with Iceland’s volcanically active zone,
control on the basal motion of glaciers is high in Iceland relative to other landmasses hosting
glaciers and ice sheets, i.e. Greenland and Antarctica (Bourgeois et al., 2000; Hubbard et al.,
2006). Secondly, volcanism is affected by the isostatic depression and rebound which occurs
with the advancement and retreat of large ice sheets. This combination of volcanism and
geothermal activity in turn results in decoupling and fast flow of outlet glaciers and ice
streams, and rapid potential destabilization and break-up of the ice streams (Hubbard et al.,
2006).

Part of the mid-Atlantic plate boundary is exposed subaerially on the surface of Iceland,
dividing the island between the North American Plate (NAP) to the west and the Eurasian
Plate (EP) to the east, which govern the general spreading process in Iceland (Sigmundsson,
2018). On land, the boundary between the plates is known as the Northern Volcanic Zone
(NVZ) which connects to the TFZ, one of two seismically active transform zones in Iceland,
to the north. The TFZ extends through Eyjafjorour and connects to the Kolbeinsey Ridge
(KR) just north of EB (Einarsson, 1991, 2008; Hjartarddttir et al., 2015; Sigmundsson 2018).
The TFZ is seismically active, along three major NW trending seismic zones: the Dalvik



lineament (DL), the Grimsey Oblique Rift (GOR) and the Husavik-Flatey Fault System
(HFF) (Einarsson, 2008; Stefansson et al., 2008). Of these three components, the HFF runs
through the southern EB (Figure 1) which has resulted in widespread faulting and fissures
throughout the basin.

-25° -20° -15°

Figure 1. Map of Iceland and tectonic connection to the plate boundary (Einarsson and
Seemundsson, 1987).The map has a black box around the study area, the Eyjafjardarall (EB)
and Skjalfandadjup rift basins, Labels are shown for the Northern Volcanic Zone (NVZ), the



Kolbeinsey Ridge (KR), Grimsey Oblique Ridge (GOR), Tjornes Fracture Zone (TFZ),
Western Volcanic Zone (WVZ) Eastern Volcanic Zone (EVZ), and Reykjanes Ridge (RR),
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Figure 2. Geological map of Iceland. (Johannesson, H. and Seemundsson, K., 1998.)

1.2 Glacial history

Iceland has experienced multiple glaciations throughout its history which have shaped the
landscape both on- and offshore. Iceland began to experience glaciations about 3.8 mya on
local mountain massifs and the oldest regional glaciation began at 2.5 mya, but glaciers
existed possibly as early as 7 mya in high relief mountainous areas and volcanic centers
(Eiriksson, 2008, Sigmundsson et al., 2018). Iceland has experienced up to 20 glaciations
since the onset of glaciation (Geirsdottir et al., 2007; Sigmundsson, 2018). The most recent
glaciation, the Weichselian, began approximately 100 kya, reaching its maximum extent
approximately 25-21 kya at the LGM and ending approximately 10 kya (Hubbard et al.,
2006; Geirsdottir et al., 2007; Ingolfsson et al., 2010; Patton et al., 2017).

During the LGM, Iceland was considered to have been covered continuously by an ice sheet
which in parts exceeded 2000 m in thickness (Norddahl et al., 2008) and at the peak of the




LGM, the ice sheet is thought to have extended as far out as the shelf surrounding Iceland
and was in fact largely marine-based (Figure 3) (Geirsdéttir, 2004; Patton et al., 2017). In
north Iceland, evidence such as till deposits and glacial striae indicate that this ice sheet
extended past Grimsey island, which lies 40 km offshore (Figure 4, Norddahl et al., 2008)
and further north to the southern Kolbeinsey Ridge (Patton et al., 2017). Compared to the
southern Iceland shelf, north Iceland troughs tend to be of a greater width, length, and depth
which is attributed to a more convergent flow pattern of ice streams causing higher ice
velocities and flux (Clark and Spagnolo, 2016), but higher sedimentation closer to the ice
margin could also be a factor as well as narrower shelf edge, i.e. offshore calving of the
broad S-Iceland ice stream (Figure 3).

Il [ce divide
= Moraine
Hubbard (2006)

Figure 3. Modelled ice velocities and extent of the 11S as determined by Patton et al., 2017
and Hubbard et al., 2006 (blue line). Note maximum extent of the 11S offshore N-Iceland at
22.9 ka BP, covering the southern part of the Kolbeinsey Ridge.



Figure 4. The extent of the Iceland ice sheet at the Last Glacial Maximum , based on
geophysical evidence along with radiocarbon dates. From Norddahl et al., (2008).
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Figure 5. §'80 data collected from the NGRIP ice core in Greenland, used for climate
reconstruction. Higher values are correlated with warmer temperatures and vice versa.
Note the increase in 6*%0 values during the Bglling-Allergd period and subsequent lower
580 values during the Younger Dryas period, and finally the sharp increase after the
Younger Dryas, marking the beginning of the Holocene. Data from North Greenland Ice
Core Project members (2004).

The retreat of the 11S is considered to have been rapid and step-like, caused by a rapid rise
in the eustatic sea level and the northward retreat of the Polar Front between 18.6 and 15 kya
(Figure 3, panels 6-8; Geirsdattir et al., 2007; 2009; Norddahl and Ingolfsson, 2015; Patton
etal., 2017; Pétursson et al., 2015). This was followed by a period of warming known as the
Balling-Allergd interstitial between approximately 14.7 and 13 kya (Figure 3, panels 8 and
9; Ingolfsson et al., 2010). Sedimentological analysis show that the ice margin had retreated
from the N-Iceland insular shelf by approximately 13 kya, in past the present coastline in the
northeast and southwest of Iceland in early Bglling time (Principato et al., 2005; Norddahl
et al., 2008; Geirsddttir et al., 2009; Ingdlfsson et al., 2010), indicating that any exposed
subglacial features are over 13 thousand years old. A lack of further age constraining data
within subglacial features in the EB make it impossible to state an exact age of formation.

The Younger Dryas, between ~12.7 and ~11 kya, (Figure 5) was a period of cooling
following the Bglling-Allergd interstitial. The Younger Dryas readvancement of the 1S in
several areas, has been debated (Geirsdottir et al., 2007; Ingolfsson et al., 2010). Based on
Patton et al., (2017) the 1S position was located within Eyjafjérdur at 13.2 ka and extended



to the mouth of the fjord at the end of the Younger Dryas (Figure 3). The presence of the
Saksunarvatn tephra layer in lake sediments in the Fnjoskadalur valley, east of inner
Eyjafjorour was ice-free area by the time of the eruption, approximately 12.1 kya BP, though
there is evidence for an outlet glacier within Eyjafjordur at this time, reaching the island of
Hrisey (Norddahl and Haflidason, 1992; Ingdlfsson et al., 2010; Pétursson et al., 2015).

Four glacier readvancements have been suggested between the onset of the Bgalling-Allergd
and the end of the Younger Dryas (Geirsdéttir et al., 2007), including one prominent
advancement between 11.5 and 10.1 ka which resulted in the formation of the Budi moraines
in Southern Iceland (Hjartarson and Ingolfsson, 1988; Geirsdéttir et al., 1997, 2000, 2007),
and up to 7 moraines created during a short lived glacial readvances (J6hannesson, 1985;
Axelsddttir, 2002; Norddahl and Pétursson, 2005; Norddahl, et al. 2008; Ing6lfsson, et al.
2010). The younger, inner moraine being radiocarbon dated to approx. 11.2 kya (Norddahl,
et al. 2008; Ingdlfsson, et al. 2010). By this time, the 1IS began a very rapid retreat up until
it was completely broken apart, at 8.7 kya (Kaldal and Vikingsson, 1991; Ingoélfsson, et al.
2010).

Research regarding the extent of the 11S in the LGM is sparse and reliant on limited empirical
data which has been collected over the past three decades. Offshore data is especially sparse
(Norddahl, 1991; Andrews et al., 2000; Norddahl et al., 2008; Ingdlfsson et al., 2010; Patton
etal., 2017). A reconstruction of the I1S at various stages between 31 and 11.7 kya modelled
by Patton, et al. (2017) shows the hypothesized extent of the ice sheet as determined by
factors such as topography, geothermal heat flux, and precipitation and compared to the
extent of the IIS as seen in Hubbard et al., (2006), (Figure 3).

In the early 2000s, bathymetric surveys offshore north Iceland for research on the tectonics
of the TFZ and HFF have also furthered our knowledge of the extent of the 1IS in the region
at the LGM, indicating that individual ice streams extended from the IIS into the basins the
Eyjafjardarall, Skjalfandi, and Oxarfjordur basins at the LGM, (Figure 1). In the
Eyjafjardarall basin, evidence of the extent and direction of the ice flow coming from the
I1S, is recorded through mega scale glacial lineations (MSGLs), moraines, crag-and-tails,
iceberg scours, and unknown V-shaped ridges. Unravelling the glacial retreat and
understanding the formation of these features are the focus of this thesis.

1.3 Glacial features glossary

In this section is a glossary of glacial features is provided to give details and background on
the various landforms which will be discussed in the results section.

1.3.1 Megascale Glacial Lineations

The term megascale glacial lineation was first used in Clark (1993) to describe elongated
structures composed of sediment formed subglacially and typically under fast flow



conditions, such as those seen in ice streams and or during surge events in surging glaciers
(Clark, 1993; Clark et al., 2003; King et al., 2009; O Cofaigh et al., 2013; Streuff et al.,
2015). MSGLs have a typical length:width ratio greater than 15:1 (Bell et al., 2016) and
form parallel to ice flow direction (Clark, 1993). MSGLs typically range from 6 — 100 km
in length, and 200 — 1300 m in width, with spacing from 200 m — 5 km (Clark et al., 2003).

Understanding the processes by which MSGLs form can further our understanding of ice-
stream flow mechanisms (O Cofaigh et al., 2003). Whether the formation of MSGLs is by
ridge building or by groove carving is not completely understood as we have yet to observe
their formation (Tulaczyk et al., 2001; Clark et al., 2003). The groove carving theory states
that elongated grooves are carved into the soft sediment by bumps in the ice base, which
results in sediment deformation into ridges (Clark et al., 2003). Another theory suggests a
non-Newtonian rheology and a transverse secondary flow in the basal ice (Schoof and
Clarke, 2008). Shaw et al., (2008) suggest a meltwater origin for MSGLSs based on evidence
from the Antarctic shelf ice streams.

Examples of MSGLs are seen in paleo-glacial landscapes across the world, for example
Canada (Bennett et al., 2016; MacLean et al., 2016), Svalbard (Dowdeswell et al., 2010;),
Antarctica (Bart and Owolana, 2012; Livingstone et al., 2013), and Greenland (Slabon et al.,
2016). MSGLs can also be found in modern glacial environments, for example the Mertz
Trough in East Antarctica (McMullen et al., 2016) and the Whillans Ice Plain in West
Antarctica (Barcheck et al., 2019) where their formation is linked to rapid ice flow. King et
al., 2009 investigates modern MSGLs found beneath the Rutford Ice stream, where the data
suggests that neither the groove carving nor the meltwater flood hypothesis explains the
rapid creation of MSGLSs here.

MSGLs are found in several locations within the Eyjafjardarall Basin.

1.3.2 Moraines and Grounding Zone Wedges

The ice margin is the area where the ice front meets the foreground, and significant sediment
exchange occurs leading to the creation of ice marginal landforms (Bennett, 2011). Ice
marginal landforms is a term used to describe landforms which form at the ice margin,
including grounding zone wedges and moraines. Due to the relative inaccessibility of sub
marine ice margins, it is hard to directly observe the processes which are occurring there
(Dowdeswell and Powell, 1996; Dowdeswell and Fugelli, 2012).

The grounding zone of an ice sheet is the area where the contact between the ice sheet and
the underlying substrate ends and the ice sheet begins to float (Figure 6) (Batchelor &
Dowdeswell, 2015). A grounding zone wedge is a mound formed at the grounding zone of
an ice sheet/ice shelf system, composed mainly of dipping diamicton beds overlain by a sheet
of diamicton composed of subglacial till (Bell et al., 2017). GZWs are typically
asymmetrical with the ice-distal side being steeper and the ice-proximal side being more
gradual (Batchelor and Dowdeswell, 2016). The typical size of GZWs ranges from 5-20 km
long, 50-100m thick, and 10s of kms wide, and the dimensions are reliant on the sediment
flux, duration of the ice stand still, ice stream width, and sub-ice cavity shape (Dowdeswell
and Fugelli, 2012). GZWs are used as evidence of episodic rather than chaotic ice sheet



retreat as GZWs form during episodes of stand still lasting decades to centuries during the
overall retreat of the ice sheet (Batchelor and Dowdeswell, 2015; Dowdeswell and Fugelli,
2012). Seismic reflection data shows that the inside of a GZW is most typically
semitransparent to chaotic due to the low seismically reflective glacial debris which makes
up a GZW (Dowdeswell and Fugelli, 2012).

A moraine is a mound or ridge composed of unsorted, unstratified glaciogenic sediment
that is mainly till and is formed mostly by direct contact with glacial ice (Bell et al., 2017).
There are many different types of moraines, including terminal, recessional, medial, shear,
lateral, De Geer, ribbed, and push moraines, all of which differ from one another in genesis
and location relative to the glacier. Of these, push moraines appear to be the most common
type of moraine in EB.

Push moraines are very useful diagnostic features, as their characteristics are dependent on
many glacial and material properties such as temperature, velocity, hydrology, and shear
strength (Johnson et al., 2013; Bennett, 2001). Push moraines have a variety of definitions,
from a formal term restricted to describing moraines created through sediment bulldozing at
the ice margin, excluding glaciotectonic thrusting as a main source of formation, to a less
formal catch-all term for ice marginal ridges formed through the deformation of ice,
sediment, and/or rock (Kalin, 1971; Boulton, 1986; Evans, 1989; Etzelmuller et al., 1996;
Benn and Evans, 1998; Boulton et al., 1999; Bennett, 2001). In general, push moraine is a
term used to describe ridges created through minor readvances in an ice sheet (Winklemann
et al., 2010). They exist on a morphological continuum ranging from small, discrete ridges
indicative of seasonal readvances to wide, multi-crested ridges indicative of a more sustained
readvancement of the ice margin. The genesis of push moraines formed terrestrially and
subaqueously are similar (Bennett, 2001). Push moraines are most easily identified by their
internal deformation structures, which is typically ramp-like, having a steeper ice distal side
and gentler ice proximal side (Winklemann et al., 2010).

Ice stream lateral moraines (ISLM) are built up at the lateral margins of ice streams and are
suggested to be formed subglacially of mostly subglacial till (Dyke and Morris, 1988; Stokes
and Clark, 2001; Stokes and Clark, 2002; Batchelor et al., 2016). ISLMs can be formed in
the shear zone between fast-flowing and slow-flowing sections of an ice sheet, which are
termed ice stream lateral shear moraines (Bentley, 1987; Dykes and Morris, 1988; Dyke et
al., 1992; Stokes and Clark, 2001; Stokes and Clark, 2002; Ottesen et al., 2005; Batchelor et
al., 2016). When formed at the lateral boundary between an ice stream and an ice-free terrain,
these moraines are called ice stream lateral marginal moraines (Batchelor et al., 2016). The
presence of ISLMs are thus important indicators of paleo ice stream behaviors. Examples of
marine ISLMs can be seen in Canada (e.g. Batchelor et al., 2014; Batchelor and Dowdeswell,
2015), Greenland (e.g. Batchelor et al., 2016; Arndt et al., 2015), Antarctica (Shipp et al.,
1999), the UK (Golled and Stoker, 2008), Norway (Rydningen et al., 2013; Batchelor et al.,
2016), and the Barents Sea (Ottesen et al., 2005; 2007).

Differentiating between a moraine and a GZW can be difficult. Batchelor and Dowdeswell
(2015) state that while a moraine would require “considerable vertical accommodation
space or sediment derived from point-sourced subglacial meltwater streams”, a GZW is
formed where floating ice constrains the vertical accommodation space. GZWs are also
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limited to marine environments, whereas moraines can exist on terrestrial and marine
landscapes (Demet et al., 2018). Simkins et al., (2018) suggest that GZWs are found where
the grounding line retreat was irregular with longer standstills, and a larger-magnitude
retreat event. On the other hand, a steady grounding line retreat comprised of smaller-
magnitude retreat events would be marked rather by moraine sequences. GZWs are
considered to have more subdued relief and higher length:height ratios than moraines,
which tend to have a higher amplitude (Dowdeswell and Fugelli, 2012; Batchelor and
Dowdeswell, 2015, 2016).
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Figure 6. GZW formation diagram from Decalf, et al. 2012
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1.3.3 Subglacial Meltwater Channels

The method of incision of subglacial meltwater channels is not entirely known but generally
thought to be through meltwater abrasion, till slurry abrasion, or ice abrasion (Glasser and
Hambrey, 1998). There are several types of subglacial channels: Rothlisberger (R) channels,
Nye (N) channels, and p-forms. In the situation in Eyjafjardarall basin, where there is no
longer any ice, we do not care about R-channels as these are channels which are carved into
the ice itself. N-channels and p-forms are carved into the bedrock or substrate below the ice
sheet (Bell et al., 2016).

Tunnel valleys are elongate depressions that have been incised into sediment or bedrock
parallel to the direction of former ice flow by subglacial meltwater erosion (Ussing, 1903;
Wright, 1973; Attig et al., 1989; Wingfield, 1990;, Piotrowski, 1994; Patterson, 1997; Huuse
and Lykke-Anderson, 2000; Jérgensen and Sandersen, 2006; Livingstone and Clark, 2016).
Whether tunnel valleys are formed by an outburst of subglacial meltwater or a gradual and
steady state formation is still debated (Livingstone and Clark, 2016). Understanding the
formation of tunnel valleys is important to understanding subglacial hydrological systems
and drainage routeways (Livingstone and Clark, 2016).

1.3.4 Eskers

Understanding ice sheet hydrology is a very important aspect of understanding ice dynamics
and for refining ice sheet models (Burke et al., 2015). Eskers are ridges which typically form
perpendicular to the ice margin, which can be straight or sinuous in shape, which are created
in meltwater drainage conduits on, within, or under the glacier, and are composed of
stratified glaciofluvial sand and gravel (Banerjee and McDonald, 1975; Burke et al., 2015;
Storrar et al., 2013). Eskers have a wide range of sizes based on their morphology (Storrar
et al., 2013): Eskers are used as an alternative method to better understand modern day ice
sheet meltwater drainage systems, being that it is much easier to study these paleo ice sheet
landforms than it is to study modern ice sheet meltwater drainage systems through dye
tracing, remote sensing, or modeling (Fricker and Scambos, 2009; Storrar et al., 2013).
While numerical models typically assume steady state esker formation, there is still debate
on the genesis of eskers as recent studies have shown that glacial hydrologic systems are
never in steady state (e.g. Gray, 2005; Bell, 2008; Bartholomaus et al., 2011).

1.3.5 Crevasse Squeeze Ridges

Crevasse squeeze ridges are, as the name implies, ridges which are caused by top-down,
basal, or straight through crevassing at the glacier margin where there is soft, easily
deformable sediments to enter the crevasses, which are then imprinted on the landscape
when the ice melts, though their formation is not completely understood (Evans and Rea,
1999; Rea and Evans, 2011, Bell et al., 2016; Farnsworth et al., 2016). The composition of
CSRs is mainly matrix supported diamict sediments and form perpendicular to ice flow
(Sharp, 1985; Rea and Evans, 2011; Farnsworth et al., 2016). The preservation potential of
CSRs is higher in marine environments than on terrestrial environments, as there is not
extensive reworking of the ridges as the ice melts out as there is when terrestrial CSR which
lose lateral support with ice melt. This also leads to higher relief CSRs in marine
environments than in terrestrial environments (Rea and Evans, 2011).
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The presence of these ridges is typically used as evidence of surging in a glacier or ice
stream, though that is not always the case as CSRs have occurred in modern non-surging
temperate glaciers (Evans et al., 2016). According to Evans et al., (2016), the pattern of a
CSR is crucial to determining whether they were created by a surging versus non-surging
glacier, and the paper goes on to suggest that ice stream dynamics control the pattern and
distribution of CSRs in a ridge network, analyzing specifically the bed of a paleo ice stream
from the southwest margin of the Laurentide Ice Sheet. This paper interprets CSRs from the
Maskwa paleo-ice stream to be caused by fracturing during the final stages of ice stream
shut down rather than of a surging glacier.

1.3.6 Murtoos

Murtoos are only recently described from Finland and Sweden. Previously considered dead
ice moraines (Johnson et al., 2018), a murtoo is a subglacially formed triangular or VV-shaped
landforms which a typically between 30-200 m long, 30-200 m wide, and have a relief less
than 5 m, though much larger murtoos have been found, specifically in Sweden (Ojala et al.,
2018). Due to their recent discovery, very little research has been done on these features and
thus there are very few sources to describe them. Detailed studies on the sedimentology of
murtoos is currently being carried out, but preliminary analysis show that these landforms
are composed of primarily loose diamicton with some sorted beds and surface boulders
(Ojala et al., 2018; Johnson et al., 2018; Kajuultti et al., 2018; Makinen et al., 2018; Peterson
etal., 2018)

Murtoos are considered to be created during rapid ice retreat phases (during the Bglling-
Allergd and early Holocene as determined by Ojala et al., 2018). They are also considered
to be created under warm-based glaciers and during periods of significant subglacial
meltwater flows and in non-channelized environments (Ojala et al., 2018).

1.3.7 Iceberg scours

Iceberg scours, also called iceberg ploughmarks, iceberg furrows, and ice-keel ploughmarks,
are grooves or furrows which are found on sea or lake floors of currently or previously
glaciated areas across the world (Bell et al., 2016). When ice calves from an ice sheet, a
variety of forces including tides, ocean currents, and storms drive the icebergs movement
throughout the sea. Iceberg scours are formed when these icebergs becomes partially or
completely grounded to the seafloor, thus creating a scour where it is grounded (Brown et
al., 2017). They are typically limited to the relatively shallow banks surrounding a trough,
where the sediments are disturbed by the scouring (Domack and Powell, 2016).

1.4 Subglacial Sediments

Ice transported sediments are reflective of the underlying and surrounding bedrock geology
and vice versa. Understanding the subglacial sedimentology is key to understanding the
movement and sediment flux to the glacier margin, and to understand the sediment transport
in a glacial system requires understanding the supra-, pro-, and subglacial environments
(Menzies et al., 2013).
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Several sediment cores have been obtained within the EB (Figure7) over the past 30 years
(i.e. Knudsen and Eiriksson, 2002; Knudsen et al. 2004; Kristjansdéttir, 1999), however few
in depth sedimentological analysis have been carried out on the cores. These cores consist
of two seismic units: unit A and unit B. Unit A is the uppermost unit and is from 1-46 m
thick, horizontally layered, and has a weak seismic reflection. This unit is Holocene mud,
which is soft, olive green with low magnetic susceptibility, high carbon content. Unit B is
the lower unit with a strong regional reflector, debris flows, and faulting. This unit is a glacial
marine mud which is stiff, grey with higher magnetic susceptibility, low carbon content and
IRD.

Analysis of cores (Figure 7) along the EB (Kristjansdottir, 1999) revealed a transition zone
between 15 — 20 cm thick at varying depths in cores which most likely represents a debris
flow. Sediments above this transition zone date younger than 3885+-35 BP, and below to
6440-8490 or 11140 BP. The cores are also missing the primary Vedde (12100 BP) and
Saksunarvatn (10300 BP); the absence of the latter could be explained by erosion caused by
the debris flow.

Unfortunately, very little is known about the sedimentary composition of the glacial
geomorphological features in EB. In addition, none of these cores are directly within any of
the geomorphological features such as moraines, eskers, or V-shaped ridges meaning that
their internal structure and composition is mostly unknown. The closest core to the V-shaped
ridges is B9-97-317PC1. What can be said about these ridges is that they are composed of
hardened till. We also do not understand how much the debris flow which is represented in
each of the cores by a transition zone effected the features which are seen in the basin.
Questions such as how much of the ridges was eroded, or how many features were destroyed
must be considered.
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Figure 7. Sedimentary core analysis from Kristjansdoéttir, 1999 on three shallow cores
collected withing the EB, onboard R/V Bjarni Seemundsson. Noticeable in all three cores is
the presence of a transition zone and the different lithofacies above and below it. At least
3ky has been eroded from within the cores. Locations of cores shown
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2 Methodology

The multibeam bathymetric and high-resolution seismic reflection data was acquired during
five Tjornes Fracture Zone surveys in 2001-2005. Data collection commenced in July 2001
using the Scripps Institution of Oceanography's (SIO) Edgetech subscan Chirp system and a
portable High-Resolution Multichannel Seismic Acquisition System onboard the R/V Bjarni
Seemundsson cruise TFZ-B9. The Chirp system emits 1- to 6-kHz signal with a 50-ms sweep,
providing, at best, a 30-50 m penetration into the sediments with sub-meter resolution.
Positions were provided by GPS. Approximately 1600 km of data were collected across
Eyjafjardarall, Skjalfandadjip, Skjalfandi, and Oxarfjordur. A second Chirp mapping
campaign, focusing on Skjalfandi Bay and southern Eyjafjardarall was conducted between
21 July and 1 August 2003 on R/V Bjarni Seemundsson (6 days of data collection). The
campaign in 2003 also included side scan of the HFF and bottom photographs of the study
areas in Skjalfandi Bay using the WHOI TowCam system (Brandsdattir et al., 2003).

Multibeam bathymetric mapping was carried out using the Simrad EM-300 System onboard
R/V Arni Fridriksson in 2002 and 2005 and R/V Baldur (5 days of data collection) in 2003.
The bathymetric data were gridded with a resolution of 10 m. On the R/V Baldur a Reason
8101 shallow water swath mapping system was used to obtain higher resolution maps of
inshore areas along the HFF in SE-Eyjafjardarall, Skjalfandi bay, and Oxarfjordur.

The bathymetric data were processed using the open-source MBSystem software package
(Caress and Chayes, 1995) and converted using ERDAS Imagine before being interpreted in
Esri GIS platform ArcMap 10.6.1. The Generic Mapping Tool software was used to generate
figures (Wessel and Smith, 1991). The Chirp data were converted into standard SEG-Y
format and processed using the Seismic Unix seismic processing software (Cohen and
Stockwell, 2006). Data results were interpreted using Adobe Illustrator.

The data was loaded in ArcMap in order to begin identifying glacial features and ice stream
behavior in the study area. | used a hillshade filter with Z factor 7 and azimuth 315° at 50%
transparency and 20% contrast to clarify the results and emphasize the features present. |
created several hillshades with Z factors 1-10 and experimented with the azimuth angle in
order to find the clearest map to identify the features. Features were identified and transects
were created to identify qualities such as width, length, relief from sea floor, and abundance
using the 3D analyst tools interpolate line and profile graph. These characteristics along with
their location relative to the known ice streams were used to identify features and
identifications were based on similar described landforms from literature.

A more detailed analysis was conducted on the VV-shaped ridges found throughout the basin.
I used ArcMap to identify the relief width, and length of each arm of the V-shaped ridges
(top value) and then found the values after eliminating outliers (bottom values), including
when the value was zero because one arm was not visible (either buried or destroyed) so no
accurate measurement could be taken. The relief was taken from the highest point and the
length measured from the crest to the bottom of each arm.
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3 Results

The bathymetric data collected in the Eyjafjardarall basin (Figure 8) has revealed a complex
glaciation pattern generated by the Eyjafjorour-Eyjafjardarall ice stream which merged with
the Skagafjorour ice stream offshore to the west, and the Skjalfandadjdp ice stream offshore
to the east. This section will be split into subsections for different sections from northern
Eyjafjorour and southern Kolbeinsey ridge where the 11S is considered to have had its
terminal position during the LGM, to the southern Eyjafjorour extent of the IS, probably
occurring prior to the Younger Dryas, though possibly being the Younger Dryas extent.
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Figure 8. A multibeam bathymetric map of the study area. Red squares indicate locations of
figures with the figure numbers next to them. Purple line above the location of Figure 9
shows the hypothesized terminal position of the IIS at the LGM.
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3.1 Northern Eyjafjardarall

Previous models of the extent of the Icelandic Ice Sheet (11S) at the Last Glacial Maximum
(LGM) do not have the ice sheet extending as far onto the North Iceland Shelf as the
northern-most glacial features in our data (e.g. Hubbard et al., 2006; Norddahl et al., 2008;
Patton et al., 2017). However, Patton et al., (2017) model the LGM extent of the IIS covering
the southern KR at 22.9 ka BP, i.e. around 67.2°N, which is still south of the northernmost
feature we identify, around 67°50°N.

Although the northernmost Eyjafjardarall Basin and southern Kolbeinsey Ridge (KR) region
are characterized by fewer glacial features than the region further south, glacial morphology
along the flanks of the Kolbeinsey Ridge show that ice streams from the 1IS could have
extended as far as the southern Kolbeinsey Ridge (67.7°N) during the LGM. Without
sediment samples, seismic sections or other age constraining data for this region, it is not
possible to determine their age, however, based on volcanic productivity along the KR, and
postglacial sediment rates within the Tjornes Basins (Knudsen and Eiriksson, 2002;
Gudmundsdottir et al., 2011) we conclude that the glacial features described below were
created during the last ice age, most likely near the LGM.

The northernmost glacial landform assemblage in the bathymetric data lies directly
southwest of Kolbeinsey island, approximately 105 km offshore (Figure 9). In this area is a
subglacial channel, is just under 1 km wide, approx. 50 meters deep at its deepest point, and
6 km long. The channel lies parallel to ice flow. Several profiles across the channel show
that the channel remains consistently deep (about 50 m) throughout the majority of its length
but tapers off and becomes shallower along its northern and southern extents. The channel
is symmetrical with steep walls creating a “U-shape”, with the exception of the ends which
have a steeper, higher eastern bank as compared to the western side. The southern portion of
the channel connects with a basin which is similarly deep but wider and with shallower basin
walls, which we do not define as a part of the subglacial channel.

Surrounding the channel are eskers, moraines, and several V-shaped ridges to the west of
the channel, labeled E, M, and V, respectively (Figure 9). The V-shaped ridges run NNE and
are approximately 5 m in relief, 600 m from arm to arm, with each arm ~200 m wide, and
with lengths varying between 1-2 km. Several other ridges, SE of the channel (~2000 m into
the southernmost profile in Figure 9), represent some sort of a moraine. The most prominent
of these ridges which lies directly on the flank of the channel is approximately 3 km long,
5m in relief, and 150 m wide. We consider it to represent a discontinuous moraine that has
been breached in the center. The northern end of the moraine ends in at least three winding
ridges, approximately 2-3 m in relief, ~100 m wide, and 0.6 — 1 km long, which most likely
represent a discontinuous end moraine or eskers (labeled E/M in Figure 9). Several other
smaller but similarly winding ridges which are approximately 1-2.5 m in relief, 50-100 m
wide and 1-2 km long are considered to be eskers (northern Es in Figure 9). Also present on
the plateau to the east are roughly W-E trending iceberg scours which were likely created by
icebergs coming from the Greenland ice sheet and caught in the eastward flowing branch of
the Irminger Current.

In summary, the combination of glacial features in this area, indicate the they formed at a

grounding zone of an ice stream along the western flank of the KR. The combination of
eskers, V-shaped ridges, and moraines were likely formed during a minor advance of this
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ice stream and are no younger than ~21Kkya, as after this point the 1S began a rapid breakup
and retreat. The channel had to have been created by a powerful force in order to explain its
depth and size. Similar channels in the North Sea are thought to be derived from subglacial
meltwater activity or jokulhlaups (Pearce et al., 2012). Sediment infill along the KR channel
cannot be quantified, but the actual depth of the channel is possibly some meters deeper than
what can be seen in the data. This channel could represent a tunnel valley, similar to those
seen across Canada (Livingstone and Clark, 2016). It is possible that the channel was created
by a jokulhlaup which flowed through this region, though no other evidence of a jokulhlaup
occurring in this region during the LGM or earlier exists, yet. The channel could also have
been formed by compression of the ice sheet by the plateau to the east causing increased
pressure and erosion.
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Figure 9. Subglacially formed channel along the southwestern margin of the Kolbeinsey
Ridge, and moraines (M), eskers (E), and V-shaped ridges (V), attributed to a grounding
zone wedge. The profiles show that the main channel is just under 1 km wide, approx. 50
meters deep at its deepest point, 6 km long with a symmetrical transect. The transects are
labeled 1-8 from northern most to southern most transect.

Further south there is an abundance of N-NE trending ridges representing eskers, VV-shaped
ridges, MSGLs, and moraines (Figure 10). There is also some faulting in this region.
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Two areas where the V-shaped ridges are most prominently seen (northern Vs on transects
4-5, and southern Vs on transects 8-12, Figure 10). In the northern section, there are at least
5 ridges, possible more which have either been eroded or were simply less developed than
the others. They have reliefs ranging from 2.5 - 10 m and are all roughly 500 - 600 m in
width from arm to arm, with some of the ridges overlapping one another.

The southern V-shaped ridge cluster is ~4.5 km south of the northern cluster VV-shaped ridges
and there are at least 9 visible ridges. Similar to the northern cluster, there are some ridges
which are overlapping one another and some ridges which are obviously better preserved or
better developed than others. These ridges are similar in size to each other, all of them are
around 4 m in relief, around 400 m wide arm to arm, and range from 0.5 - 1 km in length.
There are also at least 2 VV-shaped ridges which are ~5 km in length (transects 10 and 11,
Figure 10). These are the longest VV-shaped ridges which are found in EB.

To the north, there are several NE-SW trending ridges (transects 1-3 and the upper M label,
Figure 10) which are somewhat curved and end in the east where they are disrupted by a
plateau. They have varying widths and lengths. The larger ridges are 5— 10 m in relief, ~400
m wide, and 1 — 1.5 km long. The smaller ridges are 2 — 4 m in relief, ~100 m wide and up
to 600 m long. | propose that these ridges represent recessional moraines, with the possibility
that the smaller, curved ridges represent eskers due to their winding shape (Labeled E in
Figure 10).

Also prominent in this region are several NE-SW trending ridges (transects 7-12 and labeled
M, Figure 10). These ridges vary in length between 1.5 - 4.5 km, and in at least one instance
one of the ridges cuts through the southern cluster of VV-shaped ridges. These ridges range
from 3 - 5 m in relief and are 100 - 200 m wide. The ridges are roughly straight and parallel
to one another. They are also parallel to sub-parallel to the ice stream flow direction. They
appear to be recessional moraines.

In the southern part of this region, there are dozens lineations trending SSE-NNW,
approximately 8 km long in total. The ridges are at most 2.5 m tall and up to 50 m wide. The
ridges are on the small side, but | considered them to be MSGLs due to their dimensions and
shape. There is an iceberg scoured plateau in between two depressions in this area.

There are two ridges with a small, spherical depression between them running perpendicular
to ice flow direction (seen in transects 5-9, Figure 10) at approximately 66°56° and 66°57°
with N-S trending ridges draping them. These ridges both have the VV-shaped ridges draping
them. The southern ridge is approximately 1.5 km wide and the northern ridge is
approximately 2 km wide. These ridges could represent large end moraines which were then
overridden and draped by V-shaped ridges and recessional moraines.

To the southeast, (above the inset, Figure 10), there are a few elongated, round hills which
narrow in the down ice direction which are labeled CT. There are at least three prominent
hills, which are approximately 10 m in relief and wider in the up-ice direction vs the down
ice direction. These features are a part of the volcanic system in the KR which existed prior
to the LGM and were overridden by the ice streams in this area, creating crag-and-tail like
features.

There are also iceberg scours on the plateau in the northeastern portion of this area, and on
the elevated section near the moraines and MSGLSs, the majority of which trend ENE-WSW.
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Due to the assemblage of landforms present in this area, | hypothesize that this is a grounding
zone and that the IS experienced a readvance and/or minor standstill in this region. This
could possibly represent the extent of the I1S at the LGM, though like the region north of
this, without better age constraining data it is not possible to say whether the ice sheet
extended further north. Most models do not have the IIS extending this far north during the
LGM, however the model created by Patton, et al., 2017 does project the ice sheet extending
to about this point meaning it is possible that this was the terminal position and a grounding
zone of the IIS during the LGM. The presence of the lineations leading up to the grounding
zone indicate the ice stream was fast flowing as it approached terminal position.
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Figure 10. V-shaped ridges (V), eskers (E), moraines (M), MSGLs, Crag-and-Tails (CT)
iceberg plough marks, and faulting present in the Northern portion of EB, just south of KR.
Transects taken across the ridges are shown to the right, labeled 1-12. The transects are
color coded, from North to South in the following order: Black, red, purple, blue, green, and
brown, and then repeated in that order.

3.2 Central Eyjafjardarall

This paper defines the central part of EB between 66°50°N and 66°23N. Within this region
lie the majority of the glacial features found in EB. It is also the location of dozens of faults
which have been created since the end of the last ice age. A map with several transects taken
across it which show that the faulting has caused subsidence of 100 - 140 m throughout the
basin (Figure 11). The next paragraphs will describe the features found in this region from
north-most to south-most, which is inferred to be oldest features to youngest features.
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Figure 11. The central and southern portion of the Eyjafjardarall Basin. Green lines
represent normal faults, and black lines Chirp seismic profiles. Red dots represent Bjarni
Semundsson (BS) and Hakon Mosby (HM) core sites.
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Figure 11 (cont.). Transects across EB showing a cumulated subsidence of more than 100
m by normal faulting throughout both the northern (left) and southern (right) basin.
Different coloured numbers refer to the same coloured profiles.

Starting around 66°50°N there are two sections that will be discussed: one on the western
flank of EB and one on the eastern flank.

To the west, there are two large subglacial channels, around 66°45°N by 19°10°’W (Figure
12). Transects across both of these channels reveal that they are U-shaped, symmetrical, and
deeply incised. The fully visible eastern channel (Labeled B on Figure 12) is just under 1 km
wide at its widest point, approximately 4.7 km long, and up to 60 m deep. The western
channel (Labeled A on Figure 12) is only partially visible but appears to be of similar length.
This channel is approx. 50 m deep and 400 m wide. Both channels runs NNW-SSE. Without
cores or seismic data through the channels, it is not certain how much sediment infill has
occurred within them. The shape of it appears to be similar, either in comma form or
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sichelwanne (crescent shaped). “Comma form” channels are considered to be part of a
continuum of transverse subglacial channels with sichelwanne forms, having one well
developed arm and one missing or poorly developed arm as is the case with these channels
(Kor et al., 1991). Chirp data taken just south of the two channels shows a sediment filled
basin which is leading up to the channels (Figure 12D). Within this channel are several ridges
which are not easily visible on the bathymetric data which could represent eskers or flutes.

I identify these as hook-shaped channels, though the western most channel is not fully visible
as the data does not extend far enough west to show its entire structure. The hook shape is
considered to represent a transition from transverse to longitudinal channel forms and are
created through preferential erosion around a median ridge and horseshoe vortices in the
subglacial meltwater (Kor et al., 1991; Benn and Evans, 2010).

240 o 19°120'W 19°30"W
=-360 M\ g g EZ TV
£ A7
S YA

-420 Distance (m)

600 1200

-320, g
_-340] g
E
= -360 \/
§ -380 \v/\ / \W/

-400 \_/ Distance (m)

0 1000 2000 3000
-320
-340\ C

66°400'N

Depth (m)

360 \fv\l\""\/‘\,\

-380 W
Distance (m) V\'\u\

Depth (m)

I 000
-400 ,
0 1000 2000 3000 4000 20 150 300 450 600 750 O 3 6 km
-19.164°W 66.658°N -19.01°W 66.657°N
D 3 ¥ , o 310000 ‘ 8000 6000

i
ice2003t18L8

25




Figure 12. Subglacial channels on the western flank of EB, as well as lineations, iceberg
scours, and several faults. Nine transects taken across these figures are shown to the left,
and are labeled A-C based on their location on the map. D. Chirp data taken across the
area just south of the channels showing a sediment filled basin with several buried ridges.
Transect color legend as in Figure 10.

Directly east of these channels, there exists a number of NNE-SSW flowing ridges on the
wall of the over deepened part of EB (Labeled C on Figure 12). They appear to be related to
the MSGLs to the north (Figure 10). Transects taken across these ridges show that they are
all of similar size, between 2 and 5 m in relief and 100 m wide, but with varying lengths.
The largest lineation is 6 km long, 300 m wide, and 6 m in relief. It is unclear how the
faulting in this region impacted these ridges, though it is clear that the ridges predate the
faults as they intersect the ridges in places. These ridges are small compared to the standard
size of MSGLs, however they possibly fit the standard 15:1 length to width ratio as described
by Clark (1993). I consider that these ridges were formed by fast flow and that they could
therefore be representative of MSGLs. These MSGLs were created during the retreat of the
I1S sometime after 23 kya but predate the faulting in the region as the faults crosscut some
of the ridges.

Another set of ridges can be found in the eastern part of the Eyjafjardarall basin where the
EB nearly meets the Grimsey Oblique Ridge (GOR) to the east and KR to the north (Figure
13). The ridges run in the NNE-SSW direction, parallel to subparallel to the hypothesized
direction of the ice sheet. As seen in the transects, these ridges exist on a steep basin wall
and from the northern end (transect 1) to the southern end (transect 6) there is over a 50 m
depth change. It is unclear how this steepness has changed since these ridges were
deposited. These lineations are of varying lengths, with the longest lineation running
approximately 6 km. Other lineations have lengths from approximately 1 km to 3.5 km.
These lineations have reliefs ranging between 2 and 7 m and widths ranging between 50
and 100 m. It is possible that the lineations have been partially buried or destroyed by the
faulting in the area, but without seismic data it is difficult to tell. Due to their size and
shape, | describe these ridges as either a set of lateral moraines or MSGLs, which would be
indicative of fast flow conditions in this region.
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Figure 13. MSGLs on the eastern flank of EB near the GOB. Transects are labeled 1-6 and
show the largest ridge in this area. These ridges are on the basin wall and there is over 50
m drop between the beginning and end of the ridges.

Just south of the previous area (Figure 13) is an area which shows one of two large clusters
of the V-shaped ridges found in EB, along with eskers, moraines, MSGLs, and iceberg
scours, as well as intense faulting (Figure 14). Section 3.2.1 will be dedicated to analysis of
the V-shaped ridges within the EB.
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Figure 14. V-shaped ridges, moraines, eskers, and iceberg scours in Central EB. A.
MSGLs extending N-S, and interuppted in the south by ridges created during a
readvancement after the MSGLs were created. B. a medial moraine. C. a terminal or

recessional moraine. Transect color legend as in Figure 10.

To the northeast there are several streamlined ice parallel ridges (Figure 14A) which are at
least 7 km in length, further south it is not possible to determine their length as other V-
shaped ridges and moraines overlap these ridges. These ridges have reliefs ranging from ~3-
4 m in the west and up to ~10 m in the west and are 100-300 m wide. Due to their shape and
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size, | describe these ridges as MSGLs which formed during fast flow as the ice stream
advanced to its terminal position at the LGM. These MSGLs predate the moraines and V-
shaped ridges to its south which disrupt the southern extensions of the MSGLSs.

An elongated ridge (Figure 14B) is found at approximately 66°32’ north and 18°50” west at
a depth of 435 — 500 m bsl. It has a length of approximately 10 km, a width of 100-150 m,
and a relief of 5-10 m. This feature is located between where the larger Skagafjordur ice
stream and smaller Eyjafjorour ice stream likely met, we describe this as a medial moraine.
There is also several faults running N — S which cut through the moraine and thus show the
faulting postdates the deposition of this moraine. There are no obvious signs of the moraine
disrupting any of the V- shaped ridges.

West of the moraines southern extension is a short ridge flowing parallel to subparallel to
ice flow direction (Figure 14C). Several transects taken across it which shows that the
ridge is about 150 m wide, and over 6 m in relief. The ridge is just under 2 km long. The
dimensions of this ridge are similar to those of the moraines in the area, and it is larger
than the V-shaped ridges described in section 3.2.1. There are some similar short ridges in
this area which could have been formed during the same event. This ridge could represent
a short push moraine or esker.

A group of ridges are present at approximately 66°31°N by 19°6’W. This location is thought
to be in the flow path of the ice stream which came from Skjalfandadjdp, flowing NE into
Eyjafjardarall basin. Transects going across these ridges, as well as the hill above it (Figure
15, labeled GW) show the ridges range from 2 to 4 kilometers in length, 2 to 5 meters in
relief and approximately 50 to 100 meters in width and are roughly symmetrical. While these
features are shorter than the average length of MSGLs as described in Clark, et al. (2003),
they do fit 4 the typical length:width ratio of 15:1 and thus | describe these features as
MSGLs. There are at least 8 MSGLSs in this area, though the exact count is hard to determine
as some features are less obvious in the bathymetric maps and transects than others.

Just north of these MSGLSs is an iceberg scoured hill which is approximately 30-40 meters
in relief, ~1-3.5 km wide and 6-7 km long (Figure 15, transects labeled GW), though the
faulting running through it could have shortened it since its deposition. This hill forms an
inverted A-shape, thickening in the down ice direction, towards the NE. The faulting running
through it indicates that this feature predates the faults. Due to its shape, location, and the
surrounding features, | describe this feature as a grounding zone wedge. This feature displays
a classic GZW shape (Dowdeswell and Ottesen, 2016; O Cofaigh et al., 2016). The existence
of a GZW in this area would then point to a period of stagnation in either the retreat of the
I1S or during a period of readvance.

Just east of the GZW there is a set of ridges running in the same ice parallel direction as the
moraine and of similar relief (Figure 15, labeled M on the map and Moraine on the transects).
There is a significant amount of faulting cutting through this area, most notably the fault
which is located directly next to or possibly cutting through the western ridge. These ridges
are 5— 10 m in relief and 100 — 200 m wide. They run approximately 6 — 8 km long. There
is also a winding ridge in this area that is approximately 8 meters in relief, 150 m wide, and
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6.5 km long. This ridge could represent a moraine as well, or an esker as has a very typical
esker shape (Figure 15, labeled E on the map and Esker on the transects).
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Figure 15. A grounding zone wedge (GW) with MSGLs, moraines (M), eskers (E), and
iceberg scours surrounding it. Transect color legend as in Figure 10.

A small ridge can be seen south of the moraine (Figure 15, labeled R on the map and Ridge
on the transects). This ridge is around 300 m wide, up to 20 m in relief and 1.7 km long. This
ridge is directly north of a cluster of V-shaped ridges which will be discussed in section
3.2.1. This ridge is similar in size to the moraine and esker located just north, though it is
shorter. It appears to be similar to the ridge to it east (Figure 14C). | describe this ridge as a
short push moraine or esker and believe it is related to the eastern push moraine/esker (Figure
14C).

The landform assemblage (Figure 15) indicate that this was a grounding zone, likely for the
ice stream coming from Skagafjordur rather than from Eyjafjordur. The data cuts off to the
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west of the features, which could possibly reveal more about this grounding zone and the
direction that the ice stream was coming from.

The final collection of landforms in the central portion of EB begins at ~66°30N (Figure 16).
The majority of these features are the V-shaped ridges, though just north of and in the center
of this cluster of VV-shaped ridges there also are several more arcuate shaped ridges which
also have much wider crests than the V-shaped ridges which they lie among. Several
transects taken through these ridges (Figure 16, labeled A and B) show that they possess
similar qualities to the recessional moraines found to the north (Figures 14 and 15). Due to
these similarities and relative proximity, | describe these ridges as either push moraines or
eskers.

19°0'0" W 18°50'0" W
30y - z : L
TR SA :
= S
£ -390 K/‘\ V/W
OQJ- i
= I R
~N
-410 \>’\‘/\
0 200 400 600  800m
3 -360 5
= o= =
-370 ; X: :
S s
-3805 300 400  600m S

Distance (m)

Depth (m)

20 150 300 450 600 750 O

Figure 16. A cluster of V-shaped ridges cut by faults (represented by orange lines). Two
ridges (Labeled A and B), just north of the V-shaped ridge cluster most likely represent
recessional moraines. Transect color legend as in Figure 10.

Much of the sea floor in EB is iceberg scoured, with the scours somewhat chaotic but mostly
trending SE-NW throughout the basin (Figures 12-16). These scours are present mostly at
depths above 350 m bsl. Whether these scours were created by icebergs breaking off of the
I1S or are from icebergs from the Greenland Ice Sheet (GIS) is not known. Some scours are
overriding the subglacial features such as the V-shaped ridges when they occur at shallow
enough depths indicating that these scours occurred sometime after the retreat of the IS
during the LGM.
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3.2.1 V-shaped ridges

Clusters of V-shaped ridges exist in at least four distinct locations within the EB. These
ridges are unlike any other features seen in marine paleo glacial environments which have
been described in literature and are possibly unique to the paleo ice streams in Northern
Iceland. Similar but not identical ridges have been described in the Bay of Fundy (Shaw et
al., 2009). Terrestrial examples of similar ridges, identified as sawtooth or push moraines,
can be seen across Iceland, described in section 4.1. At least 100 of these ridges are visible
on the surface, though there are many more that are not as apparent due to being buried by
sediment, seen in the seismic reflection data (Figure 17), and possibly more which have been
altered/destroyed by faulting/tectonic activity.

Seismic reflection data taken over the basin shows that these features exist cross-basin,
buried by sediment (Figure 17 A, B, and D). Unfortunately, ridges have not been specifically
cored, so their internal structure and composition is not well understood. The ~10 kya marker
(red line in Figure 17 B and D) shows that these features are older, and that this area had in
fact been deglaciated by that time. The ridges are also highly reflective, indicating that they
are composed of hardened sediments. The sediment drape in the central basin and other small
depressions is transparent to semi-transparent representing an infill, consisting likely of
marine mud. The dark, opaque reflector blanketing theses ridges and other glacial landforms
represents tephra layers (Kristjansdottir, et al. 2007). Buried ridges are also identified by the
reflection data, showing that there are potentially far more of these V-shaped ridges than is
apparent in the bathymetric data, though these ridges could also represent MSGLs or
moraines.

SHOT x104
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lceland ice2003t17L9-10, shots 48448-63345 / 13000-1000

Figure 17. High-resolution Chirp seismic reflection data from the central Eyjafjadarall
basin, showing that the V-shaped ridges are also buried beneath the sediment infill (light
colored) at the center of the basin.
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Figure 17 (cont.). B. Reflection data from survey lines 9 and 10, 1-2 (not displayed on the
map, but located between 9-10 and 6-7), and 6-7. The red line represents a 10 ky marker in
the sediment. Red rectangles are cores with their names labeled above them. C. Map of EB
showing the locations of seismic data shot lines (green and blue lines). The red lines on the
map are faults, and the red line running through the seismic reflection data is the 10k
marker. D. Reflection data from shots 3-4. Notice in the reflection lines that the V-shaped
ridges exist below the sediment in A, B, and D, meaning that there are even more V-shaped
ridges than what can be seen with the multibeam data.

Analysis of the visible ridges was done to better understand the dimensions of these ridges
(Table 1 and Figure 18). As can be seen in Table 1, the left arm is on average larger in every
category compared to the right arm. The right arm was more often nonexistent compared to
the left arm, which was almost always present. Out of 100 ridges analyzed, 21 had their right
arm not visible versus five ridges which had their left arm not visible. Values of zero were
considered in the average in the top row of Table 1 (highlighted yellow boxes) but removed
as outliers for the average in the second row (white boxes).

Analysis of the ridges shows that they range from 0.5 — 10 m in relief, 100 - 5478 m in
length, and 96 - 1296 m in width from arm to arm, and individual arms can range from 37 —
380 m wide or be completely absent.

Avg Width Avg Width LA Avg Width RA Avg Relief LA
381.7979798 105.4646465 79.24242424 3.791414141
371.4947368 102.4 76.94736842 3.719473684

Avg Relief RA | Avg Length LA Avg Length RA
3.105555556 744.4141414 503.7878788
3.036315789 733.9263158 447.1473684

Table 1. Values from analysis of 100 V-shaped ridges in EB. The top, yellow row represents
all values, and the bottom, white row represents values with outliers removed. LA = Left
Arm, RA = Right Arm.

I graphed these values to see how they relate to one another (Figure 18, A-I). I excluded the
outliers from these graphs. All of the graphs show an overall positive trend, though not many
of them show a good line fit. The first plot, Plot A, shows the left arm width vs. total ridge
width with an R? value of 0.4272. Plot B shows the right arm width vs. total ridge width with
an R?value of 0.3766. Plot C shows right arm relief vs right arm width with an R? value of
0.5796. Plot D shows left arm length vs left arm width with an R? value of 0.103. Plot E
shows right arm relief vs left arm relief with an R? value of 0.304. Plot F shows right arm
width vs left arm width with an R? value of 0.4669. Plot G shows left arm length vs right
arm length with an R? value of 0.321. Plot H shows left arm relief vs. left arm length with
an R? value of 0.6024. Plot | shows right arm relief vs right arm length with an R? value of
0.1771.

The relationships with the highest correlation are the relief vs length for both arms (Figure
18C and H), and the width of the right arm vs width of the left arm (Figure 18F). There
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appears to be less of a relationship the widths of individual arms and the total width of the
V-shaped ridge (Figure 18A and B). There appears to be little relationship between the
characteristics when comparing left vs right arm (Figure 18D, E, G, and I). Thus there seems
to be a strong relationship between the relief and length of either arm of these ridges, and for
the relief and width of the right arm, but the relief and length of the arms appear to develop

individually and the data does not reveal a strong relationship.
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Figure 18. Comparison between the length, width, and relief of V-shaped ridges.

The V-shaped ridges appear to occur where the flow direction of the ice stream(s) is being
altered. The southern-most ridges appear to occur where the Eyjafjordur ice stream collided
with the much larger Skagafjardardjup ice stream, diverting the Eyjafjorour ice stream to the
east. Then, the northern-most ridges appear to occur where the ice stream(s) divert to the
north due to the presence of an over deepened basin. This change of flow direction is
potentially an influence on their creation, as they do not seem to occur elsewhere throughout
the basin, including at the potential LGM extent

Transects were taken across three ridges which were easily identified (Figure 19). These
have a variety of sizes and often exist between faults. They are found both on level ground
(Figure 19A) and on steep slopes (Figure 19B and C). The ridges exist both overlapping
other ridges and among moraines and other ridges. The first map (Figure 19A) shows
transects taken across two overlapping ridges, where the northern ridge was created and then
slightly overridden by the southern ridge. The fault to the east cuts through the southern
ridges right arm, which can be seen as an ~2 m on the eastern side of the fault. With these
ridges, it appears that both arms are similar in size (~7-10 m) and that both the northern and
southern V-shaped ridge also have similar sizes. The next ridge (Figure 19B) shows a ridge
surrounded by other ridges, moraines, and lineations, as well as faulting to the southeast and
northwest. The ridge is located on a steep slope. The transects taken across this ridge show
that the left arm is better developed than the right arm. Whether this is due to the right arm
never developing or being poorly preserved over time is not certain. The left arm is ~6 m in
relief at its tallest point. The third ridge (Figure 19C) is also located on a steep slope, though
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less steep than Figure 19B. This ridge is easily identified as there is not many features
overlapping or surrounding it. This ridge is similar to the ridge in Figure 19B; as seen in the
transects it has a better developed left arm versus right is ~6m in relief.

200 400 600 800 1000 20 150 300 450 600 750 O
Distance (m)

Figure 19. Transects across V-shaped ridges A, B, and C. Color legend as in Figure 10.
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3.3 Southern Eyjafjardarall

The southern portion of EB, from 66°23” to the opening of Eyjafjordur does not contain any
visible V-shaped ridges. There are however several moraines and a potential grounding zone
in this region. There is also intense faulting cutting through the region with cumulative
subsidence of up to 140 m similar to the faulting in the central EB.

A set of features can be seen in the southwestern part of our study area around 66°18’N and
19°1°W (Figure 20). In this area there is the beginning of a trough-like feature which are
oriented roughly SW-NE into the main EB trough. The trough is approximately 6 km wide
at its widest point and up to 50 m deep (Transect 1 in Figure 20). Within this trough are
numerous ridges which are oriented both parallel and perpendicular to the trough’s NE-SW
axis (transects 2-9 in Figure 20).

The ridges shown in transects 2 and 3 lie just next to the trough wall, flowing roughly SW-
NE. There are at least 3 ridges, though the third ridge (the southeastern most ridge) is much
smaller and shorter than the other two. They are between 3 and 10 meters in relief, up to 400
m wide and just over 1 km long. They are discontinuous, being split into two sections each
by a gap in the middle. They lie parallel to the proposed ice flow direction in this trough.
Due to these properties, | consider these ridges to represent an ice stream lateral moraine.
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Figure 20. A possible moraine or grounding zone wedge from an ice stream coming from
the southwest, possibly Skagafjordur (or a small ice stream coming from Siglufjérour?).
Also shown are transects taken across the feature. Transect color legend as in Figure 10.

The ridges shown in transects 4-9 (excluding transect 7) are oriented perpendicular across
the trough and are much smaller than the ridges in transects 2-3. These ridges have reliefs
between 2 and 5 m, are 150-200 m wide, and 800-1500 m long. The ridge shown in transect
7 is more parallel to the ice flow direction and appears to be disrupted by one of the ice-
perpendicular ridges from transect 4-9 in the southwest. This ridge is approx. 7 m in relief,
100 m wide and 1500 m long. Due to their positioning and size, | describe the ridges shown
in transects 4-9 as recessional moraines, and ridge 7 as an esker, as it is oriented

approximately parallel to the ice flow direction near the proposed terminal position this ice
stream/outlet glacier.

Southwest of the ridges (Figure 20) is another, larger ridge which spans the distance of the
trough. This feature is easily identified in ArcScene (Figure 21). The feature has somewhat
of a sinusoidal shape which gives it a total length of approximately 6.5 km. It is

39



approximately 200 m wide and has a 6 m relief. This feature is perpendicular to the basin
and could represent a grounding zone wedge or large recessional moraine. The landform is
overridden by iceberg scours, which have a dominant ENE-WSW direction (Figure 20). This
ridge and the trough have light scouring compared to the elevated shelf to the northwest of
the trough. I find it likely that in this area there was a smaller outlet glacier coming from the
west, probably from Skagafjordur, which advanced through this area creating this trough
and terminating once it reached EB, creating a hanging valley feature. As it retreated, it
created a series of recessional moraines and experienced a readvance which created the
larger sinuous ridge (Figure 21).
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Figure 21. An ArcScene 3D figure showing the sinuous ridge flowing across the trough from
Figure 20. The black line is outlining the ridge. A. Looking NW at the ridge from SE. B.
Looking NE at the ridge from SW.

4 Discussion

The multibeam bathymetric data has revealed a complicated seafloor imprinted with
tectonics cutting a variety of glacial landforms. In order to fully understand these V-shaped
ridges, it is important to analyze and describe the entire landform assemblages, or what these
features being found together says about the behavior of the ice sheet. Looking at the overall
landform assemblages and limited sediment data in EB, a fast-moving ice stream within the
EB retreated and left the basin ice-free by at least 13 kya, in line with models by Norddahl
et al., (2008) and Patton et al., (2017), among others. The locations and orientations of
MSGLs, moraines, and grounding zone features indicate that there were several ice streams
merged on the northern insular shelf on Iceland. The Eyjafjardarall ice stream, from the
south, and the Skagafjardardjup from the west, met at approximately 66°30°N. The impact
of the Skagafjardardjup ice stream with the smaller EB ice stream caused the EB ice stream
to divert flow direction the east, reflected by the change of direction of the long axis of the
fjord as well as a change in orientation of the V-shaped ridges. Similarly, a cluster of V-
shaped ridges where the EB ice stream diverts to the west to flow into the over deepened
basin which begins at approx. 66°38’N. The change in the flow direction of the ice stream
would thus seem to be related to the formation of the V-shaped ridges. However, their
apparent proximity to grounding zones and GZWs would imply that they are formed during
periods of standstill or minor readvances.

There is a possibility that this ice stream was a surging glacier. If we considered the typical
landform assemblages which are seen in modern and paleo marine terminating surging
glacier landscapes, we would expect to see landforms such as overridden recessional
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moraines, MSGLS, terminal moraines, eskers, push moraines, and crevasses squeeze ridges
(Sharp, 1985; Ottesen et al., 2008; Streuff et al., 2015). Several of these features can be found
throughout the EB in close association with one another. Based on the typical descriptions
of landform assemblages seen at modern and paleo marine terminating surging glaciers, |
find it possible that the Eyjafjardarall ice stream was a surging glacier.

The V-shaped ridges do not necessarily resemble crevasse squeeze ridges found in places
such as Iceland (Evans et al., 2007), Svalbard (Araddttir et al, 2019), or Canada (Evans et
al., 2016), though that does not entirely rule out the possibility of them originating as a type
of crevasse squeeze ridge. Most literature about crevasse squeeze ridges from paleo ice
streams/surging glaciers are terrestrial which are not identical to crevasse squeeze ridges in
marine environments. Ottesen and Dowdeswell (2006) write about submarine landform
assemblages in Svalbard, including rhombohedral ridges which they identify as crevasse
squeeze ridges, which still are not very similar to the V-shaped ridges seen in EB.

De Geer moraines are found in palaeo glacial landscapes across the world (Lundgvist, 2000).
They are small moraines occurring in clusters, parallel to the ice margin (though they have
also been known to be perpendicular, winding, or anastomosing) and are usually 100s of
meters long, 10-20 meters wide, and a few meters high (De Geer, 1940; Lundgvist, 2000).
As seen in areas such as Kongsfjorden, Svalbard, De Geer moraines can display a “sawtooth”
pattern in planform (Streuff, et al. 2015). The V-shaped ridges in EB can be described as
having a sawtooth pattern, though they are morphologically dissimilar to De Geer moraines
(e.g. Lundqvist, 2000; Streuff, et al. 2015; Ojala, 2016). Thus, | do not describe the V-shaped
ridges found in EB as De Geer moraines.

The arcuate V-shaped ridges within the EB do not clearly fit available data on murtoos
(Section 1.3.6). Murtoos are more triangular than the V-shaped ridges. The average size of
murtoos as described by Ojala et al., (2018) is also much smaller than the average size of the
V-shaped ridges. Though they may ultimately have a similar genesis, we do not believe they
are the same features but without further research on both, this cannot be confirmed.

Relating the V-shaped ridges to push moraines would suggest that the ice stream in EB
experienced periods of standstill and minor readvancement throughout the basin where the
V-shaped ridges are present. The V-shaped thus had to form as the I1S was retreating as they
would have been overridden and destroyed if they had formed prior to the 11S reaching its
LGM position. Push moraines have a variety of characteristic shapes/sizes, and the V-shaped
ridges are not necessarily morphologically similar to other push moraines described in
Iceland, nor other glacial regions (i.e. Norway, Greenland, Antarctica) (Chandler et al.,
(2016); Johnson et al., (2013)). However there are some moraines in the forefields of several
Icelandic glaciers which appear similar to these ridges which will be discussed in section
4.1.

The ridges were not influenced or created by tides or waves as they are too deep in the ocean.

We can likely conclude that these features were formed at a significant depth that they could
not be influenced by either of these (Norrman, 1964).
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4.1 Modern Analogues?

Several glacial forefields exist with ridges that are somewhat similar to the VV-shaped ridges
in EB. The western tongue of the Breidamerkurjokull outlet, on the southern margin of
Vatnajokull, has retreated by several hundred meters in recent decades revealing a unique
spiked, finger-like extensions (Figure 22) which are likely due to crevassing caused by
outward splaying of the ice (Chandler et al., 2016; Evans et al., 2016). A series of arcuate
ridges and several VV-shaped ridges can be seen in the forefield from at least as far back as
1988 (the earliest time they are visible on aerial photos). Evans and Twigg (2002) state that
these moraines have been forming since 1965. The arcuate ridges in the outer forefield
represent recessional push moraines. As noticed by Evans and Twigg (2002), the V-shaped
ridges in the forefield seem to align very well with the spiked edges of the glacier margin.
These ridges are occasionally superimposed, which points to a winter readvancement which
extended beyond the previous readvancement (Evans and Twigg, 2002). The push moraines
are formed either by squeezing of water-soaked subglacial sediments or pushing of
proglacial materials (Howarth, 1968; Price, 1970; Evans and Twigg, 2002). An aerial photo
taken from 1988 which shows these V-shaped ridges (Figure 22). They are smaller in size
than those found in EB, though that could be due to the ice stream which flowed through EB
in the LGM being significantly larger than the Breidamerkurjokull outlet glacier.

Similar V-shaped ridges are present in the forefield of Skaftafellsjokull, an outlet glacier of
western Oreafajokull. An aerial photo from 1988 (Figure 22) shows a similar finger-like
extensions coming from the glacier, likely producing the ridges seen in the forefield of the
photos. Similar to that at Breidamerkurjokull, the snout of Skaftafellsjokull is crevassed into
a radial pectin pattern which influences the sawtooth shape of the push moraines in its
forefield (Evans et al., 2018).

Similar ridges can also be seen in the forefields of Skalafellsjokull and Flaajokull outlet
glaciers of SE-Vatnajokull, discussed in detail by Evans et al., (2016), Chandler et al.,
(2016), and Evans and Orton (2015). The snouts of Skalafellsjokull and Flaajokull are
heavily crevassed into a radial pectin formation. The ridges in their forefields are
hypothesized to be created through a combination of push and infill between these finger-
like extrusions (Chandler et al., 2016; Evans et al., 2016). There are also superimposed ridges
found where the crevasses are closely spaced (Evans and Orton, 2015). These sawtooth
moraines are common and well developed in recently deglaciated (last 50 years) forefields
of glaciers in South Iceland (Chandler et al., 2015, 2016; Evans et al., 2015; Price, 1970;
Evans et al., 2018).

These glacial forefields of VVatnajokull are also similar to the forefield of Bgdalen glacier in
Western Norway (Matthews et al., 1979; Lien and Rye, 1988; Burki et al., 2009). Research
done on these ridges has shown that their genesis is not entirely clear but thought to be caused
by a combination of thrusting and bulldozing, and variations in stress and strain caused by
changes in valley width creating splaying crevasses on the glacier tongue (Burki et al., 2009).
Burki et al., (2009) also point out that heavily crevassed glacier tongues are not uncommon,
so in addition to this crevassing, an interaction between glacier dynamics and valley
geometry must be controlling factors in whether these sawtooth moraine ridges are created.
One major difference between the sawtooth moraines in front of Bgdalen glacier and those
in EB are that those in EB are discontinuous and the sawtooth moraines form a continuous
ridge with notches and teeth extending the width of the valley.
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If these modern V-shaped ridges have a similar genesis to the ridges in EB, then that would
point to similar behavior in the LGM ice stream and these outlet glaciers. A modern
analogue can easily be observed and used in models for the LGM I1S to better understand

its size and behavior.
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Figure 22. Aerial photos of Skaftafellsjokull in 1988 (top) and western Breidamerkurjokull,
by Breidamerkurfjall in 1988 (below) showing the development on sawtooth moraines in
the forefield overtime as well as the radial pectin pattern of the snout. Source: The
National Land survey of Iceland.

A diagram on the hypothesized genesis of the V-shaped ridges found in EB was created
(Figure 23). Without age constraints, we cannot say for certainty what events (i.e. warming
of ocean water and increased sea level during Balling-Allergd) caused the breakup, retreat,
and readvances in the Eyjafjardarall ice stream, other than these ridges were created during
the retreat of the 11S. We hypothesize that the Eyjafjardarall ice stream terminated at about
85 km offshore North Iceland at the LGM. The IIS began to retreat rapidly approx. 18.6
kya and was rapid but step like (Geirsdottir et al., 2007; 2009; Norddahl and Ingolfsson,
2015; Patton et al., 2017; Pétursson et al., 2015). During the retreat, the ice sheet
experienced periods of stand still and readvanced, and the stress caused by rapid retreat,
mixed with being topographically confined to the basin and forced change of direction
caused pectin like crevasse patterns at the ice streams terminus (Figure 23A) which,
through a combination of push and infill, created the VV-shaped ridges which are seen
throughout the basin. We hypothesize that the VV-shaped ridges found in EB have a similar
genesis to those found in the forefield of Skalafellsjokull, Flaajokull, and
Breidamerkurjokull. We also hypothesize that the size of the VV-shaped ridges vary based
on the extent of the ice stream readvancement, i.e. longer flanks are created through further
advances and shorter flanks are created through smaller advances. This is similar to the
landforms seen at Bagdalen glacier in Norway, described as saw-tooth moraines, where the
heavily crevassed glacier tongue is similar to those seen at Flaajokull, Skalafellsjokull, and
Skaftafellsjokull (Burki et al., 2009).
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Figure 23. Diagram of creation of V-shaped ridges in EB in 3 steps: A) a readvance of the
ice stream causes stress on the ice, resulting in a radial pectin crevassing on the snout.
Through a combination of push and infill, the V-shaped ridges are created. In the down-ice
direction, a prior readvance created B) Rapid breakup of the ice stream causes intense
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calving, resulting in a more arcuate snout. A standstill occurs and the grounding of the ice
stream at the southernmost portion of EB creates a large GZW or moraine. C) modern day
EB has been faulting, resulting in over deepening of the basin by approx. 120 meters and
sediment infill has obscured many of the V-shaped ridges, as well as other glacial relics.
The outer most ridges and flanks of moraines can still be seen on the east and west sides of
the basin.

5 Conclusion

During the last ice age, the I1S could have extended ~100 km north of the current coastline
within the Eyjafjardarall and Skjalfandadjup basins. Stepwise readvancements during the
retreat have been mapped in detail withing these basins. The presence of several grounding
zones throughout the EB are indications of where the ice streams experienced standstills
(Dowdeswell et al., 2008), and minor readvancements during the breakup of the 11S. The
presence of these indicators in the EB confirms the idea that the 11S experiences a rapid but
step like retreat (Geirsdottir et al., 2007; 2009; Norddahl and Ingélfsson, 2015; Patton et al.,
2017; Peétursson et al., 2015).

Evidence of the extent of the I1S at the LGM in the EB can be found as far north as 67°4°N,
possibly further (Figure 9). Studies of paleo glacial landforms in Skjalfandi basin shows that
the LGM ice stream extended to a similar position (Figure 24). Based on these features, the
ice streams extending into the North Iceland insular shelf and merged just south of the
Kolbeinsey Ridge. The EB ice stream and Skjalfandi ice stream also have grounding zones
at similar positions in the middle of the basins.

The overall landscape assemblage which is revealed through the data points to a fast-moving
ice stream which had fully receded onto land by at least 10kya. The features seem to match
those of a typical surging marine terminating glacier foreground as described by Streuff et
al., 2015 which could indicate that this was the location of a surging glacier.
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Figure 24. Glacial landforms found on the North Iceland Insular Shelf. Modified from Héfer,
2019 to include V-shaped ridges.

Further analysis of the V-shaped ridges which are present throughout EB help further refine
models of the extent and behavior of the IS during the last glaciation. The locations and
genesis of the V-shaped ridges could indicate that the 11S was grounded up to 100 km
offshore north Iceland and experienced surging. What is currently known about the V-shaped
ridges are as follows:

e They are formed at grounding zones of fast-moving ice stream.
e Are often found in association with MSGLs and eskers.
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e EXxist cross basin, with an unknown number of ridges buried beneath sediment.

e Have a wide range of lengths, reliefs, and widths, and tend to have a better developed
left arm compared to their right, and many ridges are lacking a right arm altogether.

e Exist in areas where there is a disruption in the flow of the ice stream.

e Exist in distinct areas throughout the basin beginning at about 35 km from the mouth
of Eyjafjorour and extending as far out as approx. 92 km (directly west of Storagrunn).

To understand how and why these ridges formed, we must first attempt to understand the
basal ice dynamics, interface thermal conditions, and sediment rheologies of the basal load
(Hart, 1997; Hindmarsh, 1999; Schoof, 2007; Dunlop, et al. 2008; Menzies and Hess, 2013;
Vreeland, et al., 2015; McCracken, et al. 2016; Menzies, et al. 2016). Without further
investigation of this area and the composition of these ridges, it is difficult to gain a complete
understanding of these processes and thus their genesis cannot be known with certainty.

5.1 Future Research

Further studies on these ridges are required to better constrain their formation. An analysis
of their internal composition and structure need to be done before there is any conclusive
answer on the genesis of these ridges. Also, better mapping offshore Iceland could also
uncover more of these V-shaped ridges in other locations, helping us to understand what
conditions these ridges form under. Further studies should aim to answer the following
questions: 1) What process(es) create these V-shaped ridges? 2) What is the
structure/composition of these feature?

Cores of the ridges or other features could be very useful in helping understand the genesis
and properly identifying them. | have marked on the map areas where further cores could be
collected (Figure 25).
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