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Abstract

Ice streams provide a primary drainage pathway for ice sheet mass loss. Studying palaeo-
ice stream beds improves understanding of current ice streams’ dynamics in modern ice
sheets. This study sheds light on palaeo-ice streaming and deglaciation of the eastern part
of the Iceland ice sheet (lIIS). Palaeo-ice stream features are well preserved in the area,
including streamlined bedforms and transverse bedforms known as ribbed moraines,
which are the focus of this study. Ribbed moraines have not previously been described in
Iceland and their origin and formation are highly debated. Ribbed moraines are often
thought to indicate the transition zone between cold and warm based ice flow or fast and
slow ice flow. Ribbed moraines located between estimated ice streaming and an ice divide
west of Vopnafjordur are the subject of this study. They can potentially be linked to the
onset of palaeo-ice streaming at the start of the highland plateau. This study reveals the
sedimentology and architecture of ribbed moraines near Vopnafjordur and their
morphological characteristics, distribution and spatial relationships. A model of formation
was constructed for ribbed moraines in Hauksstadaheidi. They are proposed to form as a
result of extensional ice flow between the ice divide and ice streaming which pulls on ice
in the transition zone. This would lead to the formation of extensional surface crevasses.
Basal water saturated in sediments seeks lowest pressure underneath the transverse
crevasses facilitating the stacking of blocks of subglacial material into transverse
ridges. The ice stream shut down and became subject to passive retreat which was key to
preservation of the ridges. This study has implications for improving the understanding and
insight into the behavior of ice streaming in the northeast part of the IIS and sheds light on
the role of ribbed moraines in palaeo- and modern ice sheets.
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Agrip

Hradskreidir farvegir meginlandsjokla kallast isstraumar. peir flytja mikid magn af is og seti
sem fra joklunum kemur. Algengt er ad rannsaka fornjokulumhverfi til pess ad varpa ljdsi
a edli og virkni isstrauma. bessi rannsokn lytur ad fornum isstraumum sem runnu um
Nordausturland vid lok sidasta jokulskeids og skildu eftir sig sérstok landform. Ein tegund
bessara landforma eru svokalladir rifjagarGar, sem eru hryggir sem myndast undir
isstraumum pvert 3a flaedistefnu. Uppruni rifjagarda er 6ljés enda erfitt ad rannsaka pa i
virku jokulumhverfi par sem botn nudtimaisstrauma eru 6adgengilegur. Sunnan
Vopnafjardar eru ad finna svokallada rifjagarda sem talid er ad hafi myndast undir isstraumi
sem nadi fra isaskilum Ut 4 landgrunn. Rifjagérdum hefur ekki verid adur lyst a islandi en
eru lykill ad pvi ad auka pekkingu okkar a islenska isaldarjoklinum og mikilvaegi isstrauma i
honum. Innri og ytri gerd hryggjanna er rannsokud asamt tengslum vid landslag og
umhverfi. Afurd rannséknarinnar er likan ad myndun rifjagar6a sunnan Vopnafjardar.
Gardarnir tengjast liklega breytingum & botnadstaedum og hrada flaedis naerri isaskilum.
Teygt flaedi milli isaskila og isstraums olli myndun pversprungna a yfirbordi jokuls. Vatn i
setlogum vid botn leitadi laegsta prystings undir pversprungum sem gerdi pad ad verkum
ad set gat staflast upp undir sprungunum og myndad pverhryggi. Isstraumurinn vard
Ovirkur vid horfun og bradnun jokulsins sem vard til pess ad rifjagardarnir vardveittust i
nokkud upprunalegri mynd. Verkefnid varpar og ljosi a afjoklun @ Nordausturlandi, sem
hingad til hefur verid illa pekkt, og getur gagnast vid ad auka skilning @ hegdun
natimaisstrauma a Graenlandi og Sudurskautslandinu.
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1 Introduction

Throughout the major glaciations of the Quaternary, much, if not all, of Iceland was
repeatedly covered by an extensive ice sheet, termed the Icelandic Ice Sheet (lIS)
(Norddahl, 1991; Norddahl, 2005). The Last Glacial Maximum (LGM), where the IIS was at
its largest, was reached around 24.4-18.6 cal. ka BP (J6hannesson, 1997; Andrews, 2000;
Spagnolo and Clark, 2009; Norddahl and Ingdlfsson, 2015; Pétursson et al., 2015). During
that time, the ice sheet is thought to have been up to 1500-2000 m thick in places and
drained by large outlet glaciers and/or ice streams (Norddahl, 1991; Norddahl, 2005;
Hubbard, 2006; Hubbard et al., 2006; Patton et al., 2017). It is well established that during
the LGM Iceland was covered with an ice sheet which probably extended to the edge of
the continental shelf surrounding the island. According to bathymetric data on the shelf
around Iceland, end moraines occur far offshore and in many areas on the shelf edge
(Spagnolo and Clark, 2009; Patton et al., 2017) (See B in Fig. 1-1). Despite a relatively long
period of study of the extent of the IIS, there are still rather large gaps in datasets and
glacial geological mapping in Iceland. It is still unclear exactly how extensive the IIS was at
different times, and which dynamics controlled and contributed to its collapse. The
deglaciation started around 18.6 cal. ka BP and was very rapid between 15.0 and 13.8 cal.
ka BP (Andrews, 2000; Jennings, 2000; Norddahl and Ingdlfsson, 2015; Pétursson et al.,
2015) due to rapid global eustatic sea-level rise, causing extreme calving, grounding-line
retreat and overall destabilization of the marine sections of the IS (Ingdlfsson, 1991;
Norddahl, 1991; Syvitski et al., 1999; Andrews, 2000; Ingdlfsson and Norddahl, 2001;
Norddahl, 2005; Norddahl, 2008; Geirsdottir et al., 2009; Norddahl, 2012; Norddahl and
Ingdlfsson, 2015; Pétursson et al., 2015; Patton et al., 2017). During the Younger Dryas
(YD) stadial, which started around 13.0 cal. ka BP, the ice sheet advanced significantly
(Ingodlfsson, 1991; Pétursson et al., 2015; Patton et al., 2017). A final readvance of the IIS
occurred during Preboreal, at 11.2 cal. ka BP just inside the YD maximum position
(Pétursson et al., 2015; Patton et al., 2017). Subsequent regression of the ice sheet and
transgression of relative sea level occurred and finalized the collapse of the IIS which was
mostly deglaciated at 8.7 cal. ka BP (Norddahl, 2008; Pétursson et al., 2015).

The IS extent, evolution, and dynamics since the LGM have been reconstructed through
numerical modelling, which incorporates previous research and field data (Hubbard et al.,
2006; Patton et al., 2017). However, as stated by Patton et al. (2017) information and
research is sparse, and as such the models are constrained by limited datasets. These
datapoints have mainly been scattered around the western, southern and northern parts
of Iceland as well as offshore records from the Icelandic continental shelf (Ingdlfsson,
1991; Norddahl, 1991; Andrews, 2000; Norddahl, 2008; Geirsddttir et al., 2009; Pétursson
et al., 2015; Patton et al., 2017). Up until recently, there has been a significant lack of data
to fully understand the ice sheet evolution in the eastern and northeastern parts of Iceland,
although Semundsson (1995) and Norddahl et al. (2019) shed light on the deglaciation in
this region through shoreline displacement in Vopnafjérdur and the development of the
glacial lake Logurinn, respectively. This research is ongoing, and much work remains to be
done in order to give a clearer picture of the last glaciation and deglaciation in Iceland.
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Imprints from palaeo-ice streaming or streamlined landforms have been mapped in NW-
Iceland using aerial imagery and digital elevation models (DEM) (Principato et al., 2016).
These landforms strongly indicate the presence of palaeo-ice streaming in N-Iceland into
Hunafléi (Principato et al., 2016). Principato et al. (2016) suggest that a topographically
controlled ice stream flowing into Hunafldi created these streamlined landforms during
the LGM. Research of another ice stream, located in Bardardalur, north Iceland is ongoing
but widespread imprints of streamlined landforms have been identified in the region by
remote sensing methods (McKenzie et al., 2017; Benediktsson et al., 2018). These studies
have put a new focus on studying the IIS by quantifying streamlined glacial bedforms
paired with spatial analysis and therefore identifying and describing palaeo-ice streaming
in north Iceland in detail. The model results of Patton et al. (2017) also indicate fast ice
flow across north and northeast Iceland. According to their model and the geomorphology
map from Spagnolo and Clark (2009) (See B in Fig. 1-1), one of the larger ice streams of the
[IS would have flowed into the Vopnafjordur trough (Spagnolo and Clark, 2009; Patton et
al., 2017). Ice streams have not been studied in detail in Iceland but shedding light on their
behavior will improve understanding of the IIS development as well as the mechanisms of
fast ice flow.
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Fig. 1-1. A) Surface ice velocities between LGM (22.9 cal. ka BP) and 11.7 cal. ka BP
estimated by Patton et al. (2017), compared with the Hubbard (2006) reconstruction of the
1IS. Time slices show the IIS extent from the LGM, 14.5 cal. ka BP, Bglling retreat at 13.2 cal.
ka BP and the YD stadial (11.7 cal. ka BP). The Fig. also shows ice divides and their evolution
over this time period. The Dimmifjallgardur and Smjérfjéll mountain ranges isolate
Vopnafjérdur at the LGM according to this model. B) Geomorphology map of the Icelandic
continental shelf by Spagnolo and Clark (2009) and edited by Patton et al. (2017). The map

shows the main flow sets within the IIS, indicating fast ice flow or ice streaming.
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1.1 Objective and motivation of this study

As mentioned above, empirical data that can highlight the extent, dynamics and
mechanics, and consequently constrain modelling of the IS, are significantly sparse. Field
observations are particularly lacking in northeast Iceland, where current models rely on
limited datasets. The objective of this study is to map and describe transverse ridges in the
Vopnafjordur region, northeast Iceland, coupled with analysis of remote sensing datasets.
A mechanism of the formation of these ridges is presented and tested against current
models and hypotheses of ribbed moraine formation. This project is the first to describe
these landforms from Iceland.

This project will further enhance the data available and the knowledge base for
understanding the IS during the LGM by providing a previously missing piece of the puzzle
in northeast Iceland. This carries implications for subglacial processes, both in the interior
of the IS and ice streams throughout northeast Iceland since these areas were potentially
very significant drainage routes within the IIS. Furthermore, it is important to study the
geological and geomorphological products of ice streams in order to gain a better
understanding of their flow, onset zones, and overall behavioral patterns. Studying palaeo-
ice streams through these methods can also shed light on processes at work in current ice
streams in the Antarctic and Greenland ice sheets.
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2 Ice streams

Ice streams are defined as corridors of fast flowing ice within an ice sheet. They can be
hundreds of kilometers long and tens of kilometers wide, flowing several hundred meters
per year. This fast flow allows them to drain an ice sheet of massive amounts of ice and
sediments which makes them important for ice sheet stability (Bennett, 2003). All modern
ice streams are marine-terminating (Livingstone et al., 2012), but terrestrial ice streams
are well-known from the palaeo-setting, such as the Laurentide Ice Sheet (LIS) (Margold et
al., 2015). Marine-terminating ice streams discharge approximately 40% of the total
volume for ablation of the West Antarctic Ice Sheet (WAIS) and have therefore been
intensively studied for decades due to their importance in the stability of the WAIS (Alley
and Bindschadler, 2001; Bennett, 2003). Today, ice streams in Antarctica drain vast
amounts of ice into the ocean but around 90% of Antarctica‘s annual mass loss is through
ice streams (Bentley and Giovinetto, 1991; Bamber et al., 2000) and approximately 50% in
Greenland where there is more surface melt contributing to mass loss (van den Broeke et
al., 2009). Ice streams can therefore significantly impact global sea level (Hughes, 1973b;
Mercer, 1978; Alley et al., 2005; Shepherd, 2012; Joughin, 2014). This shows that ice
streams are a critical component regarding the currently warming climate, their
contribution to ice sheet mass loss, sea level rise and how they are impacted by warming
ocean temperatures and retreating grounding line, which has the potential to break up ice
shelves at accelerating rates (Hughes, 1973a; Weertman, 1974; Mercer, 1978; Alley and
Bindschadler, 2001; Alley et al., 2005; Shepherd, 2012; Hanna, 2013; Joughin, 2014). Ice
streams can be either constrained by topography (topographic ice streams) or areas of
surrounding, slow moving ice (pure ice streams), today occurring in the Siple Coast,
Antarctica (Stokes and Clark, 1999). These types of ice streams can behave in different
ways and show variability, both spatially and temporally. Ice stream’s fast flow is the result
of various factors but common explanations are mostly directed either towards a weak,
deformable bed of sediments that allows the stream to flow freely or to pre-existing
topography that allows the ice stream to drain an ice sheet and flow fast (Margold et al.,
2015). Ice streams have shown behavior suggesting that they can switch on and off, or
even change their flow trajectory (Margold et al., 2015), a phenomenon which is currently
unexplained.

Ice stream’s subglacial conditions are almost impossible to physically observe in an active
setting and research on them is mostly done with geophysical methods and through
remote sensing (See overview paper by Stokes (2018)). Due to the constraints that ice
streams provide in modern settings, glaciological and glacial geological research has put a
large focus on studying the environments, evolution and geomorphological imprints
palaeo-ice streams (Stokes and Clark, 1999; Stokes and Clark, 2001; Livingstone et al.,
2012; Margold et al., 2015). The beds of Pleistocene ice sheets are easily accessible and
thus can provide insight into processes operating underneath the currently fast flowing ice
in Antarctica and Greenland.

Palaeo-ice streams leave sedimentary and geomorphological imprints that have been
widely dated and analyzed in order to reconstruct the last deglaciation of the continental
ice sheets (Livingstone et al., 2012; Margold et al., 2015). Some modern ice streams have
shown signs of stagnation and reactivation, which has also been recorded in palaeo-ice
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streams. The key research questions are yet to be answered. These include how basal
conditions influence ice flow, what the exact genesis and role of subglacial landforms
associated with ice streams is, why ice streams shut down or reactivate and how ice stream
behavior can affect ice sheet stability. Determining the processes that trigger and control
flow and retreat of marine-terminating, palaeo-ice streams is therefore an important task.
Studying ice streams will further enhance the understanding of future predictions of
contemporary ice-stream retreat and sea-level rise (Livingstone et al., 2012).

2.1 Geomorphology of ice streams

Ice flow is a leading cause in forming landforms out of pre-existing subglacial material.
Landforms typically formed underneath Pleistocene ice sheets include flutes (Boulton,
1976), drumlins (Menzies, 1979), mega-scale glacial lineations (MSGLs) (Clark, 1993;
Stokes, 2013a) and ribbed moraines (Lundqvist, 1989).

Long elongated and streamlined landforms are believed to be indicative of fast ice flow
and have therefore been linked to ice streaming. This has been established by mapping
and statistical analysis of their shape, such as elongation ratio, in areas where previous fast
ice flow can be estimated spatially. These landforms and features mostly include MSGLs
and drumlins, and it is suggested that landforms with an elongation ratio of higher than
10:1 are formed under fast ice flow (Stokes, 2002). These observations can potentially help
with identifying ice streams and shed light on flow dynamics and stability of palaeo-ice
sheets. It has been suggested that lineations, such as drumlins and MSGLs, are end
members of a subglacial continuum of flow aligned landforms (Ely et al., 2016). An example
of ice stream geomorphology from Graham et al. (2009) is shown in Fig. 2-1.

Drumlins are long, elongated and subglacially formed landforms that have a streamlined
appearance. A drumlin is a hill, generally composed of material of glaciogenic source (Clark
et al.,, 2009). They are a common and widespread feature beneath the Pleistocene ice
sheets and are considered to be indicative of fast ice flow or even ice streaming (Stokes,
2002). Pleistocene drumlins tend to occur in swarms but can also occur as single landforms.
Drumlin fields occur in regions previously covered by large ice sheets, such as areas of the
LIS, SIS and the BIIS (Menzies, 1979; Hess, 2009; Knight, 2011; Maclachlan, 2013; Stokes,
2013b; Dowling, 2015; Lamsters, 2015; Eyles, 2016; Knight, 2016). In a modern context,
currently active drumlin fields are rare, but a single active drumlin field has been described
from the Mulajokull glacier foreland in Iceland (Johnson, 2010; Benediktsson, 2016).
However, their formation is still debated and requires further research to shed light on
glaciodynamics and subglacial processes underneath ice sheets.

Mega-Scale Glacial Lineations (MSGLs) are a characteristic landform of ice streams and are
typically associated with rapid ice flow (Stokes, 2002). They are also often thought to
record the final imprint of streaming (Graham et al., 2009). There are a few theories for
MSGL formation, some of these include ice keel ploughing at the base of soft sediments
(Tulaczyk, 2001; Clark C.D., 2003); subglacial erosion of soft sediment from a point source,
bedrock or till underneath ice stream (Clark, 1993); and the instability theory taking local
subglacial drainage systems into account (Fowler, 2010). Their relation to flow velocity,
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sediment supply, transport and deposition at the bed is unclear, as is whether they are
transient features, changing with bed conditions or stable features that withstand changes
in basal processes. Enhancing MSGL formation understanding is important in order to
create a clearer picture of how ice streams flow.
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3 Ribbed moraines

Ribbed moraines are clusters of ridges generally orientated transverse to ice flow,
resembling waves or ripples in the landscape. The ridges are typically found in the core
areas of former ice sheets, although they are not restricted to those areas and are
sometimes found closer to the glacier margin, at the coast or within the main trunk-flow
zones of ice streams (Dunlop and Clark, 2006; Stokes et al., 2016).

Ribbed moraines consist of short and low relief ridges of less than a km long according to
Aylsworth and Shilts (1989a) and less than 10 m in relief, although relief varies between
areas (Dunlop and Clark, 2006). Their shape is sometimes irregular, often arcuate with
flanks facing down-stream but they have also been recorded with upstream facing flanks
(Dunlop and Clark, 2006). The comprehensive analysis of ribbed moraine morphology for
the LIS, the Scandinavian Ice Sheet (SIS) and the British-Irish Ice Sheet (BIIS), by Dunlop and
Clark (2006) reveal that either side (up-stream or down-stream) has an equal likelihood of
being the steeper slope. They also exhibit a complex plan view with a large size range (17-
1116 m wide; 1-64 m high; 45-16214 m long; 12-5800 m in spacing). They can be found
densely packed or in dispersed clusters and show regular spacing between ridge crests in
general (Fig. 3-1) (Dunlop and Clark, 2006). Their geomorphology can be extremely varied,
not only between study areas but also within one ribbed moraine field, although it is most
common that ribbed moraine ridges are similar in dimension to neighboring ridges. They
often tend to be situated around the interior of previously glaciated areas (Hattestrand
and Kleman, 1999), though they are sometimes found closer to the coast or in marginal
settings (Moller, 2006; Lindén et al., 2008). According to the Dunlop and Clark (2006)
analysis of ribbed moraine location, they determine that ribbed moraines are not
necessarily restricted to specific topographic settings, core glaciation areas or ice divide
margins, since they have also been found within ice streams and in their onset zones. They
propose that ribbed moraines can be formed at various times during a glacial cycle
between the ice divide and the glacier margin.

Ribbed moraines are often called Rogen moraines, deriving its name from a lake in Sweden,
where the landforms have been described (Hoppe, 1948; Hughes, 1964a). They have been
termed ribbed moraine in North-America (Aylsworth and Shilts, 1989a) and Rogen terrain
by Burgess et al. (2003), which generally applies to drumlinized or fluted ribbed moraines.
The term ribbed moraine is preferred in most recent studies and therefore is the one used
in this study.

These landforms have been described in many palaeo-ice sheet settings. Ribbed moraines
are found on the beds of the LIS, the SIS and the BIIS. However, their subglacial origin
makes them difficult to identify and describe in modern settings. In some places, ribbed
moraines have been linked to the occurrence of drumlins and have been found
superimposed on drumlins. Some studies suggest that drumlinization of ribbed moraines
indicates a step-like transition between these landforms (Lundqvist, 1989; Dunlop and
Clark, 2006).

Ribbed moraines have raised curiosity for researchers for decades now, but their
formation and origin are still unclear. Formation of ribbed moraines have been linked to a
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variety of aspects of ice sheet behavior, but their origin and formation is still debated. The
most prevalent theories are directed at thawing beds (Hattestrand, 1997; Hattestrand and
Kleman, 1999), freezing beds (Sollid and Sorbel, 1984), the onset of ice streams or their
shutdown (Dyke et al., 1992; Stokes, 2006), changes in ice flow direction (Boulton, 1987;
Clark and Walder, 1994), or subglacial outburst floods (Fisher and Shaw, 1992).

v
N

Downstream curving
ribbed moraine ridges

1 km

5 j}’}

Anastomosing ribbed
moraine ridges

1k

Upstream curving
ribbed moraine ridges

¥

A

1 km

Barchan shaped ribbed

moraine ridge

~> /f

1 km

Lumpy ribbed moraine
ridges

Ké

*

1 km

Poorly developed
ribbed moraine ridges

1 km

Lattice structured ribbed

moraine

&

WA
3,

1 km

Poorly developed
ribbed moraine ridges

=/

~

S

1 km

moraine ridges

e
b )

km

—

Broad arcuate ribbed
moraine ridges

Hummocky ribbed
moraine

A =t 3 WAy

’
’

Z 7 /5‘,
A

G Rt ,,{‘.f’/n

42k K s (A

Mega-scale ribbed moraine

Broad rectangular ribbed

%

Blocky, angular ribbed
moraine ridges

Yo X
S

1 km

Jagged type ribbed moraine
ridges

¥ 5 km

uekn )

Cross-cutting ribbed
moraine

Fig. 3-1. Classification scheme of ribbed moraine geomorphology modified from Dunlop

and Clark (2006).

25



3.1 Importance of studying ribbed moraines

Because of the lack of understanding and limited proof of formation, ribbed moraines have
not often been used to reconstruct past ice-sheets (Hattestrand and Kleman, 1999). Other
subglacial landforms have been used, such as drumlins, terminal and lateral moraines,
eskers, and other ice-marginal landforms (Hattestrand, 1997). Ribbed moraines do occur
in the interior of former ice sheets, but their genesis and subglacial glaciological conditions
are poorly understood. An increased understanding of ribbed moraines can potentially
shed light on their importance and formation and according to Hattestrand (1997),
studying their formation and genesis has implications for tracing cold-based areas of ice
sheets, where a transition to melting conditions occurred during deglaciation. Although
that point of view is a subject of debate (Dunlop and Clark, 2006).

So far, ribbed moraines have been described in many formerly glaciated areas, such as
North America (Hughes, 1964b; Aylsworth and Shilts, 1989a; Bouchard, 1989; Fisher and
Shaw, 1992; Stokes, 2006), Scandinavia (Lundqvist, 1969a; Lundqvist, 1989; Hattestrand,
1997; Lundqvist, 1997; Raunholm et al., 2003; Méller, 2006), Ireland (Knight and McCabe,
1997; Clark and Meehan, 2001) and Scotland (Finlayson and Bradwell, 2008). The
landforms have not previously been described in Iceland. This thesis presents new
examples of potential ribbed moraine fields (transverse ridges) from Vopnafjérdur,
northeast Iceland.

3.2 Previous research on ribbed moraines

Many studies and useful observations have been made on ribbed moraines, but no unifying
theory has yet been agreed upon. The landforms were first described by (Hogbom, 1885;
Hogbom, 1894) in central Sweden, who only noted their internal composition. The first
hypotheses suggested they formed as a series of end moraines (Frédin, 1913; Hogbom,
1920; Frodin, 1925; Beskow, 1935) or of a marginal/near-marginal glacial origin (Frédin,
1954; Lindqvist and Svensson, 1957; Henderson, 1959; Craig, 1965; Fromm, 1965; Cowan,
1968). Lundqvist (1935; 1937; 1943; 1951) suggested a dead-ice origin, arguing that ribbed
moraines were made from supraglacial material that slumped into transverse crevasses
creating a ribbed-like pattern. Mannerfelt (1942; 1945), Granlund (1943) and Kurimo
(1980) were in favor of Lundqvist’s theory of this areal stagnation. Another explanation
related their formation to calving ice margins (Hughes, 1964a). Hoppe (1948) suggested a
near-marginal deposition of material followed by ice-front oscillations.

The subglacial origin of ribbed moraines was not suggested until Lundqvist (1969a) put
forward a compilation of observations. He recorded specific lodgement characteristics of
till, eskers overlying the ridges, drumlinizations and flutings on the ridge surfaces, which
are all features strongly suggesting a subglacial origin. Since then, most studies have
favored this with varying versions of exactly what factors and processes are dominant in
their formation.

One of the first conceptual models presented was by Bouchard (1986; 1989). The model
assumed that the ribbed moraines were formed in near-marginal, topographical bedrock
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basins where a down-glacier obstacle causes development of shear planes in the debris-
rich, basal ice which would then stack into up-glacier dipping slices. The model was not
able to explain morphological characteristics such as the arcuate form of ribbed moraine.
Lundqvist (1989; 1997) suggested the primary ridge structure in ribbed moraines to reflect
pre-existing features which had been subsequently drumlinized under the ice sheet.
Boulton (1987) concurs with Lundqvist to some degree, explaining that pre-existing ridges
would have been subglacial folds or drumlins, formed under a different ice flow direction
followed by a 90°change in ice-flow under deforming bed conditions. Aario (1977a; 1977b;
1987) concluded that ribbed moraines were formed under wavy ice flow while drumlinoid
features were formed under the effect of basal spiral ice flow. Meltwater-flood theories
were presented by Fisher and Shaw (1992) and Beaney and Shaw (2000), suggesting that
ribbed moraines were formed during subglacial outburst floods as ripple-like cavity infills
eroded into basal ice (Fisher and Shaw, 1992; Shaw, 2002).

A numerical formation model was made for ribbed moraine formation, in order to make
predictions that are quantitative and that can be tested. The Bed Ribbing Instability
Explanation (BRIE) theory argues that ribbed moraines are produced by the natural
instability formed in the coupled flow of ice and till (Dunlop et al., 2008; Chapwanya et al.,
2011). Transverse subglacial ridges grow spontaneously under certain parameter
combinations which predict their wavelengths (crest spacing). BRIE does manage to predict
the ribbed moraine patterns and wavelengths correctly and testing failed to prove the
model false. The conclusion of the study from Dunlop et al. (2008) is that the BRIE is a
viable explanation of ribbed moraine formation although they also state it is largely
ignorant from the subglacial conditions that ribbed moraines are formed in.

Two main competing theories for ribbed moraine formation have been suggested through
the years: the fracturing theory, and the shear and stack theory. Below, these two theories
are presented in more detail:

i.  The fracturing theory (Hattestrand, 1997; Hattestrand and Kleman, 1999) (Fig.
3-2):

Extensional flow causes fracturing of till sheets at the (polythermal) boundary of a
thawing glacier bed between cold based and warm based glacier or between ice
streaming and ice divide. Lundqvist (1969a) presented the original theory on
extensional flow where less plastic, debris-rich basal ice fractured transverse to ice
flow by strong, tensional forces induced by topography. Hattestrand (1997) and
Hattestrand and Kleman (1999) theorized that the transition zone from a cold-
based core of ice sheets to warm-based conditions would result in high tensional
stresses and extensional ice flow. That would lead to detachment of the pre-
existing till sheet and boudinage-like fracturing at this transition zone, creating
ribbed moraines (Fig. 3-2). The key to this theory is the presence of competent or
incompetent sediment drift sheet, causing brittle or ductile deformation of
subglacial sediments. During retreat of a cold-based ice boundary, a phase-change
surface (PCS) rises through the bedrock, pre-existing sediment sheet and to the ice-
bed interface (Hughes, 1973a). Local extensional flow occurs at the frozen-thawed
boundary, which is retreating due to increase in basal flow velocity (Kleman and
Borgstrom, 1994). When the PCS reaches the bedrock-drift sheet boundary,
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deformation can take place at the interface and ribbed moraines form. If the PCS is
below bedrock, no geomorphic processes will act on the drift sheet. If the PCS rises
to the ice-drift boundary, drumlinization or fluting of ridges can start.

Hattestrand (1997) and Hattestrand and Kleman (1999) suggest that ribbed
moraine distribution can be used to map former ice sheet areas that underwent
changes from a frozen bed to a warm bed and that ribbed moraine formation is
linked to that temporal and spatial transition from frozen to thawed bed
conditions. They also propose that frozen bed areas were larger in earlier stages of
glaciation based on the transgressive inward morphology of the landforms
downstream cold-based areas. Finlayson and Bradwell (2008) agree with the
fracturing theory, although they also state that the shear and stack theory could
stand under compressive flow. The landforms they study are in the lee of a
topographical obstruction, where extensional ice flow would have likely been
dominant. They also observe that the spacing between ridge crests increases
downstream, which they claim to indicate formation associated with extensional
processes.

According to Hdttestrand (1997) his theory supports the following ribbed moraine
characteristics:

- Ribbed moraines are only found in core areas of ice sheets (Schytt, 1974;
Hooke, 1977; Sollid and Sorbel, 1984; Dyke, 1993; Huybrechts and T'siobbel,
1995; Heine and McTigue, 1996).

- A heterogenous internal composition of the ridges. The morphology-
shaping process is unrelated to internal composition in this model
(Lundqvist, 1989).

- Ribbed moraines are frequently composed of the same material as the
surrounding area or a potential pre-existing drift sheet (Henderson, 1959;
Cowan, 1968).

- Till sheet is often thin or absent between ridges (Wastenson, 1983) which
can be expected if the PCS is situated near the bedrock-drift interface.

- Drumlinization of ribbed moraines is common and they also commonly
transition into drumlins (Lee, 1959; Hughes, 1964b; Hoppe, 1968;
Lundqvist, 1969a).

- Glaciotectonism is frequent in ribbed moraines (Shaw, 1979; Bouchard,
1980; Dredge et al., 1986; Bouchard, 1989; Lundqvist, 1989).

- Ridges commonly fit together as a jig-saw puzzle (Lundqvist, 1969a;
Bouchard, 1989; Hattestrand, 1997), which they suggest indicates
extensional flow and fracturing of a sediment drift sheet.
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Fig. 3-2. The fracturing model of ribbed moraine formation model taken from Hdéttestrand
(1997) proposes that they result from the rise of a pressure melting isotherm (PCS) through
a glacier bed. (a) Ice flow velocity (u) for stages 1-3 which is shown in (b). (b) Time slice
boxes (1-3), showing how pre-existing drift sheet develops into ribbed moraines with
different stages of underlying drift sheet. The frozen drift ribs detach as soon as the
pressure melting isotherm reaches the bedrock surface. (c) The fracture zone where the
drift sheet has experienced detachment and extension as ice velocity increased.

ii. The shear and stack theory (Shaw, 1979; Aylsworth and Shilts, 1989a; Bouchard,
1989; Lindén et al., 2008):

Till slabs or near-base englacial material experiences subglacial folding and thrust
stacking due to compressive ice flow with subsequent lee side cavity infill and
subglacial melt-out. The shear and stack theory has been presented in different
variations by e.g. Shaw (1979), Bouchard (1980; 1989), Lee (1959), Dredge et al.
(1986), Aylsworth and Shilts (1989a), Dyke et al. (1992), Sollid and Sorbel (1984)
and Lindén et al. (2008). Some of these studies suggest a compressive flow due to
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topographic obstructions at the down-stream end of rock basins (Hégbom, 1885;
Bouchard, 1980; Minell, 1980; Sollid and Sorbel, 1984; Bouchard, 1989). Others
argue that a large amount of near-basal debris can decrease the plastic behavior of
the ice, increasing compression and basal shearing of the debris-rich ice due to a
low ice-surface gradient and climatic deterioration (Dredge et al., 1986). Another
theory proposed that ridges were formed far from the ice-margin, as water-soaked
debris was entrained into the glacier sole and sheared into ridges during an
expansion of a frozen core area under the ice sheet (Sollid and Sorbel, 1984). Dyke
et al. (1992) also suggested that ribbed moraines form in a transition zone from
cold- to warm-based conditions but explained by alternating sticking and sliding
conditions causing stacking of debris. Lindén et al. (2008) proposed an alternative
hypothesis taking internal structures and sedimentary composition into account
while comparing with ridge morphology. They argue that basal water pressure
depended on seasonal variations in meltwater recharge of the subglacial system
causing temporal and spatial changes in rheology and deformation on the bed (Fig.
3-3). These changes would stem from bed conditions fluctuating between rigid and
deforming, leading to localized folding and thrusting in the rigid bed transition zone
where glaciotectonic stress was greater than bed strength. They suggest that none
to several ridges can be built during this bed-rheology cycle. Moéller (2006)
proposed a model in which the sediment comprising a Rogen moraine was already
present in the form of a ridge but was later shaped into a Rogen moraine.
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Fig. 3-3.The shear and stack model from Lindén et al. (2008). Ty: pre-existing sequences of
laminated sediments are deposited in valley areas. Tia: ridge starts forming due to bed
compression where pre-existing sediments fold and thrust (T1g) in ice-flow direction causing
a transverse thickening of the bed, forming an obstacle to the ice-flow and causing a lee-
side cavity to form parallel to the ridge developed. Ridge forms in stages T,-Tz with folding
followed by erosion and thrust sheet stacking of sediment (T.a). T.s shows a brittle
deformation case where ridge forms only through thrust-fault stacking. Distal cavity
infilling starts, with a variable deposition of glaciofluvial sediments including suspension of
fine-grained sediment to high flow velocity gravels of traction load interbedded with
stratified and massive diamicts. The diamicts are interpreted to be deposited from
sediment gravity flows into the lee-side cavity from the deforming bed. Larger clasts are
interpreted as drop stones. Lee-side cavity sediments include small-scale normal faulting
and reverse faulting due to extensional and compressional faulting. T4is the draping stage
where the ridge is smoothed with erosion, creating an unconformity in the sediments and
then draped over by a diamict with a high clast orientation.

31



Moller (2006) and Lindén et al. (2008) agree with Kurimo (1980) and Lundqvist (1989) on
a polygenetic origin of ribbed moraines due to the variety in their internal composition,
size, shape and spatial distribution. They propose that the term ribbed moraine is used
purely as a descriptive, morphological term encompassing a polygenetic group of glacial
landforms. This opposes Dunlop and Clark (2006) who suggest a unifying hypothesis
explaining ribbed moraine formation. Hattestrand (1997) and Hattestrand and Kleman
(1999) concur, stating that different variations have widely similar distribution patterns
and orientations in context with ice flow and ice sheet distribution which, in turn, suggests
a single formation process. They argue that the distribution pattern and orientation of
different types of ribbed moraines indicate that the morphologies are variations of a single
genetic landform (Hattestrand, 1997). They also suggest that all types of ribbed moraine
ridges are compatible with the fracturing theory as opposed to the shear and stack theory,
which they believe fails to explain features in the distribution pattern and morphology of
ribbed moraines. Hattestrand (1997) also showed that the distribution patterns of
different morphological varieties of ribbed moraine was similar in terms of patterns and
orientation towards the ice flow indicating a similar formation process throughout the field
and a monogenetic landform formation.

3.3 Internal characteristics of ribbed moraines

Ribbed moraines have a vast range of internal composition. They are commonly composed
of the same material as their surroundings (Cowan, 1968; Lundqvist, 1969a). Lundqvist
(1969a; 1997) noted that the most common material in ribbed moraines is subglacial till.
Table 1 presents an overview of ribbed moraine sedimentary composition throughout the
literature and in part based on Table 1 from Hattestrand (1997) with the addition of later
studies.

Table 1. 9Sedimentary characteristics of ribbed moraines

Material Locality Reference

Loose, massive, sandy, stratified diamicton with clasts | Northern Scotland Finlayson and
of local lithology and beds of sorted sand. Shear Bradwell (2008)
structures and microfaulting exist with some bullet
shaped, facetted and striated clasts.

Fissile, till-cored ribbed moraines. West/Central Cowan (1968)
Labrador, Canada

Matrix-supported diamict alternating with interbedded | Avalon Peninsula, Fisher and Shaw
gravel and sand containing erosional surfaces, lenses, | Newfoundland (1992)
indicating sediment reworking or debris-flows.

Ridge surfaces have large boulders which are not in the | Dalarna, Central Moller (2006)
sections. Gravelly, sandy diamicton, interbedded with | Sweden
sorted sediments, beds of sandy silt and clast horizons.

Diamict and stratified sorted material showing signs of | Northern Sweden Lindén et al. (2008)
glaciotectonics in sorted material.
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Diamicton overlain by sorted sand and gravel. Clasts

Dubawnt palaeo-

Stokes (2006)

show glacial erosion features and the unit has fractures | ice stream
and thrust structures.
Boulders on ridge surfaces. Deformed diamict | Finland Sarala (2006)

containing sheared sand and gravel. Sand is planar-
bedded with small-scale cross-laminations and ripples.

Diamict with a sandy matrix and large, striated clasts. It

Jaeren, Norway

Raunholm et al.

is intercalated with lenses of stratified, sorted, and (2003)
distorted sediment zones, with scattered dropstones

and erosive upper contacts.

Fluvial sediments and compact diamict, with | Central Sweden Lundqvist (1997)
glaciotectonic features

Medium to coarse sand Quebec, Canada Ives (1956)
Glaciofluvial sand, interbedded in ablation and basal till | Varmland, Sweden | Lundqvist (1958)

Gravelly sediments

Keewatin, Canada

Aylsworth and
Shilts (1989a)

Kalix till, slightly disturbed and fine-grained

Norrbotten,
Sweden, Varmland,
Sweden

Hoppe (1948);
Fromm (1965);
Lundqvist (1969a)

Sveg till, diamict with layers of sorted material
(subglacial meltout till)

Jamtland, Sweden

Shaw (1979)

Stratified, matrix-supported, fine-grained diamicton
(basal melt-out till)

Quebec, Canada

Bouchard (1989)

Sandy-silty till with sorted sediment lenses

Lake Rogen area,
Sweden

Wastenson (1983)

Sandy till (clayey till underneath and in surrounding | Jamtland, Sweden Lundqvist (1969a)
areas)
Loose ablation till Varmland, Sweden | Lundqvist (1958)

Very hard-packed basal till

Jamtland, Sweden

Rasmusson (1951)

Silty till with folded beds of shattered bedrock

Jamtland, Sweden

Minell (1977)

Broken rock with little matrix

Manitoba, Canada

Dredge et al. (1986)

Disaggregated sandstone, without fines

Keewatin, Canada

Aylsworth and
Shilts (1989a)

Great variations in internal structure and bedding

Sweden

Lundqvist (1969a);
Lundqvist (1997)
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3.4 Spatial relationships of ribbed moraines

Ribbed moraines can have a variety of spatial relationships with other landforms and
landscapes. They can both be drumlinized or in close proximity to drumlins and MSGLs.
They have also been observed superimposing streamlined landforms and vice versa (Dyke
et al., 1992; Dunlop and Clark, 2006), but the chronology of cross-cutting relationships is
often unclear. The study by Dunlop and Clark (2006) included a large dataset and a wide
spectrum of ribbed moraines across the Northern hemisphere and compared their size,
shape, pattern, spatial relationships, and distribution with results from previous studies.
This indicated that ribbed moraine characteristics are more complicated and varied than
many previous studies had claimed. Fig. 3-4 shows examples from Dunlop and Clark (2006)
where ribbed moraines are found in proximity to, superimposed on, or adjacent to
landforms such as MSGLs, drumlins, eskers or crag and tails. Dunlop and Clark (2006) also
present a geomorphological overview which indicates that ribbed moraines are generally
not associated with any specific type of topographic setting over another and their location
is also not bound to downstream or upstream facing slopes.

Ely et al. (2016) propose a theory of a continuum of subglacial landforms where ribbed
moraines and mega-scale ribs form a continuum of subglacial ribs. They also present quasi-
circular landforms, which their analysis of landform shapes suggests are a stage between
transverse bedforms towards streamlined lineations. The increased elongation ratio is
thought to indicate increased ice flow rate.

Stokes (2006) mapped ribbed moraines in the Dubawnt Lake palaeo-ice stream tracks that
lie on top of MSGLs, which appear to be segmented. The re-moulding of MSGLs by ribbed
moraines indicate that the ribbed moraines are a secondary feature and post-date the
MSGLs. Stokes et al. (2006) link ribbed moraines to spatial and chronological transition
between cold and warm-based ice leading to acceleration and deceleration of ice flow.
They suggest that ribbed moraines are signs of ice-stream shut-down and a reversion to
frozen bed conditions after a thawing period. However, this study did not include field
observations of the ridges and their exact formation remains open to debate.
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and other glacial landforms. The direction of ice flow is indicated with an arrow. Modified
from Dunlop and Clark (2006).
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3.5 Ribbed moraines in a modern context

Ribbed moraines and ribbed terrain might have a modern comparative context, but
subglacial conditions of glaciers and ice sheets are, for obvious reasons, difficult to explore.
This requires a different means of research, thus, various geophysical methods can be
applied in order to further the understanding of modern ice stream behavior. The flow of
ice streams has been linked to low driving stress at the ice bed, strong lubrication from
subglacial till and its high-pressure water content (Alley et al., 1986; Blankenship et al.,
1986; Alley et al., 1987; Kamb, 2001). Changes in ice stream dynamics might be caused by
changes in basal conditions or long-term climate forcing (Anandakrishnan and Alley, 1997;
Tulaczyk et al., 2000; Winberry et al., 2014). Ice streams are sometimes restricted by side
drag (Raymond et al., 2001), high basal shear stress or “sticky spots” (MacAyeal, 1989)
which may have a role in the so-called stick-slip motion of ice streams (Bindschadler et al.,
2003).

Stokes et al., (2016) compared the patterns of ribbed palaeo-ice stream beds from Canada
and patterns of high basal shear stress (sticky spots) found with geophysical techniques
underneath modern ice streams in Antarctica and Greenland (MacAyeal, 1992; MacAyeal
et al.,, 1995; Price, 2002; Joughin et al., 2004). Their study revealed a similarity and
potential connection between these observations. In modern ice streams these features
of high basal shear stress are termed “traction ribs” (Fig. 3-5) (Sergienko and Hindmarsh,
2013). The features observed at the palaeo-ice streams in Canada may provide insight into
the formation of traction ribs underneath modern ice streams. Sergienko and Hindmarsh
(2013) hypothesize that even though ribbed moraine is a smaller feature, traction ribs they
observed in Pine Island Glacier and Thwaites Glacier in Antarctica are of similar pattern-
forming origin to ribbed moraines. They link that theory to differences in bed strength and
the effects of subglacial water transport on effective pressure variations. They also
suggested that the landforms are only found in the parts of ice sheets where the bed is
temperate and has deforming subglacial till. These findings show promise in improving
understanding of the behavior of ice streams and the origin and the role of ribbed
moraines.
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Fig. 3-5. Comparison from Stokes et al. (2016) between types of ribbed features observed
in palaeo-settings (a, b and d) and ‘traction ribs’ (c). They split ribbed palaeo-features into
three subcategories; ribbed moraines, mega ribs and the more irregularly patterned rib-
like features. Blue arrows show the estimated ice flow direction. In the paper, d and c were
compared and authors suggested a continuum of subglacial rib formations.
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4 Study area

4.1 Regional setting

The Vopnafjordur fjord is located in the northeast part of Iceland (Fig. 4-1). The fjord is up
to 20 km wide at its mouth and 22 km long with a southwest-northeast orientation. The
mountain ranges Smjorfjoll and Fagradalsfjoll are situated in the southeast part of
Vopnafjordur with steep slopes, cirques, and narrow valleys. On the northeast side is
Bakkaheidi plateau with gentler sloping hills and abundant north-south trending
streamlined landforms, which are clearly visible on aerial and satellite imagery. As a
continuation of the southwest trend of Vopnafjordur are three valleys: the Selardalur
valley to the west, Vesturardalur valley in the center, and Hofsardalur valley to the east.
Vesturardalshdls is an elongate bedrock high located between Selardalur and
Vesturardalur and has a streamlined appearance to the northeast. The valleys are wide at
their mouths but get narrower inland, gain elevation, and eventually merge with the
plateaus, which mark the boundary to the Icelandic highlands (above 300-400 m a.s.l.). The
Bustarfell mountain forms a clear start of the highland plateau. Beyond the highland
margin, glacial landforms are prominent features in the landscape, with hundreds of
streamlined landforms as well as isolated basins with smaller, transverse (to estimated ice
flow) landforms. Hauksstadaheidi (Hauksstada-plateau) is the area of main focus in this
study and is located as a southwest-wards continuation of Selardalur and Vesturardalur
(Fig. 4-1).
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Fig. 4-1. The study area of Vopnafjérdur and its location in Iceland. The large map shows
the focus area of Hauksstadaheidi inside the red box but Tunguheidi and Seldrdalur were
also mapped. Map base is from the ArcticDEM (Porter, 2018) and the National Land Survey
of Iceland (Landmeelingar [slands)(LMI, 2016).

The Hauksstadaheidi study area is located in the lower highlands southwest of
Vopnafjordur between Dimmifjallgardur mountain range and Vopnafjordur (Fig. 4-1). The
landforms studied here are situated in the Leirvatnskvos basin, at an altitude between 415-
528 m a.s.l,, which is slightly lower than the surrounding hills and mountains of
Hauksstadaheidi (Fig. 4-2). The Skeljungsa river flows through the basin from Leirvatn to
Arnarvatn, eroding the landforms (Fig. 4-3). The Langafell and Leirvatnshnjukur hills are
situated to the west and Hlidarfell hill to the north. These mountains are part of the
Botnafjallgardur massif (Fig. 4-1), which is at the flank of a larger mountain range,
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Dimmifjallgardur. Dimmifjallgardur reaches up to 800-900 m a.s.l. at its highest.
Dimmifjallgardur has a north-south orientation, which coincides with the plate rift
between the North-American and the Eurasian tectonic plates. The mountains are located
east off the main rift zone. The mountain range and local bedrock type is largely basaltic
(J6hannesson and Seemundsson, 2014) but has not been studied extensively. It has been
suggested that the ice sheet was cold-based above the mountain range during the LGM
(Seemundsson, 1995) and was potentially the location of an ice divide according to the
model by Patton et al. (2017) (Fig. 1-1).

Arnarvatn

Leirvatn

Leirvatnshnjikur

'Skeh‘ungskvos

Fossheidi: *

Fig. 4-2. The Hauksstadaheidi and Leirvatnskvos area with place names taken from
www.maps.qoogle.com (Airbus, Landsat/Copernicus, Maxar Technologies, U.S. Geological
Survey). The ridges are situated in a vegetated depression in Leirvatnskvos where the
Skeljungsa river runs from lake Leirvatn to lake Arnarvatn. The Fig. shows the road as a
yellow line, leading to Vopnafjérdur.

According to a bedrock geology map from the Icelandic Institute of Natural History
(J6hannesson and Szemundsson, 2014), the age of the bedrock in the field area at
Hauksstadaheidi plateau and Leirvatnskvos is 3.3-0.8 m.y.. The region is mostly composed
of basaltic lavas, but because the rock formed at the start of a climatic cooling, there can
also be hyaloclastites, tillites or glaciofluvial sediments present in the strata. This area is
situated where the distinctive volcanic, highland plateau landscape starts becoming more
eroded towards the coast and deep fjord and valley systems become an increasingly
dominant landscape feature to the east (J6hannesson and Seemundsson, 2014; Loftmyndir,
2016, 2000). The bedrock closer to the shoreline is older, or from the late- and mid-
Miocene. The Hauksstadaheidi field area is at the border of upper- or lower-Pleistocene
lavas and Leirvatnshnjukur to the west is made of upper-Pleistocene age (younger than 0.8
m.y.). This is where the Dimmifjallgardur mountain range starts and subglacial volcanic
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formations (hyaloclastite, pillow lava and sediments) characterize the area. Interglacial and

supraglacial basic and intermediate lavas younger than 0.8 m.y. are also found to the
south-west of Hauksstadaheidi.

Fig. 4-3. A view of the Leirvatnskvos basin (looking towards the west). The Skeljungsa river
runs from Leirvatn on the left and into Arnarvatn which is not seen on this fig., creating
useful sections in the ridges for investigations of internal composition. Section 4 can be seen
on the figure.

Other areas of interest are Tunguheidi, Jokuldalsheidi, Hraunfellsheidi and Selardalur
where similar landforms to the ones studied in Hauksstadaheidi occur. The upper/western
part of Selardalur has a number of transverse landforms and so does the Tunguheidi,
Jokuldalsheidi and Hraunfellsheidi area. Streamlined bedforms are common in Tunguheidi,
Hraunfellsheidi, Vesturardalshals, Bustarfell, Fossheidi and in other areas and are included
in maps in this study.

4.2 Previous research/ Glacial history of
Vopnafjorour

Very little research has been conducted in the area of Hauksstadaheidi and no studies have
been published with the main focus on glacial geomorphology or ice streaming into
Vopnafjordur. Seemundsson (1995) studied the deglaciation and associated shoreline
displacement in Vopnafjordur but most of his research was conducted at the valley floor
and shoreline level, with a minor focus on the Vopnafjordur uplands. His research in the
area and hypotheses on deglaciation of Northeast Iceland nevertheless proved very useful
in order to gain a better perspective on controlling late-glacial processes and timing of
deglaciation.

Norddahl et al. (2019) estimated that the model presented by Patton et al. (2017) shows
that at the LGM, the ice sheet extended more than a 100 km beyond the coastline of
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Héradsfloi, south of Vopnafjérdur. A warm-based ice stream would have flowed at
velocities higher than 300 m annually, through Fljétsdalur and into Héradsfloi in the east
of Iceland (Norddahl et al., 2019). Their study finds that the deglaciation of Fljétsdalur-
Uthérad coincides with the deglaciation of Iceland in general, caused by Late-Weichselian
and early Preboreal climatic warming and changes in ocean dynamics in the North Atlantic.
This confirms with (Seemundsson, 1995) results for Vopnafjordur. Norddahl et al. (2019)
also found that the IIS had retreated into the central parts of Iceland by 9.2 + 0.2 cal. ka
BP, which is when glacio-isostatic uplift in the region had completed.

Fast-flowing ice streams most likely drained into Vopnafjordur during the LGM (Norddahl,
1983; Sigbjarnarson, 1983; Seemundsson, 1995; Bourgeois et al.,, 1998; Hubbard et al.,
2006; Patton et al., 2017). According to Bourgeois et al. (1998), the ice divide of the LGM
ice sheet for the northeastern part of Iceland extends from the interior of what now is the
Vatnajokull ice cap, extending northwards, along Dimmifjallgardur and towards the
Heljardalsfjoll mountains, towards pistilfjérdur fjord in the north.

Glacial striae on bedrock observed by Seemundsson (1995), underlying sedimentary
shoreline sequences in the Vopnafjordur valley floor, show a northeasterly ice-flow
direction into the fjord. This direction will be referred to as the general flow of ice in this
study. Selardalur shows an easterly ice flow through striae, potentially influenced by the
ice divide between Bakkafléi and Vopnafjordur and thought by Seemundsson (1995) to be
the main ice-flow for that area. Younger ice-flow directions are parallel to the valley
directions while older ones can have a different directional element indicating less
topographic control of ice flow. Seemundsson (1995) observed striations on the outer coast
of Vopnafjordur, 9 km from the Hofsardalur valley coast suggesting a minimal ice marginal
extent during the maximum ice cover of the region. However, it is more likely that the
margin reached further out on the shelf.

Seemundsson (1995) proposed a rapid deglaciation during late Younger Dryas and early
Preboreal in the Vopnafjordur region. He also suggested that the ice-margin retreated
inside the present coast of Vopnafjordur during late Younger Dryas. The following period
of Preboreal was characterized by glacier advances and still stands in southwestern, central
North and South Iceland (Norddahl, 1994). Semundsson’s radiocarbon dates confirm this
for Vopnafjordur, indicating a readvance or still stand at 10.9 cal. ka BP (Pétursson et al.,
2015) recorded at Hof-Teigur (Fig. 4-1). Rapid deglaciation after the Hof-Teigur event was
also confirmed by Seemundsson (1995) where rapid glacio-isostatic rebound occurred,
observed through erosion and deposition in Vopnafjordur. In summary, Seemundsson
(1995) proposes four regional deglaciation events for the Vopnafjérdur region:

1. The maximum event: A complete ice cover was over the Vopnafjordur region with
the ice margin located off the present coast. The glacier later retreated inside the
coastline and ice flow became restrained to local bedrock topography.
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2. The Grenisoxl event: The ice margin was located just inside the coast and the sea
level was higher than 55 m a.s.l. during late Younger Dryas.

3. The Hof-Teigur event: Ice margins in all valleys had retreated further inside the
coast from Grenisoxl in eastern Vopnafjordur or 4-14 km into the three valleys
during the early Preboreal.

4. The Bruni event: The ice margins in all three valleys had retreated into the
highlands west of Vopnafjordur. Final deglaciation was rapid along with rapid
glacio-isostatic rebound. The Vopnafjordur highlands (Tungukollur on Tunguheidi)
then became ice free during early Holocene or between 10.0 and 8.7 cal. ka BP
(Pétursson et al., 2015).
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5 Methods

A variety of methods were used to conduct the research on Hauksstadaheidi with field
observations, measurements, sampling, sedimentological analysis and geomorphological
mapping with geographical information systems (GIS). The research site on
Hauksstadaheidi was identified with help from the ArcticDEM (Porter, 2018) and aerial
imagery (Loftmyndir, 2000, 2016). This was then verified during a reconnaissance in the
field in July 2018 when some of the studied sections were also identified. During fieldwork
in August 2019 more sections were discovered and finally four sections were mapped and
studied over the course of a week.

5.1 Geomorphological mapping

The Hauksstadaheidi landforms were mapped in detail with GIS (ArcMap 10.4.1 and QGIS
2.18.2). Other areas in the region (Tunguheidi heath and Seldrdalur valley) where similar
ridges are present were also mapped, but in less detail. This was done using mainly aerial
imagery from Loftmyndir ehf., the ESRI Basemap from ArcMap and the ArcticDEM (Porter,
2018) from the Polar Geospatial Center using the ISN93 coordinate system as the primary
layer system.

The ArcticDEM provides a 2x2 m pixel resolution making it easier than ever to map the
extent of landforms such as the ridges investigated in this study, which are on the scale of
tens of meters. The IcelandDEM was used, which consists of a mosaic of the ArcticDEM
with improved positioning and robust mosaicking, carried out by the National Land Survey
of Iceland, the Icelandic Meteorological Office and the Polar Geospatial Center. In order to
get the most precise outline of the ridges, the IcelandDEM was extracted into hillshade and
slope maps.

Loftmyndir ehf provide detailed aerial imagery for Iceland online, with good quality
imagery for the Vopnafjordur highland region. The images used for this study are from
2016, 2013 and 2000 with a pixel resolution of up to 1 m. The ridges are easily spotted
from aerial photos due to their rocky surface contrasting with green, vegetated
surroundings, which made it easy to map through visual interpretation (Fig. 4-2). The
ridges themselves appear brown and gravelly while the flat depressions between are
green, vegetated and often wet. Therefore, aerial imagery was an essential tool along with
the hillshade and slope raster maps to get a precise outline of the ridges.

Mapping was conducted in the GIS-lab at the University of Iceland where access to ArcMap
imagery from Loftmyndir ehf is provided. Each ridge was drawn as a polygon and a
shapefile was made for each ribbed moraine area (Hauksstadaheidi, Selardalur and
Tunguheidi). For ridge statistics on width and length each polygon was framed by a
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rectangle which measured their width, length and directional element with the feature
»Minimum bounding geometry”. This information was moved into Excel for further
statistical analysis. The relief of the Hauksstadaheidi ridges was established by using
»Interpolate shape”, then ,Add Z Information”, which would then appear as the ridge relief
from its surrounding lowland in the layer attribute table. The ridges are potentially larger
than presented here because they were mapped from the relief (slope) differences and by
aerial imagery using differences in vegetation.

Various maps were constructed showing the Hauksstadaheidi landforms in detail with a
different focus such as their relief, crest direction trend and shape. A large-scale map was
also made, showing the ridges with respect to streamlined features in Bustarfell/Fossheidi,
Tunguheidi and Vesturardalshals. For this map, transverse ridges in Selardalur, Tunguheidi,
Jokuldalsheidi and Hraunfellsheidi were also mapped in order to shed light on the
distribution of transverse ridges in the region and the relationship with streamlined
landforms and potential ice streaming. Shapefiles for streamlined landforms were
acquired from Nina Aradéttir, a PhD candidate at the University of Iceland. A ridge relief
map, showing the relief of each individual ridge was also created.

Two elevation profiles were drawn through the Leirvatnskvos basin using a plugin in QGIS
and are presented as a map as well as the elevation profile. The distances between the
ridge crests on the elevation profiles were measured crest to crest with a decameter
accuracy. Another map was aimed at showing the transverse trend for the Hauksstadaheidi
ridges, where polylines were drawn along the crest of each ridge and their directional trend
calculated in QGIS.

5.2 Field work

The Hauksstadaheidi field site is a remote area located in the margin of the
Botnafjallgardur/Dimmifjallgardur massifs. Accessing the area and the sections
investigated required a high clearance, 4WD vehicle and an additional hike of up to 5 km
one way to the closest section carrying the gear necessary for cleaning and investigating
the sections. The field excursion in July 2018 was aimed towards general scouting of the
Vopnafjordur region and Hauksstadaheidi ridges and surrounding landscape. The ridges’
characteristics were examined in the field in order to confirm previous observations from
remote sensing. The landforms were thoroughly photographed from the valley floor and
from topographic highs to the east of the Leirvatnskvos basin.

In 2019, a full day was used to identify all available natural sections by hiking around
Hauksstadaheidi and Leirvatnskvos. The landforms have been eroded by the Skeljungsd
river, leaving several usable sections revealing the interior of the ridges. Four large sections
were used for sedimentary investigations. The remaining days were used to
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clean/excavate, sketch, photograph, log, sample and measure the four sections. Clast
morphology samples were taken from Sections 1-3.

Fig. 5-1. Sketching Section 1, with a string grid for reference.

Each section was excavated with the aim to expose as much of the interior as possible
leaving enough time to investigate. Each section was first measured and scaled properly
putting in markers for drawing and photographing. For scale, strings were lined up at
different intervals depending on ridge size, forming a grid-like pattern to scale (Fig. 5-1).
The sections were photographed and drawn in detail on site. Characteristics were sketched
into field books and each feature thoroughly described. Then each section was logged
using the Kriiger and Kjeer (1999) lithofacies code system (Error! Reference source not
found.). The Benn and Evans (2004), A Practical Guide to the Study of Glacial Sediments,
was useful as a guide for operating in the field. Dip and dip direction of layers and features
were measured with a compass and an inbuilt clinometer. Measurements were distributed
across the section if possible, in order to give an overview of the section’s layers. These
measurements were later plotted into the program Stereonet 10.1.6 creating a
stereograph showing the directional elements of the interior of the ridges. The plots
created from Stereonet corrected for a 11° magnetic variation for this part of Iceland. Clast
samples (CS) were collected for sections 1-3: two samples from Section 1 (51-CS-U1/S1-CS-
U2), three samples from Section 2 (S2-CS-U1/S2-CS-U2/S52-CS-U3) and two samples from
Section 3 (S3-CS-U1/S3-CS-U2).
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Table 2. Lithofacies codes for field description of glacial diamicts and associated sediments,
modified from Kriiger and Kjeer (1999). The data chart from Kriiger and Kjaer (1999) was
used as a guide for the logs and facies description.

Diamict sediments Sorted sediments
D Diamict B Boulders
Bh Boulders, horizontally bedded
General appearance: Gm Gravel, massive
m Massive, homogenous Gh Gravel, horizontally laminated
g Graded Gt Gravel, trough cross-bedded
b/s Banded/Stratified Gp Gravel, planar cross-bedded
h Homogenous Sm Sand, massive
Sh Sand, horizontally laminated
Clast/matrix relationship: St Sand, trough cross-bedded
(c) Clast-supported Sp Sand, planar cross-bedded
(mi)  Matrix-supported, clast poor Sr Sand, ripple cross laminated
(m3) Matrix-supported, moderate Fm Fines (silt, clay), massive
(m3) Matrix-supported, clast rich Fl Fines (silt, clay), laminated

Granulometric composition of matrix:

C Coarse-grained, sandy-gravelly
M Medium-grained, silty-sandy
F Fine-grained, clayey-silty

Consistence when moist:

1 Loose, not compacted

2 Friable, easy to excavate
3 Firm, difficult to excavate
4 Extremely firm

5.3 Laboratory analyses

5.3.1 Clast morphology

Clast sampling was done for sections 1, 2 and 3, where the aim was to get clast samples
from each major unit in the sections, measure and examine the morphology of the clasts.
Two clast samples (CS) were taken from section 1 and 3 each with one diamict sample and
one gravel sample. Three samples were taken from section 2 where two diamict units were
detected as well as the underlying sand and gravel unit. Methods from Benn and Evans
(2004) were used in the field and in the sample analysis. The samples were gathered by
hand-picking 50 clasts from the section within a 50x50 cm frame. For each clast, the length
of the a-, b-, and c-axes were measured. Their roundness class was classified according to
the Powers (1953) roundness diagram (Fig. 5-2). Each clast was examined for any striae,
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facets or bullet-shape features. On the logs in Chapter 6.2, samples are marked according
to the section and the unit collected from, f.ex. S1-CS-U1 (Section 1-Clast Sample-Unit 1).
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Rounded

Sub-
Angular

Angular
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Angular
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[1]

El

High
Sphericity

Fig. 5-2. Roundness diagram used for determining morphology for each clast (Powers,

1953).

These measurements can be used to calculate C40, RA and RWR values. The C40 index is
the c:a ratio (Benn and Evans, 2004) and gives an indication for how the clast was
transported. A ratio of 0.4 and below indicates a subglacial influence on a clast (Benn and
Ballantyne, 1993). These values are then put into covariance plots of either angularity (RA
diagram) or roundness (RWR diagram) depending on which quality was more prominent
Each clast population was then plotted in triangular co-

in the sample (Lukas, 2013).

variance diagrams according to the Sneed and Folk (1958) (Fig. 5-3) method using a TRI-
PLOT (triangular diagram plotting spreadsheet) from Graham and Midgley (2000).

I
0.2 0.4

|
06

DRI

08 Elongates

Fig. 5-3. Sneed and Folk shape continuum diagram modified from Benn and Evans (2004).
The C40 0.4 line indicates that sediments shaped below have undergone significant erosion.
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5.3.2 Sections and logs

The original field-sketches of sections and logs were redrawn and digitized in Inkscape, an
open-source graphic editing program. Images of the sections were used to adjust the scale
of the section drawings and presented alongside the drawings on figures in Chapter 6.2.
The section drawings in Chapter 6.2 show the orientation of the sections and landforms,
sample points, lithofacies codes, directional elements for layers and descriptions of
sediments. The legend for all sketches and logs in Chapter 6 is seen in Fig. 5-4.

Legend
B -~ ) sedding
Gravel Sharp boundary
: ssd |- Graditional boundary
! Diamict units (except $2-D2) ~—~_/ | Sharp conformable boundary
O° g ° $2-D2 Diamict unit o | Fssility
Fines (clay/silt) ~~ | Ripples
Ooo Clasts/Boulders — 1| Unconformity
)D Water dissipation structures SX-CS-UX| Section X- Clast Sample- Unit X
@ Lense

Fig. 5-4 Legend for logs and section drawings.
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6 Geomorphology and sedimentology
of ribbed moraines

All data from geomorphological mapping, field measurements and sedimentological
analysis are presented in this chapter. The first part presents maps of the ridge distribution
and geomorphology along with statistics on shape and form, and the second part deals
with sedimentology and internal architecture.

6.1 Geomorphology

Here, various geomorphological maps of the Vopnafjérdur and Hauksstadaheidi region are
presented, showing the ribbed moraine distribution compared with streamlined landforms
and landscape, their position in Hauksstadaheidi, ridge relief and a map with ridge crests
and their directional element. The mapping revealed 241 transverse landforms and yielded
information on the statistics of ridge geometry such as width, length and relief. The ridges
follow a basin almost consistently down-valley but also extend to the flanks of the basin.
Fig. 6-1 presents a wider glacial geomorphological perspective of the entire Vopnafjordur
region and Fig. 6-2 provides an overview of the transverse ridges on Hauksstadaheidi.
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Fig. 6-1. An overview map showing glaciogenic landforms in the interior of Vopnafjérdur
and geomorphology at the highland margin. The transverse ridges (to estimated ice flow
(Seemundsson, 1995) in Tunguheidi, Hauksstadaheidi and Seldrdalur are shown here along
with streamlined landforms. Blue arrows signify general ice flow directions. The
streamlined landforms are densely packed on Bustarfell, Fossheidi and Hraunfellsheidi. It is
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notable that the areas with highest density of transverse ridges are situated at higher
altitudes or inland of the most densely spaced streamlined landforms, forming a belt at the
highland margin.

Fig. 6-2. Transverse ridges on Hauksstadaheidi shown in relation to streamlined bedforms
in the area and eskers. In the upstream part of the Leirvatnskvos depression, the ridges are
most densely distributed. It is notable that the most densely situated ridges also have a
distinct transverse alignment.
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A map of glaciogenic landforms in the Vopnafjérdur region, presented above shows the
distribution of transverse ridge sets groups in relation to groups of streamlined landforms
(Fig. 6-1). The Hauksstadaheidi transverse ridges were mapped in detail but Tunguheidi
and Selardalur transverse ridges were mapped in order to bring forward an overview and
context of the presence of transverse ridges in the region. Transverse ridges on
Hauksstadaheidi are prominent features in the landscape with a clear transverse
orientation and shape compared to most ridges mapped in Seldrdalur and Tunguheidi.
Streamlined landforms are also common features for the Vopnafjordur region and are
presented here as a supplement into this study to give further insight into the spatial
relationships between transverse and streamlined landforms in palaeo-ice sheet
environments.

The Hauksstadaheidi transverse ridges are located in a shallow depression east of
Botnafjallgardur and Dimmifjallgardur. The basin is bordered by gentle hills and heaths
(Fig. 6-2). The transverse ridges have a distinct transverse ridge orientation (to the inferred
ice streaming) in the valley basin of Leirvatnskvos, whereas ridges uphill to the sides and
downstream from the basin have a less pronounced transverse morphology and are rather
irregular and somewhat circular sediment mounds.

The transverse ridges are also located approximately 4 km west of the Fossheidi area
where streamlined landforms are very closely spaced. Where the transverse ridges are
situated on Hauksstadaheidi, there are few streamlined landforms present and lateral
change in bedforms can be considered non-transitional from streamlined landforms on
Fossheidi to transverse ridges on Hauksstadaheidi (Fig. 6-2). On Fossheidi and Bustarfell,
streamlined landforms are a dominant landscape feature and no transverse ridges are
visible. Streamlined landforms are found in gently sloping terrain and are mostly located
inland from the three Vopnafjordur valleys, on the highland plateau.

On Tunguheidi, the ridges are mostly located south of streamlined landforms but are
dispersed among streamlined landforms in places further north. Some ridges on
Tunguheidi even superimpose streamlined landforms (Fig. 6-1). The streamlined landforms
are occasionally broken up into circular and transverse ridges and somewhat chaotic
transverse ridge fields with a low but visible transverse to circular nature.

It is notable that the three ridge sets on Hauksstadaheidi, Tunguheidi and Seldrdalur are
located up-valley from the groups of streamlined landforms. The transverse ridge areas
together cover a region forming a belt of transverse landforms up-valley (south, southwest
and west) from the areas where streamlined landforms are most densely located (Fig. 6-1).

To the east of Hauksstadaheidi/Leirvatnskvos, lies the Modrudalskvos basin (Fig. 6-2).
There are landforms in Médrudalskvos which differ in shape and size from the transverse
and streamlined landforms. They are smaller with irregular or meandering morphology,
pointing slightly down-valley and contain well-rounded surface clasts. This is the only other
landform identified between the fields of transverse and streamlined landforms. The
ridges can be traced up-valley and into Skeljungskvos.
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6.1.1 Ridge geometry

In the field, as well as through interpretation of aerial data, the ridges are easy to identify.
Their distinct, rocky, gravelly surface is contrasted by the surrounding vegetated flatlands
(Fig. 6-3). Using aerial imagery was therefore crucial in order to identify and map the
bounds of the ridges. In all, 241 ridges were mapped in Hauksstadaheidi and statistics
calculated only from those. The average relief of the ridges is 6.4 m with a highest relief of
19.3 m and the lowest 0.8 m. The ridges are the tallest in the Leirvatnskvos basin where
they reach up to 19.3 m above the surroundings (Fig. 6-4). The ridges in Leirvatnskvos are
also more closely spaced than elsewhere in the area.

Ice flow

Fig. 6-3. Skeljungsa river runs between the Leirvatnskvos ridges. People (approx. 1.7 m)
indicate the scale of the ridges which range up to 19.3 m. The ridge crests have a gravelly
and rocky appearance compared to the surrounding, vegetated lowlands. A) A
perpendicular view of the ridges in Leirvatnskvos along the ridge crests towards the
southeast. B) An upstream view of the ridges in Leirvatnskvos towards the southwest with
Leirvatnshnjukur in the background.
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Fig. 6-4. A map showing the relief of individual ridges. Most of the tallest ridges are located
in the Leirvatnskvos basin and ridges with lower relief occur on the basin flanks and further
down-stream.

The morphometric statistics of the Hauksstadaheidi ridges are presented in Table 3. This
includes their average, median, standard deviation and range for their length, width, relief
and elongation ratio. Fig. 6-5 shows the morphometrics of the ridges on Hauksstadaheidi
including the normal frequency distribution of the morphometrics for the ridge length,
width, relief and elongation ratio, as well as the ratio between length and width.

Table 3. Morphological statistics for the transverse ridges in Hauksstadaheidi

Length (m) Width (m) Relief (m) Elongation
Ratio
Median 95.1 63.1 5.8 1.61
Range 24.7-427.8 18.9-172.0 0.8-19.3 -
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Fig. 6-5. Normal frequency distribution of ridge morphometrics on Hauksstadaheidi
showing their length (A), width (B), elongation ratio (C) and relief (D). Elongation ratio
graph (E) shows a strong correlation between length and width of the ridges. The line in (E)
graph shows the trendline of the graph.

6.1.2 Ridge spacing

Terrain cross-profiles were made downstream through the crests of the most prominent
ridges in order to estimate ridge spacing. The elevation drop for the profiles is
approximately 140-160 m. The profiles show that spacing between ridges ranges from 60
to 500 m (Fig. 6-6). Mean spacing between the ridges is 145 m for Profile 1 and 204 m for
Profile 2. From 0-3 km, the ridges are more densely situated, with average spacing of
around 126 m for Profile 1 and around 160 m for Profile 2. From 3-7 km, the average
spacing is 165 m for Profile 1 and 264 m for Profile 1. The tallest ridges are between km 1-
3 on both profiles. Profile 1 shows higher ridge density throughout, ranging from 5
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ridges/km (km 4-5) to 10 ridges/km (km 1-2). Profile 2 has lower relief ridges and a lower
ridge density ranging from 3 ridges/km (km 3-6) to 7 ridges/km (km 0-1 and 2-3). This
shows that the ridge density is generally higher in the upstream part of the profiles.
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Fig. 6-6. A) Map showing terrain cross-profiles across the main segments of the ridge
system in Hauksstadaheidi. B) Graph showing Profile 1 seen in A above. C) Graph showing
Profile 2 seen in A above. Gray, horizontal lines indicate 5 m in elevation. The profiles have
vertical indicator lines and the numbers between the indicator lines show a roughly
estimated spacing between ridge crests. The profiles show the downslope evolution of ridge
relief and spacing. Grey horizontal lines on graphs indicate 10 m in elevation.
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6.1.3 Ridge shape

The ridges have a slight arcuate shape; however, some ridges have outer flanks pointing
down-valley. This is not a dominant feature overall but can be seen in some of the larger
ridges in the Leirvatnskvos basin and in areas with the highest ridge density. Judging from
the profilesin Fig. 6-6, there is no visible up-ice or down-ice geometry or signs of difference
in steepness on proximal and distal sides. The ridge crests are generally curved and broad.

6.1.4 Ridge trend

A ridge direction trend analysis was made in order to shed further light on their general
orientation transverse to ice flow. This required a separate mapping effort with mapping
only the ridge crests. A rose diagram produced by using the QGIS Line Direction Histogram
Plugin, shows the directional trend of 241 ridge crests mapped on Hauksstadaheidi (Fig.
6-7). The ridges in the Leirvatnskvos basin appear to have a distinct, transverse orientation
compared to more irregularly shaped ridges further down-valley and to the sides of the
basin (Fig. 6-7).

Fig. 6-7. Ridge trend map. A) Shows a map of ridge crests. The rose diagram (B) shows
directional trends for 251 ridge crest lines and has a general trend between 135°and 180°.
The pink line in the rose diagram shows the direction mean for the transverse ridges.
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6.1.5 Interpretation and discussion

The transverse ridges as interpreted as ribbed moraines as they are strikingly similar to the
previously featured ribbed moraine (Chapter 3) in terms of morphometry and morphology
(Lundqvist, 1969a; Aylsworth and Shilts, 1989a; Bouchard, 1989; Hattestrand, 1997
Hattestrand and Kleman, 1999; Dunlop and Clark, 2006). The streamlined landforms on
Bustarfell, Fossheidi, Tunguheidi and Hraunfellsheidi are here interpreted as drumlins and
MSGL based on their shape and elongation ratio (Aylsworth and Shilts, 1989b; Clark, 1993;
Stokes, 2002). The landforms in M6drudalskvos and Skeljungskvos (Fig. 6-2Fig. 6-2) are
interpreted here as eskers. This is due to their meandering shape and sorted surface
appearance with rounded clasts (Clark and Walder, 1994; Warren and Ashley, 1994).

The three ridge assemblages of Hauksstadaheidi, Tunguheidi and Selardalur are all located
upstream from the valleys Selardalur, Vesturardalur and Hofsardalur, which lead into the
main Vopnafjordur trough (Seemundsson, 1995; Patton et al., 2017). The transverse ridges
on Hauksstadaheidi occur in a shallow trough between the
Dimmifjallgardur/Botnafjallgardur mountain range to the northwest and
Bustarfell/Fossheidi drumlin field in the southeast. Streamlined landforms such as
drumlins and MSGLs have been linked to ice streaming or fast ice flow. This leads to the
conclusion that an ice stream flowed from an ice divide at the Dimmifjallgardur mountain
range through the Vopnafjordur trough at some time during the last glaciation (Hubbard
et al., 2006; Patton et al., 2017).

Whether the formation of the ribbed moraines was controlled by the surrounding
topography and landscape remains unanswered. As stated before, the three ribbed
moraine areas are located near the highland margin, upstream from the Vopnafjordur
trough. These areas are also located upstream from drumlin/MSGL fields and can be
described as some sort of a “transition zone” towards drumlin/MSGL fields. This could
indicate that there is a spatial factor involved in where each landform type is situated. This
finding is in line with studies that also document such clear transitions between landform
types (Fig. 3-4).

Another interesting observation is that the ribbed moraines on Tunguheidi are
superimposed on the pre-existing drumlins/MSGLs. In places they fragment the
drumlins/MSGLs, and form sets of ridges with a linear direction trend aligned with
streamlined landforms in the area. This indicates that the ribbed moraines on Tunguheidi
formed after the drumlins and MSGL fields and hence are a secondary feature to drumlins.

The ridges are tallest and most densely situated in the Leirvatnskvos basin. The basin might
have collected more sediments than surrounding areas, providing material for ridge
formation. Crest spacing is similar throughout the ribbed moraine field although a
difference can be seen for profile 2, where the spacing increases down-stream (Fig. 6-6).
The difference is, however, not significant enough to make concluding interpretations from
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that observation, but Hattestrand and Kleman (1999) suggested that this might indicate
displacement of subglacial material due to extensional flow.

Ribbed terrain can be seen on the flanks of Leirvatnskvos basin. These ridges are not
located in a basin but on the hillside and are less pronounced in the landscape than the
ridges in the Leirvatnskvos basin as the ridges are irregularly shaped and vegetation does
not separate the ridges in the same way. This makes the ridges on the flanks more difficult
to identify with remote sensing data, but surface material is very similar to what is found
on regularly spaced, transverse, ribbed moraines in Leirvatnskvos. Further field work
would be useful in order to determine the scope of ribbed terrain in the area. Directional
landforms can be difficult to plot since not all ridges have a clear ridge crest. This is why
Fig. 6-7 plots all ridge crests with a broad distribution of ridge orientations. The ridges have
a clear transverse element to them in the southernmost section of Leirvatnskvos where
the crests are the most distinct. In Fig. 6-8, a directional element has been plotted for
selected landforms centered in Leirvatnskvos basin, with only the longest and most
pronounced transverse ridges included. The selection shows a narrower trend range,
plotting between 90°-225°, with the main trendline at 160°-180°. A possible explanation
for this difference in directions could be that the ridges have been preserved to a varying
degree, resulting in some ridges having undergone more post-glacial erosion than others
or the possibility that there was more sediment supply in the basin than on the flanks. Why
the ridges form at such regularly spaced intervals is unclear and requires further research
on glacier dynamics.
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Fig. 6-8. A) map showing a clearer direction trend for selected ridge crests (green lines) in
Leirvatnskvos that have a particularly clear transverse orientation. B) Rose diagram for the
selected ridge crests. The pink line in the rose diagram shows the direction mean for the
transverse ridges. The red lines in A represent ridges that were not included in the selection.

6.2 Sedimentology

There are only a few natural sections where sediments are exposed through the ridges at
Hauksstadaheidi. The river Skeljungsa has exposed four ridge sections which give insight
into the sedimentary architecture and composition of the ridges and brings us a step closer
towards understanding their origin. This chapter presents field and laboratory data from
the four sections. This includes section drawings, measurements of directional elements,
stratigraphic logs, photographs, lithofacies descriptions and clast analysis (C40 and
angularity). Each unit is described and interpreted, and each section is in turn interpreted
when all data have been presented. The final chapter goes through five random ridge
surface clast measurements where their shape and angularity are discussed in comparison
to the ridge internal composition.

6.2.1 Section 1

Section 1 is located at the northernmost location of the four sections and furthest
downstream of Skeljungsa (Fig. 6-2). The GPS coordinates are 65.58719; -15.42504 + 5m
at an approximate elevation of 438 m a.s.l.. The orientation of the section is 236° and the
ridge trend is 135°. The ridge is 7 m high and 20 m wide. Strings were lined up for the height

61



at 5 mintervals and one string across at 5 m height for the width. Measurements of dip/dip
direction of stratigraphic beds were made at seven locations in the section, from the
proximal to the distal parts. Two clast samples are from Unit 1 (51-CS-U1) and Unit 2 (S1-
CS-U2) (Fig. 6-9).

Unit 1: Coarse gravel (Gh/Sr)

Unit 1 is mostly composed of coarse gravel with interbedded, stratified sand and gravel
lenses (Fig. 6-10; Fig. 6-11). There is also some small-scale deformation visible. Unit 1 is
divided into five sub-units. The uppermost sub-unit 1.5 is approximately 2 m thick and has
a grading boundary with the slightly coarser gravel unit below. Sub-unit 1.4 is abundant
with large clasts grading downward from sand at the top towards larger clasts at the
bottom of unit. The layer has stratification, partly rippled sand lenses and occasional large
boulders. This layer has a sharp boundary to sub-unit 1.3, which is primarily fine to medium
sand with some coarser sand and gravel lenses. It contains vague but slightly deformed
ripples. This unit shows signs of fissility closer to the proximal edge of the section, near to
the diamict layer where the overlying gravel units are thinner. It shows more fissility than
the overlying diamict. Sub-unit 1.3 has a grading boundary with sub-unit 1.2, which is a
stratified coarse gravel layer with an occasional large clast and thin sand laminations of up
to 1 cm thick in between gravel stratifications (Fig. 6-11). At the bottom of the section
there is a hard gravel sub-unit 1.1 extending throughout the entire section and forming a
dense bed underneath.

Interpretation

Unit 1 is interpreted to be an originally fluvially deposited unit of sand and gravel (Miall,
1977; Miall, 1985). Itis possible that this unit was later overridden by glacial ice. There are
no striae or bullet shapes found within the gravel (Fig. 6-10). The fissility in the uppermost
gravel unit is an unusual characteristic for sorted sediments but indicates subglacial
deformation of the fluvial sediments (Krtiger and Kjaer, 1999; Evans et al., 2006).

Unit 2: Matrix to clast supported diamict (Dm/b/sC(m3s/c)4)

This diamictic unit (Unit 2) drapes over the underlying gravel Unit 1 throughout the section
(Fig. 6-9Fig. 6-10Fig. 6-11). Unit 2 is mostly covered with scree but was also partly
excavated in order to document its properties (Fig. 6-9). The uppermost part of the diamict
is homogenous, fissile, slightly banded or stratified and containing varying clasts that are
subrounded to very angular. The unit is extremely firm, coarse grained and ranges from
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being clast-supported to matrix-supported and clast rich. The boundary to the lower unit
is sharp and conformable (Fig. 6-10).

Interpretation

The diamictic Unit 2 is here interpreted as a subglacial traction till because of its fissility
and consistency, in particular (Kriiger and Kjeer, 1999; van der Meer et al., 2003; Evans et
al., 2006). The boundary to the underlying unit is sharp and conformable and indicates that
unit 2 was deposited after unit 1.

B Glacier flow dlrectio;li

A Ridge trend: 135°
' D \

10m 20m orientation of section: 236"

< 156° >

Fig. 6-9. A) Photograph of Section 1 showing the location of log in Fig. 6.10 in white box. B)
Drawing of Section 1 showing the measurements for dip and dip direction of stratigraphic
beds. The measurements are plotted on a stereograph to the right where red dots are from
unit 1 and black dots are from unit 2. Samples from both units are marked with S1-CS-U1
and S1-CS-U2.
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Fig. 6-10. Stratigraphic log of Section 1. Clast shape data with C40 and frequency for striae,
bullet-shaped clasts and facets on clasts. RA index shows the percentage of angular and
very angular clasts in the sample (Benn and Ballantyne, 1993).
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Fig. 6-11 A) Shows Section 1 with white boxes indicating the location of figures B-E. B) Fissile
diamict in unit 2 draping over unit 1. C) White line showing the approximate layer dip in the
section. D) Gravel and sand lenses within unit 1. E) Layers in unit 1 dipping towards the
proximal end of the ridge.
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Interpretation of Section 1

The till unit in the upper part of the section is interpreted to have been deposited after the
gravel unit below. Fissility and facets in the gravel unit indicate that this unit, or at least
the top part of it, was compacted and deformed by glacier flow. The sharp and
conformable boundary between the units indicates that the till was deposited by a glacier
on top of the fluvial units without disturbing the pre-existing sediments significantly,
leaving minimal traces on the pre-existing sediments.

6.2.2 Section 2

This section is located upstream from Section 1, next to the Skeljungsa river. The GPS
coordinates are 65.58501, -15.44002 + 2m at an approximate elevation of 458 m a.s.l.. The
orientation of the section is 30° and the ridge trend is 335°. The section is up to 15 m high
and 50 m wide. The section is split into roughly three units, two diamict units on top of an
assemblage of gravel and sand units, which are here classified as one unit. Two logs were
made for this section in two spots where layers could be traced across the section (FigGG.
6-13Fig. 6-14). Measurements of dip/dip direction of stratigraphic beds were made at two
locations in the section in the uppermost diamict unit. Three samples are from Unit 1 (S2-
CS-U1), Unit 2 (52-CS-U2) and Unit 3 (S2-CS-U3) (Fig. 6-12).

Unit 1: Sand and gravel series (Gm and Sm/Sh)

Unit 1 is composed of a series of gravel and sand layers with horizontally laminated sand
and gravel layers truncated in between each other (Fig. 6-14). The uppermost part of unit
1 is truncated by unit 2 with an unconformable boundary (See C and D in Fig. 6-15 and Fig.
6-12). This gravel and sand unit grades downward into a matrix supported gravel with a
sandy matrix and continues grading down into more granular gravel. The unit grades into
a clast supported gravel at around 5.5 m down the log (Fig. 6-14). There are some sand
lenses in that lower section with a massive appearance as well as horizontal lamination.

Interpretation

Unit 1 is interpreted to be an originally fluvially deposited sand and gravel (Miall, 1977,
Miall, 1985). After deposition, the sediments were truncated by glacial ice, leaving striae
and facets on clasts as well as an erosional upper boundary (Fig. 6-14) (Kriiger and Kjzer,
1999; Evans et al.,, 2006). The sediments could also have been deposited as glacial
sediments and subsequently reworked by fluvial processes, which can also explain striae
and facets on clasts.
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Unit 2: Massive, homogenous diamict (DmM/C(c)4)

Unit 2 has a massive, homogenous appearance. Its matrix ranges from coarse grained or
sandy/gravelly to a medium grained or silty/sandy matrix composition (FigGG. 6-13). This
unit is only clast supported and has an extremely firm consistence. There is also a slight
color difference between the two diamict units (Unit 2 and 3) (See E in Fig. 6-15). Unit 2
truncates Unit 1 below and has an unconformable basal contact (See C and D in Fig. 6-15
and Fig. 6-12).

Interpretation

The diamictic Unit 2 (FigGG. 6-13) is interpreted as subglacial traction till mainly based on
the presence of striations, facets and bullet-shaped clasts within the unit (Kriiger and Kjeer,
1999; van der Meer et al., 2003; Evans et al., 2006). The lower boundary with Unit 1 is
interpreted here as an erosional contact where glacial ice truncated pre-existing fluvial
sediments, leaving the overlying till unit.

Unit 3: Firm, fissile and matrix/clast supported diamict (Dp/s C(m3)4)

Unit 3 is slightly banded or stratified but no other structures were observed. It has a coarse
grained, sandy matrix but is very clast rich and even clast supported in places. The clasts
range from rounded to very angular. The unit is extremely firm overall and shows delicate
fissility. Striations, facets and bullet-shaped clasts were found in the clast sample (FigGG.
6-13). The boundary with the lower diamict unit is a gradational boundary (See E in Fig.
6-15). Diamict unit 3 resembles unit 2 in Section 1.

Interpretation

The diamictic Unit 3 (FigGG. 6-13) is interpreted as a subglacial traction till mainly based
on the presence of striations, facets and bullet-shaped clasts within the unit as well as
fissility visible in places (Kriiger and Kjaer, 1999; van der Meer et al., 2003; Evans et al.,
2006).
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Figure 6-13:
Proximal

Figure 6-14:
Central

Glacier flow direction
Ridge trend: 335°

20 M | e e 1 L
z : \® J:

10m -

-
Cal

' 60 m
30° 201 40m Orientation of section: 210°
- —_—

Fig. 6-12 A) Photograph of Section 2 showing the location of log in Figs. 6.13; 6.14 in white
boxes. B) Drawing of Section 2 showing the measurements for dip and dip direction of
stratigraphic beds in white boxes. The measurements from the diamictic Unit 3 are plotted
on a stereograph to the right as black dots. Samples from all units are marked with S2-CS-
U1, S2-CS-U2 and S2-CS-U3. Topmost diamict has stratification but no other structures. A
sand layer can be traced across from the proximal side of section and its upper boundary is
truncated by the lower diamict. A large part of the center of the diamict Unit 3 is scree but
continues towards the distal side. The lower diamict and gravel/sand boundaries are
unclear but can be traced into the Unit 3 where they are discontinued, indicating that the
surface (marked with a bold line in Fig.) is eroded.
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FigGG. 6-13. Stratigraphic log of Section 2, proximal log. Clast shape data with C40
diagrams and frequency for striae, bullet-shaped clasts and facets on clasts. RA index
shows the percentage of angular and very angular clasts in the sample (Benn and
Ballantyne, 1993).
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Central continuation of proximal log
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Fig. 6-14. Stratigraphic log of Section 2, central log. Clast shape data with C40 diagrams
and frequency for striae, bullet-shaped clasts and facets on clasts. RA index shows the
percentage of angular and very angular clasts in the sample (Benn and Ballantyne, 1993).
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Fig. 6-15 A) Shows Section 2 with white boxes indicating the location of figures B-F. B) Unit
3 is fissile but clast rich. C) A close-up of the unconformity between Unit 3, where overlying
diamict unit 2, truncates the underlying sand layers that are discontinued into the diamict
unit. D) The unconformity seen for more layers. E) Boundary between Unit 3 and Unit 2. F)
Boundary between Unit 2 and Unit 1 towards the distal (down-stream) side of the section.
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Interpretation of Section 2

The till units are overlying the fluvial units and are here interpreted to have been deposited
after the gravel and sand units below. The fluvial Unit 1 is discontinued upwards into Unit
2 (See Cand D in Fig. 6-12). This is interpreted as an erosional contact where the glacial till
has truncated fluvial sediments. After deposition, the fluvial sediments were truncated by
glacial ice, leaving striae and facets on clasts and an eroded contact (Kriiger and Kjaer, 1999;
van der Meer et al., 2003; Evans et al., 2006).

6.2.3 Section 3

Section 3 is located upstream from Section 2, next to Skeljungsa river (Fig. 6-2). The GPS
coordinates are 65.58266, -15.46619 + 3 m at an approximate elevation of 482 m a.s.l. The
orientation of the section is 24° to 320° and the ridge trend is 113°. The section is 15-20 m
wide (15 m was sketched on Fig. 6-16) and up to 3 m high in the center (Fig. 6-16). The
section itself is located at the very edge of the landform. Strings were lined up for the
height at 2.5 mintervals. The log (Fig. 6-17) was drawn approximately along the 5 m marker
(Fig. 6-16). The section can be divided into three main units: the upper diamict unit (Unit
3), underlying gravel and sand unit (Unit 2) and a fine grained, stiff unit (Unit 1).
Measurements of dip/dip direction of stratigraphic beds were made at seven locations in
the section. Two clast samples are from Unit 2 (S3-CS-U2) and Unit 3 (S3-CS-U3) (Fig. 6-16).

Unit 1: Fine grained, stiff unit (FI)

Unit 1 is a stiff layer of fines with interbedded sand-lenses, ripples and an occasional larger
clast at the bottom of the section. The dip and dip direction were difficult to estimate due
to rippling and loose material. This unit is 80 cm thick.

Interpretation

Unit 1 is interpreted as fluvially deposited sediments (Miall, 1977; Miall, 1985). The
occasional larger clast might indicate that the unit is actually diamictic and potentially
fluvial sediments that have been subsequently reworked by glacier flow (Kriiger and Kjeer,
1999; Evans et al., 2006).
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Unit 2: Stratified gravel, sand and fines (Gh)

Unit 2 is mostly gravel of up to 1 m in thickness, with clear stratification and layering. The
layers are either gravel, fine sand or silt but mostly stratified gravel with large clasts, sand
horizons and rippled sand lenses. This unit is only seen between 2.5-8 m on the width in
the section (Fig. 6-16). A 20-30 cm thick, rippled sand layer can be traced throughout the
section (See D in Fig. 6-18). It has a lower boundary with a traceable gravel layer.

Interpretation

Unit 2 is interpreted to be an originally fluvially deposited unit of sand and gravel (Miall,
1977; Miall, 1985). The diamict was deposited after the fluvial material, potentially causing
distortion of pre-existing layers.

Unit 3: Coarse, clast rich diamict (Dp/s C(m/c)3)

Unit 3 is a banded/stratified diamict unit with signs of interruption throughout the section.
It is coarse grained, sandy/gravelly, firm, fissile and has a clast rich to clast supported
matrix. This unit is overhanging in the center (at 7.5 m, Fig. 6-16(B); Fig. 6-18(E)) and is
stiffer than Unit 2 below. The boundary with Unit 2 is sharp and conformable. On the
proximal (upstream) side of the unit there is a stratified, sorted sand vein perpendicular to
the general stratification of diamict (See B in Fig. 6-18 and B in Fig. 6-16). Other sand-lenses
are aligned with the general stratification of the diamict. Unit 3 drapes over underlying
units in the lower left part of the section. This might be explained by the location of the
section in the landform (Fig. 6-16Fig. 6-18).

Interpretation

On basis of fissility, striae, bullet-shapes and facetted clasts Unit 3 is interpreted to be
subglacial traction till (van der Meer et al., 2003; Evans et al., 2006). The sand-lense,
crosscutting Unit 3 is interpreted as a hydrofracture/water dissipation structure and
indicates waterflow from permeable sand into till (Kriiger and Kjzaer, 1999; Rijsdijk et al.,
1999).
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Fig. 6-16 A) Photograph of Section 3 showing the location of log in Figs. 6.17 in white box.
B) Drawing of Section 3 showing the measurements for dip and dip direction of
stratigraphic beds in white boxes. The measurements from the diamictic Unit 3 are plotted
on a stereograph to the to the left where red dots are from Unit 2 (gravel) and black dots
are from Unit 3 (diamict). Samples are marked with $3-CS-U1 and S3-CS-U2.
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Fig. 6-17. Stratigraphic log of Section 3. Clast shape data with C40 diagrams and frequency
for striae, bullet-shaped clasts and facets on clasts. RA index shows the percentage of
angular and very angular clasts in the sample (Benn and Ballantyne, 1993).
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. Layer dip

Fig. 6-18. A) Shows Section 3 with white boxes indicating the location of figures B-D. B) The
crosscutting sand-lense that truncates through a large part of Unit 3. C) Boundary between
Unit 2 and Unit 3. D) Gravel and sand layers with ripples. E) Diamict drapes over the gravel
and sand units.
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Interpretation of Section 3

The till Unit 3 is interpreted to have been deposited after the underlying Units 1 and 2. The
fluvial Units 1 and 2 seem to have experienced some disturbance. The presence of
hydrofractures in till unit indicates that permeable layers contained water which burst into
the till unit under large pressure gradients (Rijsdijk et al., 1999; van der Meer et al., 2009).
The ridge has likely been eroded at the very edge and therefore the till unit drapes over
underlying units, providing only a small window into the landform.

6.2.4 Section 4

Section 4 is located at the southernmost location of the four sections and is situated next
to the Skeljungsa river (Fig. 6-2). The GPS coordinates are 65.58106, -15.47081 at an
approximate elevation of 484 m a.s.l. The orientation of the section is 93° but changes to
146° at 30 m. The ridge trend is 317°. The section is 35-40 m wide and up to 19 m high (Fig.
6-19). The section is not a perpendicular cross-section of the landform which might give a
distorted view into the interior of the ridge. Due to the lack of such large natural sections
and the abundance of interesting features and information found in this section there was
reason to document it. The units in this section are more difficult to distinguish apart than
in sections 1-3 where stratigraphy was more straightforward. Complex sequences of
interbedded lenses of sorted sediments and diamictic is descriptive for the section. All
layers on the distal (downstream) side of the section have a dipping trend to the southeast.
Measurements of dip/dip direction of stratigraphic beds were made at eight locations in
the section, in the central to distal parts (Fig. 6-19). No clast samples were taken from
Section 4.

Unit 1: Stratified diamict (Dy/sC/F(m2)3/4)

Unit 1 is a stratified diamict unit with medium to fine grained matrix. The unit is matrix
supported, has a moderate number of clasts and is generally firm to extremely firm. It has
clasts up to 10 cm and frequent sand and silt lenses. The unit has a lower boundary with
bedrock. The bedrock was only visible in one location of the section and could not be
inspected thoroughly in terms of potential erosional features or contact with overlying
unit.

Interpretation

Unit 1 is here interpreted as subglacial traction till based on the similarities to other fissile
units (3 and 5) in the section (Kriiger and Kjzer, 1999; van der Meer et al., 2003; Evans et
al., 2006).
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Unit 2: Laminated silt and fine sand (FI/Sh with a Sr layer)

Unit 2 is composed of dense, laminated silt and fine sand with frequent sand lenses and
small clasts of up to 3 cm. Sediments are distorted in places and layers are frequently cut
off by others (See E in Fig. 6-21). Stratification of layers is unclear. The unit is discontinued
to the right and might be a large lense which is hard to say with such a small window into
the section.

Interpretation

Unit 2 is interpreted here to be fluvially deposited sorted sediments (Miall, 1977; Miall,
1985). The layers are highly distorted, and their original structure has likely been displaced
by glacial flow.

Unit 3: Matrix supported and fine grained diamict (DmF(m1)4)

This diamict unit that can be traced across the distal, lower part of the section. It has an
extremely hard, massive, homogenous appearance and a fine grained, fissile matrix with
few clasts. The unit contains sorted lenses of sand and gravel, similar to underlying units.

Interpretation

Unit 3 can be interpreted as subglacial traction till due to its fissility (Krliger and Kjzer, 1999;
van der Meer et al., 2003; Evans et al., 2006).

Unit 4: Lenses of sand, gravel and laminated fines (Gh/Sh)

Unit 4 contains deformed but laminated silt and sand layers. Grading upwards, there are
coarser grained sorted materials with sand lenses in between fine, massive diamict layers
containing larger clasts that can be traced across the section. In the upper part of Unit 4,
there are stratified sand and gravel layers with ripples that can be traced across the section
with massive diamict layers interfingering with these layers of sorted material (See G and
Jin Fig. 6-21). Boundaries are gradational and units and layers quite often interfinger with
each other. Gravel and sand units tend to show signs of displacement. In general, Unit 4 is
irregularly stratified/banded with gravel, sand, fines and diamict lenses. There is often
some kind of interbedding between sorted sediments and diamict above. A silty dissipation
structure is visible in this unit (See | in Fig. 6-21).
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Interpretation

The distorted, lensed, sorted materials are interpreted as fluvial sediments (Miall, 1977;
Miall, 1985). The presence of silty dissipation structures in till unit is interpreted as a water
dissipation structure, indicating that permeable layers (sand and gravel) contained water
which burst into the unit under large pressure gradients (Rijsdijk et al., 1999; van der Meer
et al.,, 2003).

Unit 5: Stratified, clast rich diamict (Db/sC(c/m3)3)

Unit 5 consists of a dense diamict with frequent lenses of sorted material, large clasts and
boulders. It is slightly overhanging which indicates that this unit is harder than underlying
ones (See F and G in Fig. 6-21). The uppermost diamict is banded/stratified, very firm,
coarse grained and clast rich to clast supported. The clasts in this unit range from
subangular to angular. Gravel lenses show cross bedding and lamination and some lenses
show rippling as well as horizons of thin silty layers. The lenses of sorted material decrease
upwards in frequency and at the very top of the unit there are no sorted lenses within the
diamict. Unit 5 is similar in characteristics to diamict units in previous sections.

Interpretation

Unit 5 is interpreted as subglacial traction till because of its fissility, and similarities in
appearance in comparison with till units in sections 1-3 (van der Meer et al., 2003; Evans
et al., 2006). The unit shows signs of mixing with underlying sediments and distortion of
originally deposited sediments.
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Figure 6-20

B This section is not oriented
perpendicularly to estimated glacier flow.

Ridge trend: 317°

of section: 273° 93° 326° 146°

Fig. 6-19. A) Photograph of Section 4 showing the location of log in Fig. 6.20 in white box.
B) Drawing of Section 4 showing the measurements for dip and dip direction of
stratigraphic beds. The measurements are plotted on a stereograph to the right where
black dots are from diamictic layers in Unit 3.
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Fig. 6-20. Stratigraphic log for Section 4.
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Fig. 6-21. A) Shows Section 4 with white boxes indicating the location of figures B-J. B) The
boundary between Unit 2 and 3 showing locations for frames G, D and H. C) The boundary
between Unit 1, 2 and 3. D) A section on the distal side showing bottom Unit 1 with a
boundary to Unit 3, skipping Unit 2, which does not extend to this end of the section. E)
Disrupted layers of sand and silt. F) Overhanging diamict and irregularly stratified and
lense-rich sand, gravel and diamict. G) Boundary between Units 4 and 5. H) A close-up of
disrupted fines and sand in Unit 2. |) Dissipation structure in Unit 2. J) Interfingering of
sorted and diamict layers in distal part of the section.
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Interpretation of Section 4

Section 4 is larger and more complex than Sections 1-3. The units and their boundaries are
vague and difficult to distinguish, making it hard to put the different units into a
chronological order. For example, the uppermost unit (Unit 5) is interpreted as till, and the
same applies to the bottom unit (Unit 1). In between there are lenses of fluvial sediments
and till of varying grain sizes but some of the large ones are described here as separate
units. The section seems to be dominantly and irregularly lensed which might indicate that
all units and lenses have been displaced from original position and draped over by till.
Section 4 might have undergone ductile deformation with a significant amount of material
mixing. No major folds or tectonic features were observed in the section, but this might
also be explained by the angle at which the section is and the view that is presented into
the landform. There are visible signs of distortion where water dissipation structures,
small-scale deformation on bedding structures in sand and fines and general layer
distortion indicate movement of material. Bedrock lies underneath the section and might
indicate that the pre-existing, fluvial sediment sheet in the area is not very thick. Fluvial
sediments are likely to have been deposited in the area before glacier overrode the area
and deposited till on top. Later, both fluvial sediments and till were disturbed and mixed
together, draping a final till bed on top.

6.2.5 Ridge surface clast measurements

The ridges are commonly covered with large boulders on the surface. The boulders are
generally much larger than the clasts found in the ridge sections, which made them an
interesting topic for further investigation. A random selection of clasts on top of five ridges
in proximity to the sections described above, were measured in terms of a, b and c axes.
Their angularity was also estimated. This data has been plotted into C40 diagrams as well
as angularity histograms (Fig. 6-23). These show that the surface clasts are generally blocky
and angular to sub-angular in shape. The results from ridge surface measurements reveal
that subangular to angular clasts are more frequent on ridge surfaces than rounded to
subrounded and no well-rounded clasts were observed.
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Fig. 6-22. Large clasts are a common surface feature on top of the ridges.

1-1 1-2

(a-b)/(a-c) (a-b)/(a-c)
30 25
25 20
20
15
15
10 10
5 5
0 - . [ |
VA A SA SR R WR VA A SA SR R WR

(a-b)/(a-c) (a-b)/(a-c) (a-b)/(a-c)
25
25 20
20
20 s
15 15
10 10 10
5 5 I 5
. | - , - , [ |
VA A SA SR R WR VA A SA SR R WR VA A SA SR R

Fig. 6-23. Covariance plots and angularity histograms for surface clasts of five ridges.
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Interpretation of surface clast results

The results from surface clast analysis indicates that the large, blocky clasts were either
transported a short distance and experienced little rounding (Powers, 1953; Hambrey and
Ehrmann, 2004) or were transported supra- or englacially (Benn and Evans, 2010). The
clasts were likely transported englacially since eskers in the area (Fig. 6-2) do not have the
same surface clast characteristics as the ribbed moraines which could be assumed if the
clasts were transported supraglacially. However, the clast angularity indicates that they
were probably transported a short distance.
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7 Discussion

This study presents a comprehensive overview of the geomorphology and sedimentology
of transverse ridges in the Vopnafjérdur region, northeast Iceland. The ridges at
Hauksstadaheidi have been interpreted as ribbed moraines based on their transverse
orientation, shape, size, distribution and topographic position. They fit well with previous
studies on ribbed moraine characteristics at key sites in e.g. Scandinavia and North
America (Fig. 3-1) and are interpreted to have formed subglacially. Ribbed moraines vary
widely in internal composition and geomorphological characteristics making it difficult to
pinpoint a single formation mechanism for all ribbed moraine landscapes. In this chapter
the main findings of the study are discussed and a model for their formation is presented
and compared with existing formation hypotheses.

7.1 Ridge characteristics

The location of the ridges at the highland plateau margin and upglacier from the main areas
of streamlined terrain suggests that the ridges were formed within the onset zones of ice
streaming near the ice divides of the IIS. This kind of setting for ribbed moraine formation
has previously been proposed by e.g. Dyke et al. (1992); Hattestrand and Kleman (1999);
Stokes (2006); Finlayson and Bradwell (2008) and Angelis and Kleman (2008).

The ridges are located in depressions/basins where hydrological influences can be
expected by the discharge and collection of water in subglacial sediments. Normal stress
and overburden pressure is high as well as pore-water pressure within subglacial
sediments. Eskers in the Mo6drudalskvos basin, are located between the ribbed moraine
field in Leirvatnskvos and the Fossheidi drumlin field. Eskers are indicative of subglacial
water flow (Warren and Ashley, 1994) and have been observed to occur close by ribbed
moraines (Hattestrand and Kleman, 1999; Dunlop and Clark, 2006; Angelis and Kleman,
2008). This is in line with evidence found in the ribbed moraines such as
hydrofractures/water dissipation structures.

The ribbed moraine ridge sets (Tunguheidi, Hauksstadaheidi and Selardalur) are located
upstream of drumlin and MSGL flow sets (

Fig. 6-1). This indicates that the ridges are located at or form a boundary between fast
(thawed conditions with drumlins and MSGLs) and slow ice flow (frozen conditions or ice
divides such as Dimmifjallgardur)(Dyke et al., 1992; Hattestrand and Kleman, 1999; Dunlop
and Clark, 2006).
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Fig. 7-1. Juxtaposition of transverse ridges (ribbed moraines) and drumlins/MSGLs in
Tunguheidi. The transverse ridges tend to be lined up into rows of ridges in the direction of
the drumlins/MSGLs and are often superimposed upon the streamlined landforms.

Hattestrand (1997) suggested that drumlins often superimpose ribbed moraines and that
ribbed moraines often transition into drumlins (Lee, 1959; Hughes, 1964b; Hoppe, 1968;
Lundqvist, 1969a). The opposite is observed, where ribbed moraines superimpose and
fragment drumlins/MSGLs in Tunguheidi which is also observed by Stokes (2008) (Fig. 7-1).
This pattern continues onto Hraunfellsheidi. The ribbed moraines in Tunguheidi commonly
fragment drumlins and MSGLs into circular and transverse ridges. They cover a large part
of upper Tunguheidi and tend to line up into rows of ridges, aligned with the streamlined
NE trend of the region similar to what was observed by e.g. Aylsworth and Shilts (1989a).
This suggests that they could be re-moulded from streamlined landforms (Fig. 7-1). This
indicates that the ribbed moraines in Tunguheidi and potentially across the Vopnafjordur
region are a secondary feature to drumlins and MSGLs, which is clearly a significant future
topic of research (Dyke et al., 1992). The superimposition of ribbed moraines on
streamlined landforms in Tunguheidi possibly points out that ribbed moraines formed
following a decrease in ice streaming into Vopnafjordur during deglaciation of the area
(Aylsworth and Shilts, 1989a). This relationship between streamlined landforms and ribbed
moraines in the Vopnafjordur region needs to be further investigated since it might bring
forward important implications of ribbed moraine formation and ice stream dynamics
during deglaciation.

The Hauksstadaheidi ribbed moraines vary in shape but their regular, dense spacing and
transverse orientation is prominent in Leirvatnskvos. This might have resulted from a
greater sediment supply in the basin, while flanks might have had less material to build
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landforms from. The smaller, more fragmented ridges can also be interpreted as
hummocky remnants from a more extensive and prominent ribbed moraine field as their
shape varies greatly, potentially indicating that they have been eroded.

The internal characteristics of the Hauksstadaheidi ribbed moraines show signs of
disturbance and small-scale glaciotectonics which corresponds to other studies that have
documented ribbed moraine sedimentology (Table 1). They have distorted fluvial
composition, interbedded with till and draped with subglacial till. Hydrofractures/water
dissipation structures cross-cut both fluvial and till units. These structures are indicative of
water flow during deposition of the ridges (van der Meer et al., 2009). The ridge surfaces
are covered with large, angular boulders and clasts. Their angularity suggests minimal
glacial erosion and a short transport distance of clasts. The presence of eskers close by
which have a washed surface with sorted material indicates that the highly angular surface
boulders on the ribbed moraines were deposited subglacially. Further work is needed to
confirm these interpretations. In addition, it would be beneficial to investigate sections in
Tunguheidi and Seldrdalur.

7.2 Comparison with previous studies

The criteria for ribbed moraine characteristics put forward by Hattestrand (1997) and
presented in Chapter 3.2, applies to the Hauksstadaheidi ribbed moraine field to a limited
degree. Here, the ridges are likely composed of the same material as the surroundings or
pre-existing sediments. The drift sheet between the landforms was not observed but is
likely to have been thin as indicated by exposed bedrock in Section 4. They have neither
been observed drumlinized or transitioning into drumlins. Glaciotectonism is limited in
terms of folding and faulting but displacement of sediment is clear. A jig-saw puzzle pattern
between ridges was not observed, however due to their location, it is likely that
extensional flow played a role in ridge formation.

Table 1 shows the internal characteristics of a large amount of ribbed moraine studies that
have noted their sedimentology. Their sedimentology can be very varied although it is
interesting to see how many studies have a similar composition and characteristics as the
Hauksstadaheidi ridges (Shaw, 1979; Lundqvist, 1997; Raunholm et al., 2003; Moller, 2006;
Sarala, 2006; Finlayson and Bradwell, 2008; Lindén et al., 2008). In fact, a large portion of
the ridges mentioned in Table 1 are composed of sorted material (fluvial) and diamict (till)
and a few note glaciotectonism as claimed a frequent ribbed moraine characteristic by
(Hattestrand, 1997). Similarly, the Hauksstadaheidi sections can be described this way:
Lenses of fluvial sediments, draped by and interbedded with till, showing signs of
distortion, erosional surfaces and water dissipation structures/hydrofractures. Although
Hattestrand (1997) and Lundqvist (1989) claim that the internal composition of the ridges
is unrelated to the morphology-shaping process of ridge moraine formation, it is
interesting to see such similarities between studies from a wide range of regions as well as
time periods. However, it is argued here that the ridges are formed from pre-existing, local
sediments and their formation is controlled by external processes. Further investigating
the internal composition of ribbed moraines on a larger scale might nevertheless provide
an interesting angle on ribbed moraine studies.
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Large surface boulders are here interpreted as a part of the originally deposited till in the
ribbed moraines. Finer material was then eroded away during and after stagnation by dead
ice processes and/or fluvial processes which left large boulders as lag deposits. This could
indicate that ribbed moraines are a common product from a passive retreat of an ice
sheet/ice stream since their morphology correlates well with hummocky terrain as
observed by Burgess et al. (2003). A passive retreat is more plausible than an active one
since no signs of ice-marginal processes are visible. Sarala (2006) and Mdller (2006)
observed similar large surface boulders which were not found inside the landforms. Méller
(2006) inferred that the boulders were quarried upstream and transported englacially and
finally draping them onto the already formed ridges during deglaciation. Sarala (2006)
interpreted the coarse surfaces as bedrock quarried from upstream of each ribbed
moraine ridge, depositing rock fragments and boulders onto the next ridge under high
pressure. These two hypotheses are difficult to test with the Hauksstadaheidi ribbed
moraines since clast lithologies were not described and is less feasible in this bedrock
setting. Samples collected from the ridges were homogenous although no further
investigations were made, or any focus put on this.

Fig. 3-1 shows a classification scheme of ribbed moraine geomorphology from Dunlop and
Clark (2006). The Hauksstadaheidi and Tunguheidi ribbed moraine fields do not always
have a distinct transverse shape but their shapes are similar to those termed “Lumpy
ribbed moraine ridges” and “hummocky ribbed moraine” by Dunlop and Clark (2006).

The focus area of this study is located downstream from the topographic high,
Dimmifjallgardur, where extensional ice flow may have operated down-glacier of a cold-
based ice divide. Due to the potential for extensional flow in the downstream end of a
topographical obstruction, the fracturing and extensional theory from Hattestrand (1997)
is a likely explanation. Evidence supporting the “shearing and stacking” theory are folds
and faulting which are not observed to any large degree in the Hauksstadaheidi ridges.
Therefore, it is difficult to attribute “shearing and stacking” to the ribbed moraines in
Hauksstadaheidi. The ridges in Hauksstadaheidi, Tunguheidi and Selardalur are all formed
in narrow but shallow depressions or tracks. The Hauksstadaheidi ribbed moraines are in
a depression between an area where ice flow was most likely fast and a supposedly cold-
based ice divide. Extensional ice flow in the region was therefore likely, causing fracturing
of sediments in Hauksstadaheidi where a slow, cold-based glacier was integrating into a
warm-based, fast-flowing ice stream. This agrees with the observations of Finlayson and
Bradwell (2008) who suggest that the ridges could be formed by fracturing and extension
by slow moving ice integrating into a fast corridor of ice, thus making lateral changes in
flow velocity an important factor in ridge formation.

Hattestrand (1997) suggests that a change in bed thermic conditions from cold-based to
warm-based can cause the sediment sheet to partially thaw and break up into boudins.
The basal shear stress increases with faster ice flow and creates a patchwork of cold and
warm based ice zones, piling sediments up into ribbed moraines with the help of water
flowing towards lower pressure. Here, the fracturing model is applied to the
Hauksstadaheidi ridges. Blocks of fluvial material and till remained frozen during
displacement into ridges and were deposited and interbedded in a ductile way as they
moved towards a thawing bed. Finlayson and Bradwell (2008) note similar characteristics,
where ridges are located in a shallow depression upstream from deep valley troughs,
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making them likely to have experienced a lateral and longitudinal gradient in ice flow
velocity as described before.

A number of studies have suggested that ribbed moraine ridges are formed at a late stage
during deglaciation (Hattestrand and Kleman, 1999; Finlayson and Bradwell, 2008). This is
proposed because of the ridge’s morphology and position inside the glacier’s greatest
extent. Their location in Hauksstadaheidi suggests that they could have formed at the
onset of ice streaming (Dyke et al., 1992).

7.3 Model of ribbed moraine formation

The morphological and sedimentological data in this study suggest that the ribbed moraine
ridges in Hauksstadaheidi were formed through the collection of pre-existing material
underneath transverse crevasses at the boundary of an ice stream and ice divide (Fig. 7-2).

Before ridge formation, Hauksstadaheidi was ice free with a river running in the shallow
valley of Leirvatnskvos. The fluvial material observed in the lower part of the ridges was
deposited on top of bedrock (Fig. 7-2, A). Subsequently, the basin was overridden by a
glacier, as suggested by the overlying subglacial traction till. The fluvial sediments became
covered with, and sometimes eroded by, subglacial till, creating unconformities between
the two units. Drumlins and MSGLs were formed in the region in e.g. Fossheidi and
Tunguheidi (Fig. 7-2, B).

Drumlins and MSGLs in the highlands south of Vopnafjérdur were probably formed by an
ice stream. The Dimmifjallgardur ice divide, however, caused imbalances between the fast-
flowing ice stream and the cold-based ice divide. This caused ice in the transition zone
between the two areas to experience extensional ice flow, which in turn caused the
formation of transverse crevasses (Nye, 1952). The crevasses formed as a result of tensile
stresses pulling ice apart in Hauksstadaheidi between an ice divide and an ice stream.
Subglacial water found its way to the Hauksstadaheidi basins where sediments became
water saturated and deformable (Fig. 7-2, C).

When crevasses formed at the surface there was lower normal stress on the bed beneath.
Porewater pressure built up in the sand and gravel because of the sealing of the dense till
unit above. Eventually the seal broke and finer sediments burst into overlying sediments,
creating water escape structures (as observed in sections 3 and 4). The seal unit in Section
3 is till and sand/gravel in Section 4. These structures seem to be moving upwards, from
lower units of corresponding material. This supports the hypothesis that subglacial water
found the lowest pressure and partly frozen rafts of fluvial and subglacial traction till lenses
were dislocated into ridges located below extensional crevasses (Fig. 7-2, D). The
sediments in the ridges are generally dipping away from the center of the ridges where the
least overburden pressure is expected to be. The ribbed moraines are here thought to have
formed during deglaciation as the ice stream was slowing down, which is confirmed by the
superimposed ribbed moraines on drumlins/MSGLs in Tunguheidi. During this stage, the
cold-based region was potentially expanding towards the coast, as the ice stream shut
down and fast flow in the region had stopped (Stokes, 2006). This might also explain why
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ribbed moraines commonly superimpose and fragment pre-existing drumlins and MSGLs
in Tunguheidi.

The ice stream shut down and experienced passive retreat as a result. As the glacier
stagnated to the ridge level, the coarse ridge surfaces were eroded by dead ice and fluvial
processes when the glacier had fully retreated. The surface would then presumably have
experienced erosion of finer materials during and after deglaciation, leaving only larger,
coarse clasts on the surface as lag deposits (Fig. 7-2, E-F). However, the surface clasts have
a slightly greater angularity element than clasts sampled from the interior of the sections.
This till layer could have been transported a shorter distance than the underlying till.

The Hauksstadaheidi, Leirvatnskvos basin became a river environment again (Fig. 7-2, F).
Erosion of the ridges occurred, leaving open sections and segmented ridges behind. The
river might have caused fragmentation of the ridges into disorganized, less transverse
features. There is a possibility that the ridges could also have been decomposed during the
very last stages of ice stagnation or deglaciation in the area (Fig. 7-2, F).
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Hauksstadaheidi became ice free and then
F a river setting. Rivers eroded the ridges
and finer material washed off the surfaces
resulting in coarser ridge surfaces. Long
term erosion left a partially fragmented
ridge field.

Ice stream shut down and underwent
passive retreat. The remaining ice in
Hauksstadaheidi stagnated over a long
period. As the glacier stagnated to the ridge
level, the ridge surfaces were eroded by
dead ice and fluvial processes. Finer
material was eroded off the ridges leaving
the surface covered with large boulders as
lag deposits.

< Extensional flow
Transverse crevasse

Basal water was compressed into areas of
least pressure below crevasses. Rafts of
partially frozen fluvial material and till were
displaced into subglacial ridges underneath
crevasses. In places, they fragment or
superimpose pre-existing drumlins/MSGLs.

C < Extensional flow
Ice streaming Cold based ice

During deglaciation the ice stream shrinks
and surrounding cold-based areas grow.
Transverse surface crevasses formed due
to imbalances in ice velocities between ice
stream and ice divides. Basal water
collected  below  crevasses  where
overburden pressure and normal stress
was lower than in the surroundings.

Glacier overrode and eroded fluvial
sediments in Hauksstadaheidi, while
depositing till. Ice stream flowed into
Vopnafjordur, creating drumlin/MSGL
fields in the highlands to the east of

Hauksstadaheidi.
Legend
- Fluvial sediments
Hauksstadaheidi ~ was a  fluvial - Subglacial till
environment in a shallow valley basin. IE' .
Glacial ice

Bedrock

Fig. 7-2. Sequential model for the formation of ribbed moraines in Hauksstadaheidi. The
model is based on the sedimentology, geomorphology and landscape associations for the
Hauksstadaheidi ribbed moraines.
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It is unclear whether one model or more can explain the formation of ribbed moraines and
this study will certainly not attempt to claim either. The landforms have different
characteristics to those described by a number of studies and their geomorphology does
not correspond to all ribbed moraine morphologies. It is also clear that their environmental
associations and surroundings are not applicable between all ribbed moraine sites as
stated by Dunlop and Clark (2006). Hattestrand and Kleman (1999) and Dunlop and Clark
(2006) suggest that a single formation hypothesis will be the most successful in order to
explain the formation of ribbed moraines and their vast diversity. Whether ribbed moraine
formation is related to basal water flow, ice velocity or pressure gradients and unrelated
to pre-existing sediments or their specific surrounding landscape is hard to determine. It
will not be argued here further since there is little evidence to why the ridges should have
a poly- or monogenetic origin of formation. Until that is established, the term ribbed
moraine should only be used as a morphological term as proposed by Moller (2006).
Further research is required in order to establish a formation mechanism for ribbed
moraines. A comprehensive, interdisciplinary approach would be most successful where
glacial geology, geomorphology, glaciology and geophysical methods are considered. Such
research would surely provide the most accurate explanation to the formation of these
ambiguous landforms that ribbed moraines remain to be.
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8 Conclusion

VI.

The shape, size and topographical setting of the ridges in Hauksstadaheidi,
Tunguheidi and Seldrdalur suggest that they are ribbed moraines.

Detailed mapping and statistical analysis of the Hauksstadaheidi ribbed moraines
reveals that the ridges have a dominant transverse orientation to the estimated ice
flow direction towards the northeast. Their shape is irregular with an average
length, width and height of 112.0 m, 66.0 m and 6.4 m. Their average spacing is
125-160 m but is considerably less in areas of greatest ridge density.

The ribbed moraines occur upstream from fields of streamlined subglacial
landforms (drumlins/MSGLs), indicating that they might be formed in the onset
zone of ice streaming or in a “transition zone” between cold-based and warm-
based ice.

Extensional ice flow likely resulted in large, transverse surface crevasses in the area
of transition between cold-based and warm-based ice. It is proposed that the
ribbed moraines are formed underneath these transverse crevasses due to
variations in water pressure and lower effective stress at the glacier bed. Sediment
flux towards these areas results in the accretion of subglacial till and glaciofluvial
sediments and the formation of ribbed moraine ridges.

The ribbed moraines superimpose or segment drumlins and MSGLs in Tunguheidi,
indicating that they are a secondary feature to drumlin formation and that they are
potentially formed during deglaciation.

This study provides limited insight into ribbed moraine fields in the Vopnafjordur
region. Further investigations of these and other ribbed moraine fields in NE-
Iceland are necessary in order to test previous hypotheses of ribbed moraine
formation. Increasing the knowledge of ribbed moraines could prove essential in
order to fully understand and reconstruct the deglaciation dynamics of the
northeastern part of the IIS.
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