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!ōǎǘǊŀŎǘ 

This thesis deals with the structural glaciology of the ice margin of Múlajökull, a surge-type 
glacier in central Iceland, and the distribution and composition of till ridges that are 
exposed in the immediate foreland. Detailed structural mapping, glacial geological and 
geomorphological methods, drone and aerial images, photogrammetry and remote sensing 
are used to investigate the structural architecture of Múlajökull and the impact of its latest 
surge on the glacier surface. The mapping reveals that Múlajökull comprises a rapidly 
flowing central section bounded by slower flowing sections on either side. The boundary 
between these sections is marked by a series of poorly to well-developed brittle shear 
zones characterized by sigmoidal, en-échelon tension fissures, which can be used to 
establish the sense of shear within the ice. Analysis of these brittle deformation structures 
reveals a flow pattern of the Múlajökull margin that can be linked to a complex interplay 
between subglacial topography and glacier flow. The subglacial topography is characterized 
by an overdeepening that is delimited by an arcuate ridge near the present (2015) ice 
margin, and a series of elongate streamlined bedforms (drumlins) in the ice-marginal zone. 
A study of sedimentary ridges immediately in front of the present glacier margin shows 
that they are mainly composed of massive diamiction containing blocky clasts and localized 
pockets of sorted sediments. The distribution and orientation of these ridges has been 
correlated with the fracture pattern on the surface of Múlajökull. This indicates that the 
majority of these ridges formed through the squeezing up of mobile sub-glacial sediments 
(till) into open longitudinal fractures. Transverse ridges most likely represent seasonal, 
small push moraines. The study widens the understanding of structural flow dynamics in 
surging piedmont glaciers and the landform assemblage associated with these glaciers. The 
relationship between ice surface structures and landforms exposed upon ice retreat is still 
poorly understood but may have bearing on our understanding of ice flow within both past 
and present glaciers and ice sheets.  

 

 

 



 

¨ǘŘǊłǘǘǳǊ 

Rannsókn þessi snýr að byggingu og þróun Múlajökuls eftir framhlaupið 2008 og tengslum 
þessa við landslagið undir jöklinum. Byggingareinkenni á yfirborði jökulsins og hryggir 
framan við sporðinn voru kortlögð ítarlega með hjálp loftmynda og mynda úr flýgildi, auk 
nákvæmra hæðarlíkana. Hefðbundnum aðferðum í jöklajarðfræði og landmótun var beitt 
við að kanna setgerð, byggingu og dreifingu hryggjanna framan við jökulinn. Nákvæm 
kortlagning byggingareinkenna, s.s. sprungna, bendir til þess að rennsli og skriðhraði sé 
mestur fyrir miðju en minnki svo til beggja hliða. Mörkin á milli þessara svæða einkennast 
af misþróuðum brotabeltum með sveigðum og skástígum togsprungum sem sýna vel 
innbyrðis hreyfingar í jöklinum. Brotabeltin leiða í ljós flókið mynstur ísflæðis í sporði 
Múlajökuls og margbrotið samspil á milli jökuls og undirlags. Undirlag Múlajökulls 
einkennist af djúpu bæli innan við bogadreginn hrygg og raðir ílangra jökulalda sem finnast 
undir núverandi jökulsporði. Langflestir hryggjanna framan við jökulinn liggja nokkurn 
veginn samsíða flæðistefnu hans og langsprungum í sporðinum, og samanstanda 
mestmegnis af jökulruðningi með kubbalaga hnullungum og einangruðum vösum af 
aðgreindu seti. Þetta bendir til þess að hryggirnir hafi líklega myndast er botnurð þrýstist 
upp í sprungur sem náðu niður í botn jökulsporðsins. Einstaka þverstæða hryggi má einnig 
finna þétt við jökulsporðinn en þeir eru taldir vera ýtigarðar og ekki beintengdir 
sprungumynstri jökulsins. Rannsóknin eykur skilning okkar á flæði framhlaupsjökla og 
sprungukerfi þeirra, sem og á dreifingu landforma og tengslum þeirra við sprungukerfi 
jöklanna. Þessi tengsl eru enn torskilin en geta veit mikilvægar upplýsingar um hegðun og 
flæði bæði núverandi og horfinna jökla  
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1  Introduction   

 

Research on glacier dynamics involves understanding strain and structural histories of the 
ice. This is revealed by previous studies that have furthered our knowledge on the 
mechanisms controlling the forward motion of glaciers and ice sheets (Sharp, 1988; Sharp et 
al., 1988; Glasser and Scambos, 2008; Phillips et al., 2013; Phillips, et al. 2017). Fractures and 
crevasses in glaciers and ice sheets are examples of deformation structures that indicate 
permanent strain resulting from stress. These structures hold information about flow regime, 
underlying bed topography, changes in mass balance and past glacier activity (Nye, 1952; 
Herzfeld et al., 2004; Benn and Evans, 2010). The geomorphological imprint of glaciers and 
ice sheets is often revealed in their forefields due to ice retreat and holds the key to 
understanding past subglacial, englacial or supraglacial processes (Benn and Evans, 2010). 
Thus, when applied collectively, structural glaciological and geomorphological studies are a 
powerful means of reconstructing palaeoglaciological conditions in both present and past 
glaciated areas (Evans and Benn, 2004; Benediktsson et al., 2009; Benn and Evans, 2010; 
Schomacker et al., 2014; Ingólfsson, 2016). Crevasses form as a response to the tectonical 
regime and can be considered a window into the glaciers deformation history (Herzfeld et 
al., 2004). However in most glaciers crevasses open, close and deform as the glacier 
continually flows forward, thus altering the deformation history and rendering it difficult to 
read from (Harper et al., 1998). Surge-type glaciers are however different due to their 
periodic behaviour. This behaviour is characterized by buildςup of excess mass in the 
reservoir area that is then discharged towards the receiving area during a surge (Benn and 
Evans, 2010). This can result in high ice-flow velocities and a significant advance of the glacier 
snout. The irregular behaviour is seen as cyclic event that happens every few years to few 
decades. During the surge the glacier becomes heavily crevassed and endures the extreme-
member of crevassing that a land terminating glacier can experience (Benn and Evans, 2010). 
During the time between surges known as quiescence phase, the surge-type glaciers are 
practically stagnant and crevasses that have recorded the tectonic regime may be preserved, 
first in the form of crevasse traces and later in the form of ridges in the foreland known as 
crevasse-squeeze ridges (CSR) (Sharp, 1985). These ridges can withstand extended sub-aerial 
exposure and may serve as an archive for tectonic conditions of the glacier (Evans and Rea, 
1999, 2003; Evans et al., 1999; Rea and Evans, 2011).  

Today ice sheets continue to shrink through the process of large ice-streams and surface 
melting draining extensive quantities of ice from the ice-sheets into the ocean. Significant 
drainage of ice through the process of ice streaming is thought to accompany the final 
disintegration processes of ice-sheets and has been correlated to the breakdown of vast 
Pleistocene ice-sheets (Evans & Rea, 1999; Stokes et al., 2016; Stokes, 2018). Ice streams are 
however difficult to research due to geological settings, remote locations and the fact that 
they are all marine-terminating (Bamber et al., 2013). To further understand Ice streams 
researchers have taken to investigating other bodies of fast moving ice. Both ice-streams and 
surge-type glaciers are characterized by fast moving ice which makes surge-type glaciers 
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ideal analogues for observing crucial processes involving fast moving ice. Data from surge-
type glacier studies can thus be used to advance our understanding on ice-stream dynamics 
(Clarke, 1987). 

Múlajökull in the central highlands of Iceland is a surge-type piedmont glacier in the Hofsjökull 
Ice Cap and serves as a suitable area for studying the signatures of stress and strain relating 
to glacier surging and the association with land forming processes (Johnson et al., 2010; 
Benediktsson et al., 2016; Iverson et al., 2017). The glacier surges roughly every 10-15 years 
with each surge reaching about 150-300m into the forefield (Björnsson, 2003; Johnson et al., 
2010; Sigurkarlsson, 2015). Múlajökull had its last major surge in 1992 and a minor surge in 
2008, since then the glacier has retreated and unveiled a unique geomorphology. The 
forefield accompanies a field of drumlins that are splayed out in 180°, mirroring the glacier 
margin curvature. Over 140 drumlins, littered with crevasse-squeeze ridges, flutes and 
moraines, have been discovered (Johnson et al, 2010; Jónsson et al, 2014; Benediktsson et al, 
2016). Furthermore, the crevasse patterns observed on the glacier have been correlated to 
drumlin location and formation (Johnson et al, 2010; Benediktsson et al. 2016).  

The post surge crevasse pattern of Múlajökull can serve as an analogue to flow processes of 
the ice. Crevasse pattern and crevasse regime of the glacier has been mapped and linked to 
the subglacial topography which is produced from a GPR survey from 2013 and 2015. The 
flow dynamics are further correlated with the immediate landforms formed in front of the 
glacier. Special attention is set on the association between the crevasse pattern from 2008 
and emerged crevasse-squeeze ridges from 2015. The landform assemblage imprinted after 
a surge can in this way shed further light on surge dynamics and its link to subglacial bed 
geography. Further a conceptual model for surge-flow dynamics in Múlajökull, and 
development of surface structures such as crevasses will be put forth and discussed. Lastly 
the formation of longitudinal and transverse ridges in front of Múlajökull are reviewed and a 
new model for transverse ridge development is presented. 

2  Surge - type glaciers  

 

A surge type glacier is different from other glaciers due to its flow regime. In general, surge-
type glaciers demonstrate cyclic flow instability. This cyclic flow instability has been linked to 
the internal glacial system and is thought to be related to a restructuring process of the basal-
drainage system (Evans & Rea, 2003). The instability results in a repeated flow pattern but 
significant variations in flow occur between glaciers and depend on several factors such as 
their thermal state, balance velocity and enthalpy (Post, 1969; Clarke et al., 1986; Dowdeswell 
et al., 1991; Hamilton and Dowdeswell, 1996; Sevestre and Benn, 2015). Glaciers have been 
demonstrated to show surge behaviour in various geographical settings and at different 
elevations (Menzies, 1995; Benn & Evans, 1998). However glaciers that are longer, with 
branches and high areas have been shown to have greater enthalpy changes and less effective 
basal drainage systems, which suggests that they will be more prone to surging (Clarke et al., 
1986; Sevestre and Benn, 2015). It is generally accepted that a direct external control is not 
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the triggering factor for a surge. Indeed, older theories suggested external triggers such as 
earthquakes and sublglacial volcanism but these theories were rejected by e.g. (Thorarinsson 
1964, 1969; Meier and Post, 1969). However, the mass balance regime of a surge-type glacier 
is somewhat controlled by precipitation in the reservoir area which can then be related to 
external control such as climate. Thus, with a changing climate it would be expected to see a 
change in the flow regime of a surge-type glacier (Raymond, 1987). However, a glacier surge 
should not be used as a proxy for changing climate (Evans & Rea, 1999). Budd (1975) suggested 
that a surge-type glacier had too little mass to sustain fast flow but too much mass to discharge 
with slow flow alone, leading to a periodical pattern of glacier surges. The surface profile of a 
surge-type glacier will thus never attain equilibrium with the mass balance. Sevestre and Benn, 
2015 suggest that surge-type glaciers occur in a well-defined climatic envelope with mean 
annual temperatures around 0-10°C and mean annual precipitation of 200-2000mm. Their 
study reveals that surge-type glaciers cluster in Iceland, Alaska-Yukon, Arctic Canada, Novaya 
Zemlya, parts of West-Greenland and number of mountain ranges in Asia. According to 
Harrison and Post (2003), one quality seems to be general with surge-type glaciers, that is 
underneath them is a bed of easily eroded material.  

The surging instability flow regime has been described to have two phases, an active phase 
and a quiescent phase (Benn and Evans, 2010). During the quiescent phase, the glacier flow is 
slow, from few meters to tens of meters per year. The glaciers development during quiescent 
phase involves ice buildup in the reservoir area, therefore the reservoir area becomes thicker 
and the lower part of the receiving area becomes steeper (Figure 2.1). The glacier margin also 
steepens due to lack of movement in the front and constant melting of the snout. The 
quiescent period has been correlated to the rate of accumulation in the reservoir area and thus 
is partly connected to climate and local precipitation (Raymond, 1987). Quiescent periods are 
proportional with active surge lengths and are commonly constant for each glacier. Further, 
quiescent periods have been demonstrated to be different between glaciers and regions.  For 
example, quiescent phase in Svalbard usually lasts around 50-100 years while the more 
common period is 20-40 years (Benn and Evans, 2010)  

As the glacier is switching to an active phase several changes on the glacier can be observed. 
Ice in the reservoir area starts to propagate down glacier into the receiving area (Figure 2.1). 
The reservoir area thins by 10-100s of meters and the receiving area thickens in similar 
proportion. This is observed as a bulge on the glacier moving down-glacier as a kinematic wave 
(Benn and Evans, 2010). As the surge bulge moves forward the glacier experiences extensional 
stress behind the bugle but compressional stress in front of the bulge. The surge bulge does 
not always reach the glacier margin and in those cases no major advance will happen (Benn 
and Evans, 2010). If the bulge reaches the margin the glacier might advance 10s of meters up 
to 10km, usually reaching a few kilometres. During the active phase the glacier flow can reach 
flow velocities 10 to 100 times faster than flow velocity during quiescence phase (Ben and 
Evans, 2010). Fastest known peak velocities were recorded from the 1890 and 1963 surges 
from Brúarjökull, with velocities reaching 125m/day over a period of three months and glacier 
advance of about 8-10km (Thorarinsson, 1969). The active phase of a surge can last from a few 
weeks up to a few years, usually lasting a few months. The outlook of an active surging glacier 
is chaotic, according to Meier and Post (1969) who studied surge-type glacier in North America, 
ƛǘ ƛǎ ŘŜǎŎǊƛōŜŘ ŀǎ ŦƻƭƭƻǿǎΤ ά¢ƘŜǎŜ ƎƭŀŎƛŜǊǎ ŀǊŜ ǊŜŎƻƎƴƛȊŜŘ ōȅ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ Ƴƻǎǘ ŎƻƳƳƻƴƭȅ 
associated with surges: heavily crevassed surfaces, rapidly opening crevasses, sheared margins 
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and sheared-off tributaries, bulging, overriding, advancing fronts and large vertical and 
ƘƻǊƛȊƻƴǘŀƭ ŘƛǎǇƭŀŎŜƳŜƴǘ ƻŦ ƛŎŜέΦ   

 

Figure 2.1. A simple model for glacier surging. Unbroken line demonstrates the surface 

profile of a glacier before a surge, the broken line demonstrates the surface profile of a 

glacier after a surge. Ice is displaced from the reservoir area to the receiving area and is 

demonstrated with the dark blue color.  

2.1  The triggering mechanism of surges   

As surges happen in various geographical settings, different environments and scales there 
is no unifying theory that explains the surging mechanism (Evans and Rea, 2011). However, 
from various observations and numerical modelling three models have been proposed to 
explain the subglacial ice flow mechanism during a surge. Further, surges are thought to be 
connected with changes in the basal drainage system and can potentially be correlated to 
the enthalpy balance of a glacier (Sevestre and Benn, 2015). 

2.1.1  Hard - bed temperate  

This model is based on observations and data from the Variegated glacier in Alaska as it 
surged in 1982-1983 and presented by Kamb and others (1985, 1987). The model assumes 
a hard bed (frozen) underneath the glacier. During the quiescent phase water drains 
efficiently through a subglacial/englacial tunnel system (R-channels). Increased basal 
melting due to glacier thickening in the reservoir zone initiates a change in the drainage 
system as it switches from discrete tunnels to linked cavities (Figure 2.2). The linked cavity 
system restricts water drainage from underneath the glacier as the water is trapped in the 
cavities, thus building up water pressure, which, in effect, causes rapid basal sliding of the 
glacier. The linked cavity configuration involves large (1m high, 10m wide) basal cavities 
which are linked together with narrow connections (<0.1m). This type of flow is considered 
ǘƻ ōŜ Ƴŀƛƴƭȅ ōŀǎŀƭ Ŧƭƻǿ ŀƴŘ ƛǎ ŎŀƭƭŜŘ ŀ άǇƭǳƎ-Ŧƭƻǿέ ό{ƘŀǊǇ Ŝǘ ŀƭΦ мфууύΦ  
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Figure 2.2. Conception of the linked cavity basal water conduit system (Kamb, 1987). 

2.1.2  Soft - bed thermal switch  

A second surge model is presented by Fowler et al. (2001) and focuses on surges in 
polythermal surge-type glaciers with an unlithified bed. It is assumed that glacier thickness 
indicates if the bed is warm or cold in such way that thin glacier is equal to cold-based and 
thick glacier is equal to warm-based. Thus, at least the margin is presumed to be cold-based 
and the thicker reservoir zone is presumed to be warm-based. Meltwater from the warm 
based zone is transferred to the margin through the till layer. Melt water drainage is controlled 
by till layer thickness and till permeability. An increase in the meltwater transfer increases 
basal water pressure which in turn weakens the till layer. The till layer fails and dilates. Dilated 
till acts as a water reservoir for the basal water. Weakened basal till deforms and induces basal 
motion which in turn increases basal melting. This positive feedback is suggested to be the 
main surge mechanism. The activation wave (cold-warm switch) travels up and down glacier 
from the warm-based zone. Where the activation wave is faster than the potential surge wave 
no surge front forms and the tectonic configuration is only extensional (Rea and Evans 2011). 

 

2.1.3  Soft - bed temperate    

This model has similarities with the soft-bed thermal switch model. Here an unlithified till layer 
underneath a warm-based glacier is assumed. Drainage is through pipes in the sediment, 
preferably where fines have been sorted out. Effective pressure decreases as pore water 
pressure in the till increases. Pipes in the till layer can drain most of the basal water but at a 
certain tipping point the pipe system fails and an effective distributed drainage system is 
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initiated (Björnsson 1998). The activation wave speed is equal to the potential surge wave 
speed and thus a ramp is expected to form as the surge propagates forward. This type of surge-
mechanism is known in Iceland, where warm based glaciers move over soft till beds and at 
least some surges have been demonstrated to have an inefficient drainage system (Björnsson, 
1998; Evans and Rea, 2011). 

 

2.1.4  Subglacial mechanism for fast ice flow  

In the sections above three surge-mechanism models were explained, lacking these models 
are concepts of how the glacier interacts with its base and moves during surges. Three 
concepts for glacier base interaction have been put forth which involve the interaction 
between the ice-sediment and/or sediment-bedrock interface. First concept (Basal sliding 
model) involves a glacier decoupled from its bed. Decoupling is sustained by enhanced basal 
sliding by the ice-sediment interface which results in limited or none deformation of the 
subglacial bed (Engelhardt and Kamb, 1998) (Figure 2.3 (A)). Second concept (Deformable bed 
model) involves a glacier coupled to its bed and fast ice flow that is sustained by deformation 
of the subglacial bed (Alley et al., 1989). The deforming bed is demonstrated to have separate 
horizons which move at different speeds, increasing upwards (Boulton and Hindmarsh, 1987) 
(Figure 2.3 (B)). Third concept (Dual-coupled model) involves a glacier coupled to its bed but 
the sedimentary bed is decoupled from the bedrock interface. This concept is marked by slow 
subglacial deformation but a substantial dislocation of sediments due to the decoupling 
between sedimentary bed and bedrock. Water escape structures show that water and 
sediment is forced along a near-impermeable bedrock surface (Kjær et al., 2006) (Figure 2.3 
(C)). Mechanism for fast ice flow is likely not constrained to one of these concepts but they 
can all explain how high ice flow velocities can be sustained by the presence of subglacial till 
and limited subglacial drainage during a surge. Deformation of subglacial till has been reported 
by numerous studies (Benn and Evans, 1996; Boulton et al., 2001; Cofaigh and Evans, 2001; 
van der Meer et al., 2003; Evans et al., 2006). 

  

Figure 2.3. Concepts associated with glacier surging and ice stream movements, shown by 

three different models. A) Basal sliding model. B) Deformable bed model. C) Dual-coupled 

model. For more information see chapter 2.1.4. Figure is taken from Kjær et al., 2006 
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2.2  Landforms connected with surge - type 

glaciers  

 

Glacial landforms such as crevasse-squeeze ridges, concertina eskers, long flutes, 
glaciotectonic end moraines and hummocky moraines have been linked to surging glaciers 
(Knudsen, 1995; Evans and Rea, 1999, 2003; Schomacker and Kjær, 2007; Benediktsson et 
al., 2008, 2010; Evans et al. 2010; Schomacker et al., 2014). Evans and Rea (2003) 
investigated the landsystems in front of surging glaciers in Iceland and Svalbard to propose 
a uniform surging glacier landsystem model which can also be applied to terrestrial palaeo-
ice streams in e.g. USA and Canada (Evans and Rea, 1999, 2003; Evans et al., 1999; Kjær et 
al., 2006, 2008). A landsystem model for the Eyjabakkajökull surge-type glacier in Iceland 
was constructed by Schomacker et al., 2014 and partly builds on the model from Evans and 
Rea (2003). The landsystem is dynamic and shows different assemblages of landforms and 
sediments, usually divided into three zones (A, B and C) (Figure 2.4). Zone A contains a multi 
crested, glaciotectonic end moraine. This zone is subject to multiple surge advances 
accompanying frequent high compressional strain and thrust of the glacier margin with a 
following dead-ice melt out. Zone B sometimes contains overridden moraines but is 
otherwise characterized by a pitted outwash partly deposited atop the stagnant glacier 
front. Zone C is the inner zone by the glacier margin where most subglacial landforms such 
as flutes, crevasse-squeeze ridges (CSRs), drumlins and concertina eskers are found. Zone 
C is subject to subglacial deformation and filling of basal cavities during the surge or the 
surge-quiescent phase, with additional active melt water channels (Evans and Rea, 1999; 
Schomacker et al., 2014). However, Evans and Rea (1993) note that no individual landform 
can pinpoint surge-type glacier except for probably concertina eskers which are difficult to 
identify. Crevasse-squeeze ridges highly suggest that the glacier is a surge-type glacier but 
none surging glaciers can also develop CSRs, they are however very likely to be destroyed 
by the active glacier margin (Evans and Rea, 1999). Nevertheless, landforms glaciers leave 
behind are our key tools to understand subglacial processes and interaction between the 
ice-sediment interface and/or sediment-bedrock interface (Ingólfsson et al., 2016).  
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Figure 2.4. Surging glacier land-system for the terrestrial surge-type glacier Eyjabakkajökull 
in Iceland. Taken from Schomacker et al. (2014). 

 

3  Crevasses and crevasse - squeeze 

ridges  

 

One of the first ideas for crevasse formation in glaciers came from Scheuchzer (1723) where 
he explained them as expansion of air bubbles during the warmth of summer. In 1830 Hugi 
suggested that thermal stresses could generate crevasses during warm spells (Hugi, 1830; 
Van Der Veen, 1999). In the 1840s it became generally accepted that crevasses were caused 
by differential movement in glaciers. This lead to conflicting views towards glacial 
movement and in the 19th century Forbes and Hopkins debated strongly about the two 
main ideas regarding glacial movement. Forbes believed that a glacier could behave 
ǇƭŀǎǘƛŎŀƭƭȅ ŀƴŘ ŘƛŘƴΩǘ ƴŜŎŜǎǎŀǊƛƭȅ ōǊŜŀƪ ǳǇ ŀƴŘ ŦǊacture while flowing (Forbes, 1859; Van 
Der Veen, 1999). On the other hand Hopkins believed that glaciers behaved as solid 
material and moved forward by breaking up into smaller pieces and then melting again into 
a homogeneous mass (Hopkins, 1862; Van Der Veen, 1999). The debate was settled when 
experiments showed that ice could deform under pressure without fracturing and thus 
marked the threshold for present day theories on glacier flow (Walker and Waddington, 
1988; Van Der Veen, 1999). The topic of crevasses in glaciers has recently received 
increased attention due to their implication towards increased flow rates for outlet 
glaciers, especially in Greenland in the form of calving (Benn et al., 2007; Rea and Evans, 
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2011). More recent studies aim to explain glaciers calving and more concerning, breakup 
of numerous ice shelves in the Antarctic.  

Crevasses are our key component to understand past strain and structural evolution of 
glaciers (Herzfeld et al., 2004). Crevassing has been explained by numerous theoretical and 
empirical studies which have advanced our general understanding of crevassing in glaciers 
and advanced our understanding on more complicated shearing or chaotic localized 
crevassing. In the sections below pioneering studies for crevassing on glaciers will be 
viewed both general and in a relation with surge-events. 

3.1  General overview on th eoretical and 

empi rical outlook on crevasses  

 

The fracturing of a glacier holds information of what processes are at work and have been 
ŘŜǎŎǊƛōŜŘ ŀǎ άǘƘŜ ǿǊƛǘƛƴƎǎ ƛƴ ŀ ƎƭŀŎƛŜǊΩǎ ƘƛǎǘƻǊȅ ōƻƻƪέ όIŜǊzfeld et al., 2004). Glacier 
fracturing can hold information about ice movement, glacial contact with bed topography 
and developments on and in the ice such as moulins and calving and shearing of ice stream 
margins. In general, crevasses will open up in the direction of maximum tension and trend 
perpendicular to the principal tensile stresses in the ice (Nye, 1952; Ben and Evans, 2010; 
Cuffey & Paterson, 2010).  

The theoretical approach for explaining glacier crevasses focuses on explaining crevasse 
formation in simple situations that can be applied to most glaciers. A fundamental study by 
Nye (1952) explains the two most simple and common crevasse formations seen on 
glaciers. Nye explained two types of glacier flow regimes by analysing a glacier flowing in a 
valley of constant width. The first type of flow shows longitudinal stress and is compressive 
throughout the glacier depth. This type of flow is compressive flow and results in thrust 
faults (Figure 3.1a and 3.2c). The second type of flow is also longitudinal and compressive 
at depth but tensile in the upper parts of the ice resulting in transverse fractures and is 
regarded as extensive flow (Figure 3.1b and 3.2b). These theoretical results explain general 
patterns found on many glaciers and can be generalized as longitudinal extension in the 
reservoir area and longitudinal compression in the receiving area (Rea and Evans, 2011) 
(Figure 3.2). 
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Figure 3.1. Modeled concept of the two most common and simple crevasses found in 

glaciers. a) Compressional flow results in thrust faults. b) Extensional flow results in open 

mode fracturing. Figure to the left is from Twiss and Moores, (1992) and Figure to the right 

is from Benn and Evans, (2010) adopted from Benn et al., 2007b. The Greek letter Sigma 

stands for stress, sigma 1 stands for principle direction of stress, sigma 2 stands for 

secondary direction of stress and sigma 3 stands for third direction of stress. 

 

The theoretical approach is of great value when asserting crevasse regimes on glaciers and has 
been tested in the field with good results (Meier, 1960; Harper et al., 1998). However different 
crevasse patterns will develop on glaciers that are hard to model in a general way and 
empirical results are then used instead of theoretical approaches. Localized effects such as 
bed geometry, glacier flow regime and geographical location could all potentially develop 
crevasse patterns. In general, transverse crevasses form where the longitudinal profile 
changes and glaciers experience a sudden increase in flow. This can happen where there is e.g. 
a change in bed geometry, such as a drop or a sudden incline of bed slope (Hoppe, 1952). 
Longitudinal crevasses form where the glacier flows from a narrower valley or passage and 
onto a broader or wider area. This is common in valley glaciers where the glacier spills out of 
the valley into a broad open area and the crevasse pattern often appears as longitudinal 
crevasses throughout the glacier margin, these crevasses are also called radial crevasses (Benn 
and Evans, 2010). Oblique crevasses can form from a sudden change in flow throughout the 
glacier, as is common along/near the lateral margin of a glacier due to friction by the valley 
walls (Figure 3.2c). The traction between ice and the valley wall is high and so the glacier 
movement is hectic. This causes slower movements to the sides and a zone of tension where 
the slow and faster flow meet, resulting in crevasse formation oblique to normal flow (Hoppe, 
1952; Nye, 1952). This type of fracturing is also referred to as Chevron crevasses and have 
been observed in ice streams or where there is a strong lateral gradient in ice flow velocity 
(Figure 3.2a) (Benn & Evans, 2010).  
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Figure 3.2. a) Effect of shear stress exerted by valley walls only, so called Chevron crevasses 

are formed. b) Shear stress and extending flow. c) Shear stress and compressing flow 

resulting in splayed crevasses. Modified from Benn and Evans, (2010) and adapted from 

Nye (1952). The Greek letter Sigma stands for stress, sigma 1 stands for principle direction 

of stress, sigma 2 stands for secondary direction of stress. 

Further, deformation in a glacier could be seen as continuous but localized zone of 
shearing. Such shearing can appear as systematically stepping fractures, which have been 
referred to as en-échelon faults. En-échelon crevasses indicate that two deformation 
events have affected the ice at two different times (Herzfeld et al., 2004). If the crevasses 
are purely open they are called tension gashes but the shear fractures are called Riedel 
shears (Herbst et al., 2006). The crevasses within an en-échelon fault form perpendicular 
to minimum principal stress and appear linear and open. During continuous shearing the 
fractures rotate and develop a sigmoidal form. These deformation faults are often 
described as first or second generation which depends on how much rotation the fractures 
show (Figure 3.3) (Twiss and Moores, 1992; Peacock and Sanderson, 1995).  
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Figure 3.3. Localised zone of shearing demonstrating crevasses withs En-échelon geometry. 
Crevasses  open up perpendicular to minimum principal stress. a) First degree en-échelon 
fault has little to no rotation. b) Second degree en-échelon faults have developed sigmoidal 
forms over time. Taken from Benn and Evans 2010. 

 

3.1.1  Crevasse depth   

One of the first approaches for crevasse depths comes from Nye (1952). Potential crevasse 
depth is thought to exceed where the over-burden pressure equals tensile stresses in the 
glacier. At that point the stress field would become compressional and the crevasse would 
close up (Figure 3.4a) (Nye, 1952, 1955). Nye hypothesized that the initial depth of 
crevasses would be 11 m and that it could potentially reach 23 m.  

Crevasses can penetrate deeper with the presence of water. The water pressure pushes on 
the crevasse walls and acts as a wedge force that slowly cuts deeper down (Weerman, 
1973). However, for a crevasse to cut down to the glacier base the crevasse needs to be 
filled up to 97% its height of water (Benn and Evans, 2010; Figure 3.4b). Such extremes 
have been related to crevasses draining large (2 km diameter) supraglacial lakes found on 
the surface of Greenland Ice Sheet (Das et al., 2008). As the crevasse reaches the glacier 
base it creates a direct conduit from the surface to the base, causing the supraglacial lakes 
to drain quickly (within a day), ultimately creating a moulin (Das et al., 2008). This amount 
of water in a surge-type glacier is, however, unlikely (Rea and Evans, 2011). In thinner ice 
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it is potentially possible to get a full depth crevasse but the high values required for a full 
depth crevasse is hard to acquire, even in a 20 m thick ice. Crevasses usually appear in 
zones with short spaces between them rather than as isolated crevasses. The short spacing 
between crevasses further lowers the chance of full depth crevasses to form due to limited 
tensile stresses in the glacier slabs between crevasses (Weerman, 1973; Van der Veer, 
1998; Rea and Evans, 2011). Measured crevasse depths in temperate glaciers have seldom 
reached more than 25-30 m; however, descriptions of deeper crevasses can be found in 
mountaineering literature (Cuffey and Paterson, 2010)  

In a surge type glacier a more likely candidate for a full depth crevasse is a bottom up 
crevasse due to the high basal water pressures sustained during a surge. High basal water 
pressures have been reported underneath surge-type glaciers in various regions, as in 
Alaska (Kamb, 1987), Iceland (Björnsson, 1998, 2003) and Greenland (Roberts et al., 2009). 
Reported basal water pressure values in surging glaciers have shown to be well within the 
magnitude of full depth bottom-up hydrofracturing (Rea and Evans, 2011). Investigation of 
en-glacial and subglacial features such as hydrofractures or bottom up crevasses has been 
made possible with the use of ground penetrating radar (GPR) (Murrey et al., 2000; 
Woodward and Burke, 2007; Phillips et al. 2014). Buried crevasses show up as hyperbola 
on GPR records and have helped estimate the timing of ice stream inactivation (Nath and 
Vaughan, 2003). Further, GPR measurements have been used to build 3-D models of en-
glacial fault systems and relate them to the en-glacial drainage system and associated 
subglacial landforms (Phillips, et al 2014; Finlayson et al., submitted).  

 

Figure 3.4. a) Extensional flow pulls the ice apart, compressional flow from the glacier 
weight limits the growth of a crevasse and pushes the ice together. b) Demonstration how 
water filled crevasse could potentially penetrate the ice to greater depths. Taken from Ben 
and Evans, 2010. 



14 

3.2  Crevasse regime on surge - type glaciers  

 

Slow and steady flowing glaciers are in large deformed by the process of creep. Surge-type 
glaciers experience very high velocities during their active phases (10-100 times that of the 
quiescent phase) and are thus not capable of deforming through creep only. Observations 
have shown that during a surge the stagnant front is either overridden or reactivated by 
active ice (Dolgushin and Osipova, 1975). As a glacier surges it experiences high stresses 
(both tensile and compressive) and deforms through brittle deformation. The glacier 
surface is thus transformed into a chaotic array of crevasses and ice pinnacles (Cuffey and 
Paterson, 2010). Detailed research on the structural development of surge-type glaciers is 
rather rare. However, during a surge in the temperate glacier Skeiðarárjökull (a southern 
outlet of the Vatnajökull ice cap), Björnsson (1998) monitored the development closely 
from air. As the surge initiated, crevasses formed 10 km from the glacier margin and 
propagated both up and down glacier. By the end of the surge, crevasses reached 45 km 
up-glacier from the margin and covered an area of 1000 km2. The development of crevasses 
seems highly random and unpredictable, but there could be a pattern to crevasse 
formation on surge-type glaciers. Lawson (1996) did a case study on the crevasse 
development in the Variegated surge-type glacier, Alaska, and looked at dynamic structural 
changes between surge events. The glacier surged three times within the period studied 
(1948-1983) and during each surge the glacier surface transformed into a chaotic mess of 
crevasses. However, there was variation in crevasse formation across the glacier and the 
spatial distribution for different crevasses remained similar even though there was a 
significant volume difference between these three surges (Lawson, 1996). This suggests 
that a pattern of development could apply to surges and surge cycles.  

During surge events the drainage of glaciers seems to change dramatically. Water starts to 
sprout up from crevasses tens of meters from the glacier margin and gush out of debris 
entrained faults and actively moving faults (Sharp, 1988; Lawson et al., 1994; Björnsson, 
1998). Dye-tracing has revealed that during a surge water drains slowly from the glacier by 
its usual main drainage routes. The drainage has been observed to change from a single 
large channel into multiple smaller channels (Humphrey and Raymond, 1994; Björnsson, 
1998). After a surge though, water has been demonstrated to emerge from underneath the 
glacier faster and through a more direct drainage route (Kamb et al., 1985; Cuffey and 
Paterson, 2010). 

 

3.3  Crevasse - squeeze ridges  

 

For the last century glaciologists have had a hard time explaining the origins of ridge 
networks in front of glaciers which we now refer to as crevasse-squeeze ridges (CSRs). One 
of the first descriptions of these ridges comes from Lamplugh (1911) where he describes 
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ǘƘŜƳ ƛƴ ŀ ǎǇŜŎǘŀŎǳƭŀǊ ǿŀȅΥ ά9ŀŎƘ ŎǊŜǾŀǎǎŜ ƘŀŘ ōŜŜƴ ŦƛƭƭŜŘ ǳǇ ōȅ ōƻǳƭŘŜǊ-clay, and the 
ƳŜƭǘƛƴƎ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ ƘŀŘ ƭŜŦǘ ǘƘŜǎŜ Ŏŀǎǘǎ ƻŦ ŎǊŜǾŀǎǎŜǎ ǇǊƻƧŜŎǘƛƴƎ ƭƛƪŜ ǊǳƛƴŜŘ ǿŀƭƭǎέΦ IƻǇǇŜ 
(1952) did an extensive study on hummocky landscape in Sweden in 1949-1952. He 
described ridges in hummocky landscape and set forth a model showing how they could 
have formed (Figure 3.5). His suggestion involved basal till squeezing up into cavities such 
as crevasses, water eroded cavities or other kind of cavities. 

Johnson (1975) described and suggested a different formation process for ridges in front 
of the Donjek glacier of the Yukon-territory. He called the ridges crevasse fills, and 
suggested formation by the infilling of crevasses by supraglacial and englacial sediment 
accumulation processes. He further correlated the orientation of glacial crevasses with the 
trend of ridges in front of the glacier.   

Sharp (1985) did a detailed analysis of CSRs in front of Eyjabakkajökull, Iceland, where he 
was able to trace CSRs to their englacial origin. He also observed flutes that had risen as 
they intersected CSRs, suggesting that the CSR material is englacial while the flute 
formation takes place He described steeply dipping clasts in the ridges, which could be 
explained by the process of basal squeeze up (Sharp, 1988). The problem with CSRs on top 
of flutes is suggested to be a contemporaneous formation of a CSR and a flute; sediment is 
thus squeezed up in crevasses/cavities above flute formation (Sharp, 1988). 

 

Figure 3.5. Illustration for ridge formation in hummocky moraine regions by Gunnar Hoppe 
(G. Hoppe, 1952). 

 

Evans and Rea (1999; 2003) mapped crevasses on the margin of Brúarjökull using time 
series of aerial photographs which showed that three years after a surge, crevasse patterns 
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and CSR patterns matched, which strongly suggests full-depth or near full-depth crevasses. 
On Eyjabakkajökull it is suggested that CSRs are formed during intense crevasse events of 
surges and that CSRs are made out of similar material as basal till, not from supraglacial 
origins (Sharp et al., 1988).  

The generally accepted formation of CSR is usually correlated to the later phases of a surge 
or even early quiescence when the glacier is known to be heavily crevassed. As the glacier 
stagnates and thrusts down into the basal till, the saturated sediment squeezes up into 
cavities and openings in the basal ice (Evans and Rea, 1999). The ice then starts to melt 
down in an in situ position, leaving the CSRs intact and unmoved. However as these ridges 
are largely correlated with surge-type glaciers and CSR patterns are often found in front of 
surge-type glaciers (Sharp, 1985; Evans and Rea, 1999, 2003), they can not be regarded as 
unquastionable evidence for surging behaviour. Temperate piedmont glaciers in Iceland 
have recently been reported to have CSR patterns in front of them and the CSRs have been 
linked to the splayed out crevasse configuration in the piedmont lobe (Evans and Orton., 
2015). Further CSRs have been related to be produced during final stages of ice streams 
before ice stream shut down thus revealing that individually these landforms are not 
diagnostic of surging (Evans et al., 2016). 

A main factor for CSRs to be preserved is a stagnant glacier front after the ridges have been 
deposited. If the glacier front is still active ridges will be destroyed or modified (Evans and 
Twigg, 2002; Evans and Rea, 2003). If CSRs are preserved in the forefield they can be 
regarded as archive for the tectonic conditions of the glacier and used to advance our 
understanding of the glaciers stress dynamics which could then be related to glacier flow 
dynamics (Evans and Rea, 1999, 2003; Evans et al., 1999; Rea and Evans, 2011). 

Bjarnadóttir (2007) investigated the geomorphology in front of the Brúarjökull surge-type 
glacier in Iceland. She proposed a conceptual model to explain the formation of CSRs and 
flutes (Figure 3.6). The model builds on pressure differences as sediment is dragged into 
basal crevasses and depicted that it happens as the surge bulge passes the area. The 
sediment filled basal crevasses could then be dragged forward with glacial flow and deposit 
further down-glacier. This could result in difference in ridge sediment composition and 
substrata composition (Bjarnadóttir, 2007). A recent study at the Trygghamna locality in 
Svalbard investigated CSRs in front of two surge-type glaciers, Kjerulfbreen and 
Harrietbreen. There, CSRs were observed on bedrock, which strongly suggests that CSRs do 
move some distances within the glacier after they have been entrained and before they are 
deposited (Ben-Yehoshua, 2017). Flutes are considered to be a basal feature not loose till 
(Chrisoffersen et al., 2005) and so as the glacier stagnates with sediment filled basal 
crevasses it is a coincidence whether or not the CSR is above a flute (Bjarnadóttir, 2007; 
Ben-Yehoshua, 2017).  
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Figure 3.6. Conceptual model from Bjarnadóttir (2007) as depicted for the surge-type 
glacier Brúarjökull. a). As the surge bulge propagates forward the glacier experiences 
compression in front of the bulge but extension behind the bulge, in the extensional zone 
basal crevasses form and sediment is squeezed up into the crevasses. b) Demonstrates 
transport within the glacier as the CSRs are cut off from the bed. c) Conception on how 
the crevasse system might look as the glacier stagnates. d-f) A conception on how the 
melt out of CSRs might take place, during these processes some re-distribution due to 
ablation might take place. 
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4   Múlajökull  

 

Múlajökull is a 70 km2 large, surge-type and warm-based piedmont glacier of the Hofsjökull 
ice cap in central Iceland. The glacier descends from a 7 km wide accumulation zone in the 
ice-filled caldera of the Hofsjökull central volcano and flows through a 2 km gap between 
Mt. Hjartafell to the west and Mt. Kerfjall to the east before it spills out onto a rather flat 
forefield at ~620 m a.s.l. (Jónsson et al., 2014; Benediktsson et al., 2015; Björnsson, 2009). 
The glacier margin is about 6.5ς7 km long and arcuate with the middle section reaching 
furthest out into the forefield. The glacier margin usually has a steep gradient, up to 10-12° 
but levels out up-glacier to 1-3° (Johnson et al. 2010). In 1983 the subglacial bed topography 
was estimated with radio echo soundings and revealed an overdeepening under the centre 
of the piedmont lobe showing the bed to be 100 m lower than the marginal forefield 
(Björnsson, 1988). Detailed radio-echo soundings at the lowermost part of the Múlajökull 
lobe in 2015 revealed that the overdeepening is about 130 m deep and delineated by a 
large arcuate ridge under the ice margin (Í.Ö. Benediktsson, pers. comm. 2017).  

The surge history of Múlajökull has been documented by ground surveys and remote 
sensed techniques, both methods suggest a similar development and surge cycles for the 
glacier.  An assessment for surging glaciers in Iceland confirms surges in Múlajökull in 1924, 
1954, 1966, 1971, 1979, 1986 and 1992 (Björnsson et al., 2003). Sigurkarlsson (2015) 
confirmed surges in 1954, 1971-1972, 1979, 1986, 1992 and 2008-2009, by the use of 
remote sensed data from IGS and NLSI. During each surge the glacier advances about 150-
300 m into the forefield, covering and impacting the same 0.4 ς 1.3 km2 of the forefield. 
The forefield is an expansive plain of subglacial till with surge-type related landforms such 
as crevasse-squeeze ridges and flutes which are often superimposed on drumlins within a 
prominent drumlin field (Johnson et al., 2014; McCracken et al., 2016). The 1992 surge 
advanced far out and completely overrode the 1979 end moraine and partly the 1954, 1972 
and 1986 end moraines (Jónsson et al., 2014; Benediktsson et al., 2015; Sigurkarlsson, 
2015). A small surge happened in 2008 and left behind a 20-30 m wide, 3-6 m high ice-
cored end moraine that was observed during fieldwork in 2009 (Jónsson et al., 2014; 
Benediktsson et al., 2015;). This assessment suggests that Múlajökull surged 7-8 times in 
the last 84 years. Average retreat rate of Múlajökull is about 30 - 45 m/year and has been 
relatively consistent since 1937. However, this retreat is usually punctuated with surges. 
From 1937-1992 the location of the glacier margin has been similar after each surge. Since 
1992 there has been one small surge recorded in 2008 that does not follow the usual surge 
pattern observed in Múlajökull since 1937. The 2008 surge advance terminated well inside 
the limits of previous surges; thus, it did not override any previous moraines and is easily 
recognizable in the forefield. The glacier is now located 700-800 m inside the 1992 moraine, 
which marks the last major surge advance (Jónsson et al., 2014; Benediktsson et al., 2014; 
Sigurkarlsson, 2015). Increased retreat rates in recent decades and lack of ice in the 
reservoir area is likely directly related to negative mass balance of the Hofsjökull ice cap 
(Benediktsson et al, 2015; Sigurkarlsson, 2015). Aðalgeirsdóttir et al 2006 modelled the 
climate response for the Hofsjökull Ice cap and concluded that ongoing warming will reduce 
the Ice cap by about 40% in the next 100 years and that runoff from Hofsjökull will increase 
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by 25-35% by the year 2030. The climate model also demonstrated that from 1981-2000 
precipitation for the Hofsjökull ice cap was on average 2.4m w.e. yr-1.  

 

 

During ongoing retreat since 1992, a prominent drumlin field has appeared from 
underneath Múlajökull and is considered the only active drumlin field in the world (Johnson 
et al., 2010). Drumlins appear in a fanned pattern emerging from the glacier margin with 
orientation variation of roughly 180° mimicking the curvature of the Múlajökull margin 
(Johnson et al., 2010; Jónsson et al., 2014; Benediktsson et al., 2016). Over 140 drumlins 
have been mapped in the glacier forefield averaging around 10 drumlins/km2 with average 
spacing of 94 m. The drumlins seem to be higher and wider upglacier and taper 
downglacier, they range from 74ς545 m in length, 28ς150 m in width and 2.5ς13.7 m in 
height (Benediktsson et al., 2016). While observing the glacier front during fieldwork in 
2015, at least three partly emerged drumlins were observed .Subglacial and supraglacial 
meltwater streams are on either side of drumlins and water flows into low relief areas 
between drumlins where marginal lagoons or ponds are formed. Landforms such as 
crevasse-squeeze ridges, small push moraines and flutes are draped over the drumlins 
(Jónsson et al., 2014). Drumlins are almost entirely composed of till but they do show 
bedding, which is considered to represent periods of deposition and erosion during 
individual surges (Johnson et al., 2010; Benediktsson et al. 2016; McCracken et al., 2016). 
Drumlins are long, narrow and tall in areas where surges have been more frequent but 

Figure 4.1. A). An orthorectified aerial photograph from 1995 showing Múlajökull as it flows 
between two mountains (Hjartafell to the west and Kerfjall to the east) and spreads out onto 
a relatively flat forefield. Splayed crevasses can be identified in the marginal zone of the 
glacier,and drumlins, end moraines and proglacial lakes in the forefield. B) Shows the location 
of the outlet glacier Múlajökull in Hofsjökull, image taken from the base-map layer from 
ArcMap. C) Shows the location of Hofsjökull in Iceland. 
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shorter and wider in areas where there have been fewer surges. This shows that drumlin 
height, length and relief will increase and drumlin width will decrease with each surge 
(Benediktsson et al., 2016). Johnson et al. (2010) hypothesized that the Múlajökull drumlins 
require multiple surges to form and are still emerging and being shaped by the active 
piedmont glacier. Benediktsson et al. (2016) proposed a conceptual model predicting that 
the Múlajökull drumlins form during surge cycles due to net erosion on the sides of 
drumlins and between them but net deposition near their long axis. McCracken et al. (2016) 
suggested that during a surge, till deposition is everywhere, but during quiescent flow 
erosion is favored in certain zones. Erosion during quiescent flow thus amplifies drumlin 
relief, which is in accordance with the conceptual model of Benediktsson et al. (2016). 
Further a recent numerical model study confirms progressive development of drumlins due 
to selective erosion during quiescence phase which is related to effective stress distribution 
causing erosion by regelation infiltration. The model further confirms that till deposition 
happens everywhere during a surge and drumlins will grow increasingly rapidly over 
multiple surges (Iverson et al., 2017). 

 

4.1   Moraines  

 

Jónsson et al. (2014) confirmed eight observable end moraines in front of Múlajökull. The 
outermost end moraine lies about 2 km away from the present Múlajökull margin and is 
known as Fremri-Arnarfellsmúlar, or simply Múlar. Benediktsson et al. (2015) found out 
that the moraine formed between AD 1717 and 1760 suggesting that Múlajökull 
experienced its maximum Little Ice Age extent earlier than many other surge-type glaciers 
in Iceland. The moraine marks a boundary between the Múlajökull forefield and the 
Þjórsárver boggy tundra and is easily recognizable on aerial photographs and in the field 
(Jónsson et al., 2014; Figures 4.1 and 4.2).  

Most prominent end moraine inside the Arnarfellsmúlar moraine lies about 700 m away 
from the present glacier margin and results from the 1992 surge (Benediktsson et al., 2015; 
Sigurkarlsson, 2015). Between Arnarfellsmúlar and the 1992 moraine are at least five 
moraines of unknown age (Jónsson et al., 2014). Detailed timeline documentation by the 
use of aerial and satellite images for the area shows that multiple end moraines have been 
formed where the 1992 moraine is now, each representing a surge event (Figure 4.2). 
Therefore, the 1992 moraine can be regarded, at least partly, as a composite moraine.  

Parts of older moraines with known ages originate in front of the 1992 moraine. On the SW 
and NE sides of the glacier are large continuous parts of older moraines. They have been 
dated by investigating annual glacier margin measurements acquired by the Icelandic 
Glaciological Society (IGS) since 1932 and aerial photographs spanning years from 1945 to 
2014. The aerial investigation and ground measurements show ages for the moraines to 
be: 1954, 1966, 1971-1972, 1979, 1986, 1992 and 2008-2009 (Figure 4.2). The only moraine 
that cannot be found anymore in the forefield is the 1979 end moraine (Sigurkarlsson, 
2015). 
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Figure 4.2. DEM image with 0.5m resolution captured in 2008 by the Icelandic 

Meteorological Office and the Institute of Earth Sciences, University of Iceland 

(Jóhannesson et al., 2013). Mapped moraines in the forefield of Múlajökull are shown with 

polylines in various colours. The white line represents a moraine from the 1979 surge but 

was completely overridden by the 1986 surge and is no longer visible in the forefield. From 

Sigurkarlsson (2015). 

 

4.2  Crevasses and crevasse - squeeze ridges  

 

The crevasse patterns in the marginal zone of Múlajökull has been briefly described from a 
1995 aerial image and a LiDAR (Light, Detection and Ranging radar image) from 2008 
(Johnson et al. 2010; Benediktsson et al., 2016). Johnson et al. (2010) described the 
marginal zone of Múlajökull from the LiDAR as showing a triangular pattern that continued 
up glacier as single radial crevasses. Aerial images from 1995 show a similar crevasse 
pattern as was described from the LiDAR and crevasse patterns have been related to the 
exposed drumlins in 2008. Newly exposed drumlins were compared with crevasse patterns 
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from the 2008 LiDAR and the top or head of drumlins appeared to correlate with splayed, 
radial crevasses (Johnson et al., 2010; Benediktsson et al., 2016). Results from these studies 
have further been confirmed by detailed analysis of parts of the marginal zone with GPR 
data, where five drumlinoids were identified underneath the central glacier margin 
(Lamsters et al., 2016). The GPR data also revealed that drumlinoids had formed directly 
underneath splayed open crevasses (Lamsters et al., 2016). Benediktsson et al. (2016) 
demonstrated how the fanning out of the piedmont glacier caused tensional stresses in the 
ice which resulted in splayed, radial crevasses in the marginal zone. The subglacial bed 
below the crevasses experiences lower normal stress than surrounding areas and are thus 
favoured for subglacial depositions (Cuffey & Paterson 2010; Johnson et al., 2010; 
Benediktsson et al., 2016). This difference in stress distribution on the subglacial bed and 
the relation to deposition and erosion in different areas could explain how the crevasse 
pattern is related to drumlin formation in Múlajökull. 
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5  Methods  

 

Multidisciplinary methods such as detailed structural mapping, glacial geological and 
geomorphological methods, drone and aerial images, photogrammetry and remote sensing 
are needed for investigating the structural architecture of Múlajökull and relate them to 
the landform record. 

For this research, Múlajökuls marginal crevasse pattern has been mapped up to about 1.2 
km up-glacier throughout the margin. Drone imagery was acquired for a section of the 
glacier margin and for 3 drumlins located at the margin (Figure 5.3). Ridges were mapped 
from these drone images and their orientation calculated with a python script made for 
ArcMap. Bulk and clast samples were acquired from ridges in the forefield. The 
geomorphology of the glacial forefield and the glacier margin was studied during fieldwork 
and documented with photographs, sketches and notes.  

5.1   Field work  

In the summer of 2015 a two week expedition to the forefield of Múlajökull was carried out 
as a part of a larger research project. To reach the area of interest a use of a helicopter was 
necessary, flying over the forefield and glacier front provided an excellent opportunity to 
photo-document the CSR pattern and moraines in front of the glacier (Figure 5.1). It further 
provided a good first assessment of the glacier forefield and glacier margin. The first few 
days on the ground went into reconnaissance of the glacier forefield, glacier margin and 
features found in their localities. In the forefield, end moraines, CSRs and flutes were 
photo-documented and sketched. In general, flutes were most prominent on the side 
slopes of drumlins while fewer were found on top of drumlins, CSRs covered the whole 
drumlin (Figure 5.1). Moraines could be traced long ways, usually on drumlins but 
occasionally disappeared where a lagoon was positioned.  

Sedimentary cones and ridges were the main features found on the glacier and a part of 
them were directly mapped into a Geographical Information System software by the use of 
a rugged field computer. Sedimentary cones were excavated and their sedimentology 
photographed and noted. Position for all features was measured with a handheld Garmin 
eTrex summit gps-device into WGS 84 reference system by UTM coordinates. Features 
were then described shortly by written reports in a field book and photo documented. 
Orientation of fractures, ridges and margins were measured using a Silva Ranger type 15 
compass. The dip of fractures was determined by the use of the Silva Ranger compass 
clinometer where possible. Sedimentary ridges exposed in fractures on or in front of the 
glacier were described and their lithofacies determined by the lithofacies code developed 
by Kruger and Kjær (1999). Trenches were excavated in fourteen ridges in front of the 
glacier to acquire a cross-sectional description of each ridge. Further, bulk samples were 
gathered from ridges for better understanding the depositional origin of sediment, each 
sample weighed about 1.5 ς 2kg. Detailed description of ridges can be seen in chapter 6.5.3. 
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Figure 5.1. A) The eastern zone of Múlajökull, three drumlinoids are partly emerged from 

underneath the glacier. B) The central and western zone of Múlajökull showing the drumlin 

field and accompanying proglacial lakes between drumlins. C) Open longitudinal crevasses 

above an emerging drumlin. D) Flutes on the side of a drumlin. E) An overview from the 

glacier margin showing crevasse-squeeze ridges, drumlins, end moraines, marginal and 

proglacial lakes. Nyrðri and Syðri Hágöngur are visible in the far distance and Vatnajökull 

behind them. 
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5.2  Aerial and UAV images   

 

A DEM (Digital Elevation Model) is acquired with a LiDAR by an airborne survey in 2008 as 
a joined effort for a larger project through the Icelandic Metrology Office and the Institute 
of Earth Sciences, University of Iceland (Johnson et al., 2014; Jónsson et al., 2014). The DEM 
comes with 0.5m resolution and is here shown as an elevation model with hillsahde 
attribute (Figure 5.2). The LiDAR data has formerly been used to map the geomorphology 
in Múlajökuls glacial forefield and was presented by Johnson et al (2014). 

 

Figure 5.2. A DEM form 2008 shows the crevassed surface of Múlajökull. 

 

Further during fieldwork in 2015 an UAV (unmanned aerial vehicle) acquired aerial 
photographs of the central front of Múlajökull. These aerial photographs are detailed with 
0.025m resolution and are used to map smaller surface structures such as closed crevasses 
and crevasse traces as well as open crevasses (Figure 5.3). Method for acquiring the UAV 
footage will be described in detail below:  
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Survey of c. 2km2 of the glacier margin and foreland area was carried out using methods 
adopted by British Geological Survey (Edinburgh) for remote survey using drone and 
Differential GPS.  

A DJI Phantom 2 drone, equipped with a GoPro Hero3 Black edition were used, the camera 
set to capture 12Mp images every 10 seconds. The pilot ensured highest possible resolution 
of image capture by keeping the UAV stationary whilst photograph was taken. Survey was 
completed on a grid format, with the UAV maintaining an average altitude of 25m above 
the surface. For the glacier margin, surveys were aligned along lines of similar altitude, then 
the UAV was flown to higher altitude as the surface increased in height, to maintain the 
average 25m height. 

Image positioning was completed using ground control targets of known size, laid at 
random positions on the ground/ ice surface, so as to be visible from 25m flying height. 
These targets were positioned using a Leica GS08 GPS Rover, receiving continuous RTK data 
from a Leica CS10 dGPS base station, established over a fixed site for the duration of the 
field campaign. Positional accuracy of the dGPS survey points obtained 3DCQ values of 
0.015m, with any values over 0.1m being discarded. 

Lens correction was carried out on each image collected using Adobe Photoshop CS5 and 
the stock GoPro Hero 3 Black lens correction algorithm. Image mosaic and point cloud and 
DEM generation was completed using Agisoft Photoscan under licence to BGS.  

 

Figure 5.3. a) shows the location of where the drone data was acquired. B) Drone data from 
the field presented in 1:5000. Basemap for both data frames is an orthorectified satellite 
image from 2014. 
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5.3  Ice and ground penetrating radar  surveys   

 

As part of a larger field campaign, a team surveyed the glacier margin and upper parts of 
the glacier with ground penetrating radar (GPR) and radio echo sounding, with the goal of 
mapping the subglacial topography and evaluating ice thickness. A wave speed of 0.164 
m/ns was accounted for which is in good agreement with a study by Bradford et al. (2009) 
where they evaluated wave speed at ablation sites in a warm based glacier. Where ice 
thickness was less than 20 m the data was not considered fully reliable. A kriging surfer 
interpolation was used to give a more realistic and smoother subglacial topography. Where 
the kriging interpolation showed large differences from measured GPR data, the 
interpolation was not used. This disagreement happened where features were prominent 
on the subglacial bed. Where ice surface elevation data was missing for the 2015 map a 
dataset from 2013 was used to fill up the gaps. 

GPR usage for glacial environment application was analysed in detail by Woodward and 
Burke (2007) and the radar wave velocity for temperate glaciers was analysed by Murray 
et al. (2000). 

The acquisition and processing of the ice radar data was done by Dr. Eyjólfur Magnússon, 
Institute of Earth Sciences, University of Iceland. The results of this work are yet 
unpublished. The results of the GPR surveys on the Múlajökull ice margin are described by 
Finlayson et al. (submitted). Dr. Eyjólfur Magnússon generated the subglacial map on the 
basis of these datasets. 

 

5.4  Remote sensing and mapping   

Data was processed in ArcMap 10.4.1 using WGS84 27 N as layer coordinate system. 
Fractures were digitised in ArcMap by creating groups of polylines. Fractures were grouped 
by orientation into 3 groups: Parallel, transverse and oblique. For the LiDAR from 2008 
fractures were mapped on the scale 1:2000 and for the aerial photographs on the scale 
1:200. The glacier front was then divided into 22 flow-domains where parallel orientation 
change was observed. Orientation changes both along the glacier margin from west to east 
and from up-glacier to down-glacier.  

For ease of understanding and a more pleasant presentation of data, tin models (triangular 
irregular network) were created from subglacier bed-topography data and glacier surface 
data. To determine the ice thickness a new raster dataset was created by withdrawing the 
subglacier bed-topography raster from the glacier surface raster. Another tin model was 
created for ice thickness from the new raster dataset, however there might be an error 
component in this data resulting from some of the ice surface data being from 2013 not 
from 2015.  
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A part of sub-ƎƭŀŎƛŀƭ ǘƻǇƻƎǊŀǇƘȅ ƛǎ άƳƛǎǎƛƴƎέ ŀǎ ǘƘŜ ƎƭŀŎƛŜǊǎ ŜȄǘŜƴǘ Ƙŀǎ ǎƘƻǊǘŜƴŜŘ by 100-
150m from 2008-2015 and it is impossible to achieve GPR data for the glacier lost to 
melting. However the area missing is simply the closest forefield to the glacier now and 
well observable in the field.  

 

5.5  Orientation  

A python script that is specially created to calculate the orientation for groups of polylines 
was applied to acquire parallel fracture orientation. Polylines were clipped to the extent of 
each flow domain and orientation for each domain was acquired by the python script. 
Orientation data was then further worked in StereoNet 9.6 as to create rose diagrams on 
stereonet plots. From the 2008 image a total of 3118 fractures were mapped, out of these 
fractures 2793 were flow parallel.  

 

5.6   Bulk samples  

Bulk samples were collected for sedimentary description purposes. Three samples were 
taken from a single ridge at the glacier margin in three different places. Nine samples were 
taken from nine different ridges in front of the glacier margin. The samples gathered from 
the ridges were acquired by scraping sediment from the whole cross sectional profile, and 
made sure that the sample was well representative of the ridge. Each sample weighed 
about 1.5-2kg. 

5.6.1  Clast samples  

Clast samples were gathered to analyse roundness and shape of clasts. From each bulk 
sample 50 clasts were collected by hand picking them out of the sample. Methods 
ŘŜǎŎǊƛōŜŘ ƛƴ ά! ǇǊŀŎǘƛŎŀƭ ƎǳƛŘŜ ǘƻ ǘƘŜ ǎǘǳŘȅ ƻŦ ƎƭŀŎƛŀƭ ǎŜŘƛƳŜƴǘǎέ ōȅ 9Ǿŀƴǎ ŀƴŘ .Ŝƴƴ όнлм4) 
were followed as closely as possible. The aim was to keep the ratio between a-axes and b-
axes around 1.5: 2 and the clast sizes ranged from about 1 cm to 12 cm. The clasts were 
sorted into 6 groups (Very Angular, Angular, Sub-Angular, Sub-Rounded, Rounded and Very 
Rounded) depending on their roundness. 

5.6.2  Clast shape  

A, b and c axis were measured with a conventional caliper and plotted on a TRI-PLOT 
(triangular diagram plotting spreadsheet) created by David Graham and Nicholas Midgley 
which builds on the method proposed by Sneed and Folk (1958) (Figure 5.4). The diagram 
demonstrates the distribution of clast shapes on a triplot with blocky, platy or elongated 
axes. With the tri-plot it is further possible to determine the c40 index of the sample, which 
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demonstrates how blocky the sample is. Blockiness of a sample has proved to be of 
practical use when determining active or passive transportation of clasts in glacial 
environments. Clast above the c40 index line are thought to be transported by passive 
transportation and have undergone low degree of deformation (Benn and Ballantyne, 
1994; Kruger and Kjær, 1999).  

 

 

Figure 5.4. Folk and Sneed triangular diagram modified from Evans and Ben 2004. Red line 
shows the C40 boundary, clast above the red line demonstrate low C40 index and are 
considered to have undergone a low degree of deformation. 
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6  Results  

 

The crevasse pattern on Múlajökull and the unique geomorphology assemblage in front of 
Múlajökull has been of particular interest for the last decade. Crevasse patterns have been 
related to the geomorphology and parts of the subglacial bed has been studied in regards 
of drumlin formation and drumlin modelling.  

The main focus of this thesis is to get a wholesome picture of the surface structures evident 
after the surge in 2008 and relate the crevasse dynamics to the flow in Múlajökull. Further 
the surface structures and flow dynamics will be related to the geomorphological record of 
Múlajökull with a special attention to CSRs. Descriptions of the subglacial bed will be 
presented along with tin models for the subglacial bed and ice thickness. Crevasse patterns 
will be presented on maps and photographs along with orientation calculations and 
structural analysis of the glacial flow. To gain a deeper understanding of processes in 
Múlajökull, parts of the glacier will be presented, described and interpreted separately. 
Finally ridges orientation, distribution and sedimentology will be presented. Ridge cartoons 
along with photographs and clast morphology graphs will be presented along with detailed 
description for each ridge.  

6.1  Subglacial topography of the Múlajökull lobe  

 

Observation of the subglacial bed topography beneath the lower part of the Múlajökull 
piedmont lobe shows that the bed slopes about 10° upwards, from 610-615 m at the glacier 
margin to a peak height of 631 m before elevation starts to drop again. The subglacial 
topography lowers in the up glacier direction from the peak height in a more gradual way 
ŀƴŘ ŦƻǊƳǎ ŀ ŘƛǎǘƛƴŎǘƛǾŜ ǊƛŘƎŜ ǘƘŀǘ ƳƛƳƛŎƪǎ aǵƭŀƧǀƪǳƭƭΩǎ ŎǳǊvature margin (Figure 6.1 (a)). 
The ridge is generally 100-150 m wide, 4.5 km long and up to about 20 m higher than the 
glacier forefield. Majority of subglacial topographical peaks are found in the centre zone 
with the highest peak reaching 631 m. Subglacial elongated features are evident in the 
centre margin. The largest of those is about 220 m long, 120 m wide and 15 m high. There 
are troughs or gaps in the ridge which are best observed on the western part of the 
subglacial ridge (Figure 6.1 (a)). In front of the ridge is a 2.5 km long subglacial trough which 
is evident from the centre margin to the western section. Within the trough are subglacial 
topographical low features appearing as subglacial ponds that are usually 5-10 m lower 
than their surroundings. Behind the ridge the slope continuous downward with a 4° sloping 
bed, until it reaches the lowest elevation of 475 m about 2 km inside the glacier margin and 
is observed as a large overdeepening behind the subglacial ridge. The ice thickness ranges 
from 0-364 m within the study area (Figure 6.1.(b)). Generally the glacier is thinner above 
subglacial topographical highs and thicker above subglacial topographical lows. For 
example ice thickness on top of elevated features in the subglacial bed is generally around 
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50 m thick and on features close to the glacier margin ice thickness is only about 15 m. 
Glacier thickness around the subglacial ridge is generally about 75-95 m thick. 

 

 

6.2  Flow domain architecture  

 

Detailed fracture mapping of the Múlajökull margin shows that the glacier front can be 
differentiated into 22 structural domains by fracture orientation and patterns (see Figure 
6.2). Distinct change in fracture patterns occurs between the up-glacier and down-glacier 
domains. This is especially evident in the central part of the glacier. Up-glacier flow parallel 
fractures are on average shorter and largely follow Múlajökuls curvature trend, except for 
where the glacier is in contact with mountain sides as in domain 12 and 22. Diversity in flow 

a 
b 

Figure 6.1. a) Subglacial topography is presented with a blue and red colour ramp, elevation reaches 

from 475 m to 640 m. Pink shadow areas represent elevation greater than 640. A gradual overdeepening 

is observed with the lowest elevation just about 2 km inside of the glacier margin. b) Ice thickness is 

presented with a blue and red colour ramp, elevation reaches from 0 m to 364 m. Ice is thickest at the 

lowest point of the overdeepening and thinnest by the margins. In general ice is thicker where the 

subglacial bed is lower and thinner where the subglacial bed is higher. c) A profile graph for the 

subglacial bed, profile shows elevation from point A to point B (see line on 6.1a). The subglacial ridge 

and gradual overdeepening underneath the marginal lobe of Múlajökull is apparent. 

c 
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direction and fracture orientation is greater in the down-glacier domains. For example, a 
strong unidirectional trend as seen in the up-glacier central domains (16-20) does not 
continue in the central down-glacier domains (5-10), which indicates a change in ice flow 
and stress regime between these domains. Further, a prominent diamond-shaped pattern 
is observed in domains 5, 6, 7 and 8 but becomes less distinct in domains 4 and 9, suggesting 
a dynamic change between these down-glacial domains. In the upper regions of domains 
5, 6, 7 and 8 are moderately to well-developed first generation en-échelon shears (see 
Figure 6.3). In these same domains further down the glacier two well-developed en-
échelon shears develop at the same point but are oriented about 70-90° from each other 
appearing as an upside down V (see Figure 6.2 and 6.3). From aerial images taken by a 
drone it is clear that within the en-échelon shears are open tension gashes. These tension 
gashes show well-developed sigmoidal forms and demonstrate high degree of rotation 
(Ramsay and Huber, 1987; Twiss and Moores, 1992; Benn and Evans, 2010). Thus these 
marginal shears can be regarded as well-developed second degree en-échelon shears (see 
Figure 6.3). Well-developed NW-SE trending sinistral (left lateral) shears are observed in 
multiple flow domains on the NE side (see Figure 6.4). The observed sinistral shears appear 
moderately too well-developed in the up-glacier domains and very well developed in the 
down-glacier domains where they present great examples of sigmoidal forms (Figure 6.4). 
A poorly to moderately-developed dextral shear trending NNW-SSE is observed in domains 
13, 14 and 15 (see Figure 6.5). Hooke-like and curved fractures along with a segments of 
en-échelon stepping crevasses is observed within the shear. 
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  Figure 6.2. Detailed crevasse map of Múlajökull, the glacier is divided into 22 flow 
domains by orientation characteristics. Crevasses are mapped over the 2008 DEM which 
is shown brighter and more translucent. Longitudinal crevasses are shown in multiple 
colors, transverse crevasses are shown in yellow. Marginal flow domains show a larger 
variation of flow orientation than up glacier flow domains. The unique crevasse pattern 
at the central margin is well distinguishable and fades out in domain 4 and domain 9. 



34 

 

Figure 6.3. A) A zoomed in section of the 2008 DEM showing en-échelon shears at the 
central margin, sense of shearing is shown with black arrows, red box indicates area 
of interest. B) The same area as seen from the drone imagery in 2015. C) En-échelon 
shear movement is clearly visible and when investigated further a clear sigmoidal 
component is observed and the shear is thus considered a second degree en-échelon 
shear. D) Cartoon shows the major movement of the en-échelon shear. E) Open gashed 
fractures with en-échelon outlook are observed in the field in 2015. 
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Figure 6.4. The eastern section of Múlajökull as seen from the 2008 DEM, sense of shearing 
is marked with black arrows. Red dashed box marked C, shows zoomed in area as seen from 
the helicopter. B) A cartoon showing the sense of shear, derived from the geometry of en-
échelon crevasses. C) The same area seen from the helicopter, sigmoidal open gashed 
fractures are observed in the two left lateral shears. 

 

A 

C 

B C 
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6.3  Architecture of flow zones   

 

Analysis of the sub-glacial topography along with the above fracture mapping has led to a 
distinction between four structural sections which will be referred to as west, central up-
glacier, central down-glacier and north-East sections and are described in detail below 
(Figure 6.6).  

Figure 6.5. A) The western section as observed on the 2008 DEM, sense of shears are marked with 
black arrows. B) The same area as seen from the helicopter, sigmoidal open gashed fractures are 
observed by the shorter shear. 

A B 



37  

F
ig

u
re

 6
.6

. 
T

h
e
 s

tu
d

y
 a

re
a

 h
a

s
 b

e
e
n

 d
iv

id
e
d

 i
n

to
 f

o
u

r 
s
e
c
ti
o

n
s
 b

y
 t

h
e

 f
lo

w
 o

ri
e

n
ta

ti
o

n
 a

n
d

 c
h

a
ra

c
te

ri
s
ti
c
s

 o
f 

s
h

e
a

ri
n

g
, 

a
n
d

 a
re

 

m
a

rk
e
d

 b
y
 v

a
ri
o

u
s
 o

u
tl
in

e
 c

o
lo

u
rs

: 
L

im
e
 G

re
e
n

: 
U

p
p

e
r 

C
e
n

tr
a

l 
s
e
c
ti
o

n
, 
d

a
rk

 g
re

e
n

: 
C

e
n

tr
a

l 
m

a
rg

in
 s

e
c
ti
o

n
, 
B

ro
w

n
: 
N

o
rt

h
 E

a
s
te

r
n
 

s
e
c
ti
o

n
, 
D

a
rk

 p
in

k
: 

W
e
s
te

rn
 s

e
c
ti
o

n
. 

W
h

it
e
 a

rr
o

w
s
 s

h
o

w
 s

e
n

s
e
 o

f 
s
h

e
a

ri
n

g
 o

b
s
e
rv

e
d

 b
y
 c

re
v
a

s
s
e

 a
n

a
ly

s
is

 a
n

d
 

fl
o
w

 d
y
n

a
m

ic
s
 i
n

 t
h
e
 

g
la

c
ie

r.
 L

ig
h

t 
b

lu
e

 p
o

ly
g

o
n

s
 s

h
o

w
 d

ru
m

lin
s
 i

n
 f

ro
n

t 
o

f 
th

e
 g

la
c
ie

r 
m

a
p

p
e

d
 f

ro
m

 2
0

1
3

 b
y
 J

ó
h

a
n

n
e

s
s
o

n
 e

t 
a

l.
, 

2
0

1
3

. 
U

n
d

e
rl

y
in

g
 

to
p

o
g

ra
p

h
y
 i
s
 s

h
o

w
e
d

 a
s
 a

 r
e

d
 t
o

 b
lu

e
 c

o
lo

u
r 

ra
m

p
 w

h
e
re

 d
a

rk
 b

lu
e

 i
s
 l
o

w
 a

n
d

 r
e
d

 i
s
 h

ig
h

.
 



38 

6.3.1  Central up - glacier section (domains :  15 - 19)  

 

Description:  

The central up-glacier section is characterized by flow-parallel open and closed fractures 
(Figure 6.7). As the glacier spills out from a narrower section between Hjartafell and Kerfjall, 
tension grows to each side resulting in open fracturing. The fractures strike from about 
150° to 90° showing ESE-WNW orientation. On the western margin there are hook-like and 
curved fractures, a sense of en-échelon stepping along with vague sigmoidal forms are also 
observed. There is a poorly to moderately-developed SSE-NNW trending dextral shear that 
originates up-glacier in the Western section and affects the western margin of the Central 
up-glacier section. A poorly developed dextral shear is observed in domain 15 and appears 
as hooked-like fractures with en-échelon stepping segments. On the eastern margin the 
central up-glacier section is affected by an extensive sinistral shear zone originated in the 
north-east section and is observed as en-échelon gashes, hook-like and sigmoidal shaped 
crevasses. There are patches of crevasse-free areas on the SE edge of the central up-glacier 
section not far from where the glacier surface slope becomes steeper towards the sub-
glacial arcuate ridge (see Figure 6.8). Fractures/crevasses condense between these 
crevasse-free areas behind elevated peaks on the subglacial ridge and then splay out 
further down-glacier as they come in contact and flow over these subglacial elevated peaks 
(Figure 6.7). Transverse fractures generally trend SE-NW and are closed but both short and 
long. They are often located in a row and usually concave up glacier (Figure 6.7). They are 
missing from the eastern edge of the central up-glacier section. The SE margin of the central 
up-glacier section is affected by three distinct sinistral shear zones which appear below the 
crevasse free patches. The area is characterized by closely spaced, flow parallel gashes and 
arcuate open extensional crevasses.  

Interpretation:  

Majority of fractures within the section are flow-parallel fractures which suggests that the 
area is largely unaffected by the sub-glacial bed topography (Nye, 1952; Herzfeldt, 2004; 
Benn and Evans, 2010). The flow parallel fractures are both open and closed. Open fracture 
are the result of ice flowing from a narrower section into a broad wider section, thus the 
ice splays out and tensile stresses pulls the ice apart, opening up the fractures (Figure 
5.2)(Nye, 1952; Benn and Evans, 2010). Sense of shear on the NE and SW margins of the 
Central up-glacier section suggests that ice flow in Central up-glacier section is more active 
or has been active more recently than in the western-section and north-east section. On 
the NE edge well-developed sinistral shear shows open crevasses with sigmoidal 
deformation and suggests a relatively significant change in flow velocity between the 
central up-glacier section and north-east section. Poorly too moderately developed dextral 
shear on the SW margin shows that change in flow velocity is not significant but suggests 
that less active ice in the western section was somewhat affected by the more active 
central up-glacier section and is marked as en-échelon stepping crevasses with hook-like 
deformation (Benn and Evans, 2010). The overall sense of shear focuses ice-flow into the 
central up-glacier section and towards the central margin.  



39 

A vague sense of increased ice-flow is noticed in a section (domain 16) where sub-glacial 
topography is low and leads to a large gap in the sub-glacial ridge. The shears are not drawn 
due to lack of evidential structures; however, a row of closed arcuate transverse fractures 
ƛǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘƛǎ ŀǊŜŀ ŀƴŘ ŎƻǳƭŘ ōŜ ŘǳŜ ǘƻ ǇǳƭǎŜŘ Ŧƭƻǿ ƛƴ ǘƘƛǎ άŎƘŀƴƴŜƭέ ŘǳǊƛƴƎ ŀŎǘƛǾŜ Ŧƭƻǿ 
(Phillips et al., 2017). Patches of crevasse-free areas are usually located to the sides of 
subglacial elevated features. Open flow parallel fractures concentrate behind subglacial 
elevated features and are marked by en-échelon tension fissures. Curved flow-parallel 
gashes and open arcuate extensional fractures are likely linked to high tensile stresses on 
and to the sides of the subglacial elevated features. The closed arcuate transverse fractures 
by the up-glacier part of subglacial elevated features are likely rotated thrusts due to 
compressive stresses which indicate increased compressional flow towards the margin and 
could be related to the subglacial feature acting as an obstacle to ice flow (Herbst and 
Neubauer, 2000; Herbst et al., 2006) or as a response to the reverse slope gradient (Sharp 
et al., 1993).  

 

6.3.2  Central down - g lacier section  ( d omains :  5 - 9)  

 

Description:  

The central down-glacier section is in contact with 21 drumlins and has a peculiar 
appearance. The front appears to have multiple collapse zones which are observed as 
spoon shaped-basins (Lawson et al., 1994). The basins are relatively crevasse free but 
crevasses litter the areas in between these spoon-shaped basins. These crevasses in 
between basins make up the peculiar diamond shaped pattern in Múlajökull. At the NW 
margin where the central down-glacier section intersects the central up-glacier section the 
closely spaced flow parallel fractures start to concave. These areas are a zone of wide open 
parallel fractures cross cut with arcuate open extensional fractures. A closer inspection of 
the area reveals its chaotic outlook observed as blocky or rhombic patterns (see Figure 6.9) 
(Herzfield et al. 2004). Further at this section inside the wide open crevasses are crevasse 
traces of up ice dipping thrusts, the thrusts trend from 30-40° and appear as wedges (see 
Figure 6.9). The intense crevasse sections at these locations are then focused to the sides 
of the spoon-ǎƘŀǇŜŘ ōŀǎƛƴǎΣ ǿƘŜǊŜ ǘƘŜȅ ŀǇǇŜŀǊ ŀǎ άŦƛǊǎǘ ŘŜƎǊŜŜέ en-échelon tension 
fissures. In the mapped subglacial-topography spoon-shaped basins appear as 
topographical low areas and sections between the basins appear as elevated ridges or basin 
rims. Further down the glacier the en-échelon fissures are directed into two new sets of 
άǎŜŎƻƴŘ ŘŜƎǊŜŜέ en-échelon fissures forming an upside down V before they eventually 
reach the glacier margin (Figure 6.8). The en-échelon fissures show a propagating direction 
to the SW and NE of drumlins. This dynamic of dextral and sinistral stepping en-échelon 
shear fissures form a complex that is marked by the characteristic diamond-shaped 
patterns at the margin, creating the spoon-shape appearance. Few closed, short transverse 
thrusts are located within 100m from the glacier margin and concave both up and down 
glacier. These fractures often appear where the first degree en-échelon shears divide into 
two sets of second degree en-échelon shears (at the top of the upside down V) or as the 
glacier hits an obstacle (drumlin) at the margin. These thrusts appear as horst and graben 
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forms with small offsets up to 30 cm observed as steep compressional faults dipping up-ice 
located up-glacier and steep normal faults dipping down-ice, located down-glacier (see 
Figure 6.9). On the western margin the section is affected by a dextral shear zone marked 
as rotational movement towards the sub-glacial low area in front of a gap in the subglacial 
ridge. On the NE margin the diamond shaped fracture pattern fades out in domain 9 and is 
marked by a sinistral en-échelon shear.  

Interpretation:  

The crevasse patterns within central down-glacier section can be largely linked to the 
subglacial bed topography. It is clear that as the close spaced flow parallel crevasses seen 
in the central up-glacier section start to concave down glacier on the NW edge of the 
central down-glacier section they are flowing over subglacial elevated features. Bed slope 
and gravitation then pulls the ice towards the spoon-shaped basins and thus en-échelon 
fissures form by the sides of these spoon-shaped basins. Similar structures have been 
described in the Pasterzenkees glacier in Austria by Herbst and Neubauer (2000) and Herbst 
et al., (2006). In their study the glacier comprised of three spoon shaped basins with 
intensely sheared ice masses between these basins. Further Thorarinsson (1964; 1969) 
came to the conclusion that surge-type glaciers in Iceland were characterized by flat 
ablation zones and spoon-shaped basins (Björnsson and Pálsson, 2003). The en-échelon 
fissures in Múlajökull are not formed at sub-glacial topographical lows but rather on top of 
subƎƭŀŎƛŀƭ άǊƛŘƎŜǎέ ǊŜŀŎhing out from the topographical peaks (Figure 6.8). Extensional 
transverse fractures such as at the top of spoon-shaped basins are developed where there 
is a sudden change in the bed geometry and the glacier experiences high tensile stresses 
(Hoppe, 1952). ¢ƘŜǊŜΩǎ ƭƛƪŜƭȅ ŀ Ǌƻǘŀǘƛƻƴŀƭ ŎƻƳǇƻƴŜƴǘ ƛƴǾƻƭǾŜŘ ŀǎ ǘƘŜ ƎƭŀŎƛŜǊ ƛǎ ŀŦŦŜŎǘŜŘ ōȅ 
gravitational pull in the direction of spoon-shaped basins, while the principle direction is 
towards the glacier margin (Twiss and Moores, 1992). Crevasses on subglacial 
topographical highs located between spoon-shaped basins are haltered by another 
increase in subglacial elevation which has been correlated to drumlinoids (Lamsters et al., 
2016) and their tails can often be observed partly emerged in the field (Figure 5.1). Steep 
compressional faults dipping up ice accompany these areas and further suggests 
compressional flow towards the margin (Finlayson et al., submitted). Glacier flow is then 
focused to the sides of drumlins developing sinistral shear on the western side of the 
drumlins and a dextral shears on eastern sides. These shears have well-developed en-
échelon stepping open crevasses with sigmoidal and hook-like deformations. Thin ice (40-
50m) is observed on top of subglacial elevated features and thicker ice (50-70m) is 
observed above subglacial low features such as spoon shaped basins. On top of drumlinoids 
close to the glacier margin ice is only about 10-15m thick and is likely more easily affected 
by the sub-glacial topography (Benn and Evans, 2010; Rea and Evans, 2011).  
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Figure 6.7. An overview image for central up and central down-glacier sections. 

 

Figure 6.8. Features observed in central up and central down-glacier sections. Upside down 

Vôs and spoon-shaped basins create the peculiar diamond shape pattern in Múlajökull. 
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Figure 6.9. A) Wedge thrusts observed in open gash crevasses by the subglacial ridge. B) 

Rhombic outlook of the glacier by the subglacial ridge. C) Horst and graben at the glaciers 

margin. 

 

 

A 
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6.3.3  North - eastern section (domains: 8 - 11, 20 - 22)  

Description:  

The north-eastern section is characterised by three extensive SSE-NNW sinistral shear 
zones with en-échelon stepping segments (see Figure 6.4 and 6.10). Parallel fractures trend 
from 140° to 40° and appear open. Majority of fractures are deformed by the shear zones 
and appear to have a hook-like or sigmoidal component. Domain 20 and 21 show a 
relatively strong unidirectional orientation with 30° variation while domain 22 has a 
variation of 60°. The north-east-section is in contact with c. 4 drumlins at the margin and a 
rather large pro-glacial lake. Patches of crevasse free areas are located between the shear 
zones and fractures/crevasses appear to form around these crevasse free patches. These 
crevasse free areas are located where subglacial topography is relatively flat. A belt located 
in the lower areas of north-eastern section is dominated by flow parallel open and gashed 
crevasses cross cut by transverse arcuate and irregular crevasses (Figure 6.4 and 6.10). The 
north eastern domains are characterized by large crevasse free areas and short open 
transverse fractures on the north eastern edge where the glacier flows around Mt. 
Arnarfell. Close to the margin are transverse fractures that arcuate up-glacier and down 
glacier.  

Interpretation:  

The sinistral shear zones occur due to tension between faster flow in the central up-glacier 
section and slower flow in the north-eastern section (Benn and Evans, 2010). The open en-
échelon crevasses with sigmoidal deformation suggest tension between the north-eastern 
and central up-glacier section. En-échelon stepping crevasses with sigmoidal component 
have been shown to be indicators of contemporaneous crevasse growth and shearing 
(Herbst et al., 2006). The geometry of crevasses within the sinistral shears can be explained 
as a response to the sinistral shear movement which is imposed by forward flow (SSE) of 
the central up-glacier section. The glacier in the north-eastern section appears to have 
slower flow rate relative to the central up-glacier section. The chaotic crevassing on top 
and in front of the subglacial ridge point towards the glacier being affected by shear tension 
and compressive stresses which then change to shear tension and extensive stress, likely 
due to significant changes in subglacial bed slope geometry (Nye, 1952; Hoppe, 1952; Benn 
and Evans, 2010). This type of intense shearing could be recognized as localized 
deformation of the crevasse pattern. Further the crevasses show sigmoidal and hook-like 
deformation likely due to rotational failure or change in the lateral ice flow gradient. A set 
of Chevron crevasses separate the intensely crevassed section (related to the subglacial 
ridge) and a relatively crevasse deficient section seen in domain 11 and 22 (Figure 6.4). The 
Chevron crevasses indicate a significant change in lateral gradient of ice flow (Benn and 
Evans, 2010). A zone of shear tension is marked as open N-S trending tear or Chevron 
fractures on the north eastern side as the glacier flow is directed around the mountainous 
side of Mt. Kerfjall. Crevasse free areas between the sinistral shear zones are likely less 
active areas of ice flow and could be in some way άǎǘǳŎƪέ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ {{9-NNW 
trending shear zones, or the subglacial basal topography could be affecting these crevasse 
free patches. These areas somewhat appear as bowl-shaped basins. Majority of closed 
transverse fractures in the front concave down ice suggesting that ice flow is restricted by 
features at the margin causing shear stresses and thrust faults to form and ice flow is 
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directed around the features, these are likely drumlins as their tails can be seen protruding 
out from the glacier (see Figure 6.11).  

 

Figure 6.10. An overview image of north-eastern section. Marked are areas with open 
Chevron crevasses, crevasses showing en-échelon geometry and areas of localized shearing 
linked to the subglacial topography. 

 

 

Figure 6.11. North-eastern section seen from the helicopter. Three drumlins are emerging 
from underneath the glacier. Large glacier marginal lake is in front of the margin.  
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6.3.4  Western section (domains: 1 - 4,  and 12 - 15)  

Description:  

In the western section the glacier margin is in contact with c. 16 drumlins and glacier flow 
is directed south by Mt. Hjartafell. Parallel crevasses trend from 140° at the western margin 
of the western section to 250° at the eastern margin of the western section and are in 
majority open. The western section is characterized by a high density of transverse closed 
arcuate up-glacier fractures that are both long and short. An extensive poorly to 
moderately-developed WSW-ENE trending dextral shear zone is on the NE margin of the 
western section. Crevasses within the shear are curved, appear open and show en-échelon 
stepping in segments. Small poorly to moderately-developed sinistral and dextral shears 
affect crevasses located on top of the subglacial ridge. Crevasses on the subglacial ridge are 
marked by open flow parallel fractures crosscut by open convex down-glacier transverse 
fractures. A short distance from the margin are few closed transverse fractures either 
arcuate down-glacier or with no alteration.  

 

Interpretation:  

The dextral shear on the NE margin is due to change in horizontal flow velocity across the 
glacier. The shear is poorly to moderately-developed suggesting that flow velocity 
differences are not significant between the western and up-glacier central sections.  

Some of the transverse fractures that arcuate up-glacier have a lobate-appearance to them, 
form in rows and are suggested to have formed during active flow of the glacier 
demonstrating pulsed flow with compressional components (Figure 6.12) (Phillips et al., 
2017). Subglacial topography in the front directs ice flow both west and east from the 
topographical high. In the front, ice flow is restricted by subglacial topographical features 
resulting in shear tension and compressive stresses, as the glacier overrides the obstacle it 
changes to shear tension and extensional stress. This is considered to be localised 
deformation of crevasse patterns due to slope changes in the subglacial bed. A rotational 
component is observed as arcuate deformation in crevasses and likely due to gravitational 
failure (Rouby et al., 1996; Phillips et al., 2017). There are gaps in the subglacial ridge where 
flow seems to be somewhat focused into, showing as en echelon shears and arcuate 
transverse fractures with lobate appearance. Dextral shear zones direct ice flow towards 
the western margin where it is directed south by a very steep subglacial feature (side of 
Mt. Hjartafell). Patches of closely spaced crevasses appear on top of subglacial elevated 
features which suggest high tensile stresses on, and to each side of the subglacial features.  
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Figure 6.12. Zoomed image of the western section, white arrows show the sense of shear, 
red lines show transverse oriented crevasses/fractures. 

 

6.4  Englacial sedimentary features  

The study area extended about 200 m up glacier and followed the central margin and 
involved investigating sedimentary structures within the glacier. Sediment accumulated on 
the surface of the glacier by various processes. Most commonly these sedimentary 
structures could be related to fluvial processes or through englacial processes within the 
glacier, such as compressive faulting or tectonical uplift.  

Sandy cones were found 100 m up-glacier from the margin, they are more common in 
relatively crevasse free areas. However crevasse traces cross cut the sandy cones in almost 
all cases. Sandy cones are composed of a large ice core with well sorted bedded sand 
covering the core (Figure 6.13). This bedded sand has been deposited in a controlled 
environment suggesting sorting by fluvial processes. Orientation of bedding suggests that 
the material has been altered. 
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Figure 6.13. a) Bedding in sand sediment on a sandy cone. b) A sandy cone, very steep up-

glacier side with a more gradual down-glacier side. Ice core can be viewed to have the same 

geometry as sandy cone. 

Sorted sediment was usually seen protruding out of crevasses or other openings in the 
glacier. Sediment was often water saturated and appeared as slurr or lobes. Fractures 
protruding sorted sediment trend from 90-295° with a mean trend of 226°. Sorted 
sediment was further observed in small tunnels by the glacier margin that were linked to 
larger opening with a similar geometry to moulins. Small bottomless tubes were observed 
on the glacier with well sorted fine clay surrounding the tube area. Clay appeared compact 
and very well sorted. These tubes are linked to some larger openings in the glacier that 
have annealed and are seen as refrozen circular forms (see Figure 6.14 (b)). 

Fractures filled with diamicton show strike direction of 180-295° with a mean strike 
direction of 230° and a mean dip of 40°.  Diamicts appear to be coarse-grained or medium-
grained and massive, their matrix is usually clast poor and their consistency is firm to loose. 
Diamicton usually extrudes from fractures close to the margin and often appears smeared 
on open fracture planes (Figure 6.14e)). Diamict can usually be traced to openings in the 
ice (Figure 6.14). At the glacier margin are large splayed crevasses, on the splayed crevasse 
walls it is possible to observe transverse crevasses in a cross sectional view (Figure 6.14d)). 
In these cross sections, are sediment filled crevasses that are open and closed at the glacier 
surface. Crevasses closed at the glacier surface commonly show traces of former surface 
openings but have refrozen and annealed. In these transverse crevasses it is possible to see 
diamict up to a few centimeters thick.  

Sediment often covered areas around moulins and fractures cross-cut moulins at 90°. 
Refrozen ice structures on the glacier surfacce were occasionally found, they appeared 
either as curved lines or circular forms. In the western area of the margin, water was 
observed sprouting out of a crevasse (Figure 6.15). Relatively high pressure and water 
upwelling from the crevasse was noted. The water created a supraglacial channel running 
into a marginal lake about 50 meters away.  
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