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This thesis deals with the structural glaciology of the icegimawf Mulajokull, a surgey/pe
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 imagehotogrammetry and remote sensing

are used to investigate the structural architecture of Mualajokull and the impact of its latest
surge on the glacier surface. The mapping reveals that Mulajokull comprises a rapidly
flowing central section bounded by sler flowing sections on either side. The boundary
between these sections is marked by a series of poorly to-desieloped brittle shear
zones characterized by sigmoidal,-échelon tension fissures, which can be used to
establish the sense of shear withime ice. Analysis of these brittle deformation structures
reveals a flow pattern of the Mulajokull margin that can be linked to a complex interplay
between subglacial topography and glacier flow. The subglacial topography is characterized
by an overdeepeing that is delimited by an arcuate ridge near the present (2015) ice
margin, and a series of elongate streamlined bedforms (drumlins) in theacginal 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 Mualajokull. This indicates tteat
majority of these ridges formed through the squeezing up of mobileggabial sediments

(till) into open longitudinal fractures. Transverse ridges most likely represent seasonal,
small push moraineshe study widens the understanding of structutdalxf dynamics in
surging piedmont glaciers and the landform assemblage associated with these glHugers.
relationship between ice surface structures and landforms exposed upon ice retreat is still
poorly understood but may have bearing on our understagdice flow within both past

and present glaciers and ice sheets.
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Rannsokn pessi snyr ad byggingu og préun Mulajokuls eftir framhlaupid 2008 og tengslum
pessa vid landslagid undir joklinum. Byggingareinkenni a yfirbordi jokulsins og hryggir
framan vid spordinn voru kortldgd itarlega med hjalp loftmynda og mynda ur flygildi, auk
nakveemra haedarlikana. Hefdbundnum adferdoum i joklajardfreedi og landmotun var beitt
vido ad kanna setgerd, byggingu og dreifingu hryggjanna framan vid jokulinn. Nakveem
kortlagning byggingareinkenna, s.s. sprungna, bendir til pess ad rennsli og skridhradi sé
mestur fyrir midju en minnki svo til beggja hlida. Morkin a milli pessara sveeda einkennast
af mispréudum brotabeltum med sveigdum og skastigum togsprungum sem syna ve
innbyrdis hreyfingar i joklinum. Brotabeltin leida i 1jos flokid mynstur isfleedis i spordi
Mulajokuls og margbrotio samspil & milli jokuls og undirlags. Undirlag Mdulajokulls
einkennist af djupu baeli innan vid bogadreginn hrygg og radir ilangra jokskxdéinnast

undir naverandi jokulspordi. Langflestir hryggjanna framan vid jokulinn liggja nokkurn
veginn samsida fleedistefnu hans og langsprungumpdrdinum, og samanstanda
mestmegnis af jokulrudningi med kubbalaga hnullungum og einangrudum vésum af
adgreindu seti. betta bendir til pess ad hryggirnir hafi liklega myndast er botnurd prystist
upp i sprungur sem nadu nidur i botn jokulspordsins. Einstaka pversteeda hryggi ma einnig
finna pétt vio jokulspordinn en peir eru taldir vera ytigardar og ekki beigptén
sprungumynstri jokulsinsRannsoknin eykur skilning okkar & fleedi framhlaupsjokla og
sprungukerfi peirra, sem og & dreifingu landforma og tengslum peirra vid sprungukerfi
joklanna. bessi tengsl eru enn torskilin en geta veit mikilveegar upplysingaegdoin og

flaedi baedi nuverandi og horfinna jokla
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secondary direction of stress and sigma 3 stands for third direction of
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Figure 3.6 Conceptual model from Bjarnaddéttir (2007) as depicted for the gypge
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squeezed up into the crevasses. b) Demonstrates transport within the
glacier as the CSRs are cut off from the bed. ¢) Conceptidroanthe
crevasse system might look as the glacier stagnaf@#\ donception on
how the melt out of CSRs might take place, during these processes some
re-distribution due to ablation might take place.................cccceeneeee. 17

Figure 4.1A). An orthorectified aerial photograph from 1995 showing Mulajokull as
it flows between two mountains (Hjartafell to the west and Kerfjall to the
east) ad 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 Mulajokull in Hofsjokullimage taken from the baseap
layer from ArcMap. C) Shows the location of Hofsjokull in Icelandl9

Figure 4.2. DEM image with 0.5m resolution captured in 2008 by the Icelandic
MeteorologicalOffice and the Institute of Earth Sciences, University of
Iceland (J6hannesson et al., 2013). Mapped moraines in the forefield of
Mulajokull are shown with polylines in various colours. The white line
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by the 1986 surge and is no longer visible in the forefield. From
Sigurkarlsson (2015).......ccoooiiiiiiiiiiiieeee e 21

Figure 5.1. A) The eastern zone of Mulajokull, three drumlinoids are partly emerged
from underneath the glacier. B) The central and western zone of
Mulajokull 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 owew from the
glacier margin showing crevassqueeze ridges, drumlins, end moraines,
marginal and proglacial lakes. Nyréri and Sydri HaAgongur are visible in
the far distance and Vatnajokull behind them............................... 24

Figure 5.2. A DEM form 2008 shows the crevassed surface of Mulajokull....25

Figure 5.3a) shows the location of where the drone data was acquired. B) Drone data
from the field pesented in 1:5000. Basemap for both data frames is an
orthorectified satellite image from 2014.............cccoovvvviieeee e, 26

Figure 5.4.Folk and Sneed triangular diagram modified from Evans and Ben 2004.
Red line show the C40 boundary, clast above the red line demonstrate low
C40 index and are considered to have undergone a low degree of
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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 eleation just about 2 km inside of the glacier margin. b) Ice
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thickness is presented with a blue and red colour ramp, elevation reaches
from O m to 364 m. Ice is thickest at the lowest point of the overdeepening
and thinnest by the margins. In general icihisker 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
undernath the marginal lobe of Mualajokull is apparent.................. 31

Figure 6.2 Detailed crevasse map of Mulajokull, the glacieriigdid 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 danains 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

Figure 6.3.A) A zoomed in section of the 2008 DEM showingéahelon shears at
the central margin, sense of shearing is shown with black arrows, red box
indicates area of intest. B) The same area as seen from the drone imagery
in 2015. C) Eréchelon shear movement is clearly visible and when
investigated further a clear sigmoidal component is observed and the shear
is thus considered a second degreédrelon shear. D) Caro shows the
major movement of the eéchelon shear. E) Open gashed fractures with
en-échelon outlook are observed in the field in 2015..................... 34

Figure 6.4.The eastern section of Mulajokull as sdeom 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 ef@relon crevasses. C) The
same area sedrom the helicopter, sigmoidal open gashed fractures are
observed in the two left lateral shears.........cccccoveeiiiiiiccc, 35

Figure 6.5A) 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.sheig.

Figure 6.6. The study area has been divided into four sections by the flow orientation
and characteristics of shearing, and are marked by various outline colours:
Lime Green: Upper Central section, dark green: Central margin section,
Brown: North Eastern section, Dark pink: Western section. White arrows
show sense of shearing observed by crevasse analysis and flow dynamics
in the glacier. Light blue polygons showudhlins in front of the glacier
mapped from 2013 by Johannesson et al., 2013. Underlying topography is
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Figure 6.7 An overview image for central up and central deylecier sections...41
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Figure 6.8. Features observed in central up and central-dlaerer sections. Upside
down VOs -shapdd basimsveata the peculiar diamond shape
pattern in MUlajOKUll.............coiiiiiiii e 41

Figure 6.9. A) Wedge thrusts observed in open gash crevasses by the subglacial ridge.
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diagram shows @ntation of ridges mapped in the forefield. Note that
crevasses on the glacier margin are mostly flow parallel (746) and
orientation correlates well with ridge orientation in the forefield....50

Figure 6.17. Ridge 1. See description in section abQve..............ccccccceeeneeennns 53
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Figure 619. Ridge 3. See description in section abave.............cccoeeevvieeeeeeennn. 55
Figure 6.20. Ridge 4. See description in section abQve...............cccccceeeeeeennns 55
Figure 6.21. Ridgé&. See description in section abQVe............ccoeeevvvvvieeenneeenn. 56

Xi


file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230039
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230039
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230039
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230039
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230039
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230039
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230039
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230039
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230040
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230040
file:///C:/Users/Hofgerdi/Desktop/Magnús_master%20thesis_140518_1athsÍÖB1.docx%23_Toc514230040

Figure 6.22. Ridge 6. See description in section above............cc.cccevvieeeeeennn. 56

Figure 6.23. Ridge 7. Seedgiption in section above...............ccccvvvvviieemnnnnns 57
Figure 6.24. Ridge 8. See description in section above...............cccovvveemeeennn. 58
Figure 6.25. Ridge 9. See descriptinrsection above.................ccccvvviiieemnnnnes 59
Figure 6.26. Ridge 10. See description in section above.............ccccoeivieeennnnd 59
Figure 6.27. Ridge 11. See description in SECHDOVE...........ccccoovvviiiiiiiieeeennd 60
Figure 6.28. Ridge 12. See description in section above.............ccccoevvieeennnnd 61
Figure 6.29. Ridge 13. See description in section above..............ooevvvieee 62
Figure 6.30. Ridge 14. See description in section above..............cccoeivieenennnd 62

Figure 7.1Debris bands on Mulajokull can be observed on the glacier surface. Debris
bands are folded as they come in contact with a faster flowing central
section. a) Aerial photograph of Mulajokull from 1960, four years after a
surge. b) Aeal photograph of Mulajokull from 1985, during the 1985
L1986 SUIMGC. oottt e e e e e 65

Figure 7.2 Conceptual model of the propagation of a surge bulge in the lower part of
Mulajokull during a surge. A) Hyphesized geometry of the surge bulge
as it initially moves down glacier in a narrow corridor between Mt. Kerfjall
and Mt. Hjartafell. Box with grey dashed lines shows focused area for part
B and C. B)The surgbulge has propagated farther down and splaygd
in the piedmont lobe. Crevasses have opened up and shear zones
developed. C) Surge is constrained to the central margin, shear zones have
fully developed. Box with red dashed lines shows focused area for part D.
D) Complex shearing in the front can lexplained by subglacial
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Figure 7.3.Model showing two different conceptions for surge propagation over the
subglacial arcuate ridge. The model shows how flow behaves farh a
andaa 6 (see Figure 7.2(A)). h represents
ridge during a surge and d represents the distance between subglacial ridge
and the surge end moraine. A) The thickness of the surge bulge (h) is large
enough for delivering a sudient volume of ice over the ridge to cause a
significant advance and form a new end moraine relatively far from the
subglacial ridge. B) The thickness of the surge bulge (h) is too small to
provide enough volume of excess ice to the marginal zone, ingsinit
either a minor or no ieearginal advance and formation of a small or no
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Figure 7.4.Conceptual model for the architecture and stratigraphical development
within a snowice cored icanarginal ridge. The icenarginal ridge is
composed of a snow core with-20 cm thick till top suggesting that it has
been thrust up on top of the fresh snow. Diamict on the glacier side is
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interpreted as melt out till while the diamict dirggpover the snow bank is
interpreted as flow till. As the snow and ice melts, the ridge flattens out
but the main stratigraphic units remain recognizable. The model
summarizes the postepositional development of a single ridge but
signifies the architeatal difference between ridges of different age, from
younger (upper panel) to older (lower panel). The final product contains
no snow or ice, which has been replaced with till reworked by water from
melting snow and ice. Similar stratigraphy is observedmultiple
transverse ridges in the foreland (see chapter6.5.2..................... 73
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1 Introduction

Research on glaai 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., 188; 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 informaitibmut flow regime,
underlying bed topography, changes in mass balance and pesegactivity (Nye, 1952;
Herzfeld et al., 2004; Benn altvans, 2010). The geomorphological imprint of glaciers and
ice sheets is often revealed in their forefields due ¢e retreat and holds the key to
understanding past subglacial, englacial or supraglpc@esses (Benn and Evans, 2010
Thus, when applied collectively, structural glaciological and geomorphological studies are a
powerful means of reconstructing paladagiological conditions in bothrgsent and past
glaciated areagEvans and Benn, 2004; Benediktsson et al., 2009; Benn and Evans, 2010;
Schomacker et al., 2014; Ingdlfsson, 2016). Crevasses form as a response to the tectonical
regime and can be consideredwindow into the giciers deformation history (Hefeld et

al., 2004). However in most glaciers crevasses pptse and deform as the glacier
continually flows forward, thus altering the deformation history and rendering it difficult to
read from (Harpr et al., 1998). Surggype glaciers are however different due to their
periodic behaviour This behaviour is characterized by bgild of excess mass in the
reservoir area that is then discharged towards the receiving area during a surge (Benn and
Evans2010). This can result in high itew 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 ang i extreme
member of crevassing that a land terminagiglacier can experience (Benn d&hns, 2010

During the time between surges known as quiescence phase, the-syrgeglaciers are
practically stagnant and crevasses that have recorded thetéctregime may be preserved,

first in the form of crevasse traces and later in the form of ridgakénforeland known as
crevassesqueeze ridges (CSR) (Sharp, 1985). These ridges can withstand exterdedadub
exposure and may serve as an archivetéatonic 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 largstieams and surface
melting draining extensive quantities of ice from the-gteets into the ocean. Significant
drainage of ice through the process of ice streaming is thought to accompany the final
disintegration processes of iheets and has been correlated to the breakdown of vast
Pleistocene icsheets (Evans & Rea, 1999; Stokeal., 2016Stokes, 2018 Ice streams are
however difficult to research due to geological settings, remote locations and the fact that
they are all marinderminating (Bamber et al., 2013). To further understand Ice streams
researchers have taken tovestigating other bodies of fast moving ice. Bothsteams and
surgetype glaciers are characterized by fast moving ice which makes-sypgeglaciers
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ideal analogues for observing crucial processes involving fast moving ice. Data from surge
type glader studies can thus be used &mlvanceour understanding on iestream dynamics
(Clarke, 1987).

Mulajokull in the central highlands of Iceland suagetype piedmontglacier irthe Hofsjokull

Ice Cap and serves asuaitablearea forstudying the signatres 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., 20TThe glacier surges roughly everyIi®years

with each surge reaching about 1:8300m into the forefield (Bjornsson, 2003; Johnson et al.,
2010; Sigurkarlssor2015). Mulajokull 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 field of drumlins that are splayed out in 180°, mirroring the glacier
margin curvature. Over 140ramlins, littered with crevassequeeze ridges, flutes and
moraines, have been discovered (Johnson et al, 2010; Jonsson 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 Malajokull can serve as an analogue to flow psoakesse
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 formedront of the
glacier. $ecial attention is set on the association between the crevasse paftem 2008

and emerged crevasssjueeze ridges from 2015. The landform assemblage imprinted after
a surge can in this way shed further light on surge dynammdsita link to subglacial bed
geography. Further a conceptual model for surgBow dynamics in Mdulajokylland
development of surface structures such as crevasses will be put forth and discuasty.

the formation of longitudinal and transverse ridgesfiont of Mulajokull are reviewednd a

new modelfor 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 tability. 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, 198®vestre and Benn, 2015%5lacies 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 enthalpgehand 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. Indeedlder theories suggest 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 aypeggacier

is somewhat controdid by preipitation in the reservoir areavhich 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 surtype 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 surgetype 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 glagerges. The surface profile of a
surgetype glacier will thus never attain equilibrium with the mass balance. Sevestre and Benn,
2015 suggest that surggpe glaciers occur in a welkefined climatic envelope with mean
annual temperatures around-00°C ad mean annual precipitation of 2E8000mm. Their

study reveals that surgg/pe glaciers cluster in Iceland, Alaskakon, Arctic Canada, Novaya
Zemlya, parts of Wesbreenland and number of mountain ranges in Asia. According to
Harrison and Post (2003)ne quality seems to be general with susype 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)n@the quiescent phase, the glacier flow is
slow, from few meters to tens of meters per ye@he glaciers development during quiescent
phase involves ickbuildupin the reservoir area, therefore the reservoir area becomes thicker
and the lower part othe receiving area becomes steeg€igure2.1). 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 imekervoir areand 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 havieeen demonstrated to be different between glageand egions. For
example, quiescenphase in Svalbard usually lasts around1B0 years while the more
common period is 2@0 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(&igare2.1).

The reservoir area thins by 1lMO0s of meters and the receiving area thickens in similar
proportion. This is observed as a bulge on the glacier ngodownglacer as a kinematic wave

(Benn and Evans, 2010). As the surge bulge moves forward the glacier experiences extensional
stress behind the bugle but compressios#iess in front of the bulgelhe surge bulge does

not always reach the glacier margin and in taasases 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 fekitometres During the active phase the glacier flow caach

flow velocities 10 to 10@imes faster than flow velocity during quiescence phase (Ben and
Evans, 2010). Fastest known peak velocities were recorded from the 1890 and 1963 surges
from Braarjokull, with velocities reaching 125m/day over a period of three months and glacier
advanceof about 810km (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 siyyggeglader in North America,
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associated with surges: heavily crevassed surfaces, rapidly opening crevasses, sheared margins
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and sheareebff tributaries, bulging, overding, advancing fronts and large vertical and
K2NAT 2y i1t RAALIX I OSYSyid 2F A0Sé o

Reservoir area
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Pre-surge profile Receiving area
4 A\

300 m
Re-distribution of mass during a surge
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Figure 2.1. A simple model for glacier surging. Unbroken line demonstrates the surface
profile of a glacier before a surgéhe broken line demonstrates the surface profile of a
glacier after a surge. Ice idisplaced 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 gemgjnical settings, different environments asdales there

is no unifying theory that explains the surging mechanigvans and Rea, 2018pwever,

from various observations and numerical modelling three models have been proposed to
explain the subglaciate 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 baskon observations and data from the Variegated glacier in Alaska as it
surged in 19822983 and presented by Kanalnd others(1985, 1987). The model assumes

a hard bed (frozen) underneath the glacier. During the quiescent phase water drains
efficiently thraugh a subglacial/englacial tunnel systemc{fannels). 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 cav{tegure2.2). 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, Widi®) basal cavities
which are linked together with narrow connections (<0.1m). This type of flow is considered
G2 0SS YIAyte olalt-FFeadpg bYRINE OHf{EtER Mdbw ikl a
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Figure 2.2. Concepibn 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 surgdype glaciers with an unlithified bed. It is assumed that glatti@mkness
indicates if the bed is warm or cold in such way that thin glacier is equal tebesketl and

thick glacier is equal to waribased. Thus, at least the margin is presumed to be-bakkd

and the thicker reservoir zone is presumed to be wdrasal. Meltwater from the warm
based zone is transferred to the margin through the till layer. Melt water drainage is controlled
by till layer thckness and till permeabilityAn increase in the meltwater transfer increases
basal water pressure which in turreakens 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 (egém switch) travels up and down glacier
from the warmbased zone. Where the activation wave is faster than the potential surge wave
no surge front forms and the tectonic configuration is only extensional @iRdd&vans 2011).

2.1.3 Soft -bed temperate

This model has similarities with the sdiéd thermal switch model. Here an unlithified till layer
underneath a warnbased glacier is assumed. Drainage is through pipes in the sediment,
preferably where fines have ka 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 (Bjornsson 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 sofidllamd at

least some surges have been demonstrated to have an inefficient drainage system (Bjornsson,
1998; Evans and Rea, 2011).

2.1.4 Subglacial mechanism for fast ice flow

In the sections above three surgeechanism models were explained, lacking these atod

are concepts of how the glacier interacts with its base and moves dswunges Three
concepts for glacier base interaction have been put fonrthich involve the interaction
between the icesediment and/or sedimenbedrock interface. First concept (&4 sliding
model) involves a glacier decoupled from its bed. Decoupling is sustained by enhanced basal
sliding by the icesediment interface which results in limited or none deformation of the
subglacial bed (Engelhardt and Kamb, 194B8)ure2.3(A)). Second concept (Deformable bed
model) involves a glacier coupled to its bed and fast ice fi@mwis sustained by deformation

of the subglacial bed (Alley et al., 1989). The deforming bed is demonstrated to have separate
horizons which move at differenpseds, increasing upwards (Boulton and Hindmarsh, 1987)
(Figure2.3(B). Third concept (Dualoupled 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 dormation but a substantial dislocation of sediments due to thecoupling
between sedimentary bed and bedrock. Water escape structures show that water and
sediment is forced along a neanpermeable bedrock surface (Kjeer et al., 20F6yure2.3

(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 subgifitiak 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).

Glacier Surface

K s i
e R ) R Subslrate Hy, p
— —'\\¥>Subslrate Hg = 2 (""-;

- N s
'—\-ﬁ"’\_ ‘Mwaw
escape

structure

Near-lmpermeable bedrock

Basal sliding model Deformable bed model Dual-coupled model

N Zone of high water pressure and de-coupling

Figure 2.3. Concepts associated with glacgurging and ice stream movements, shown by
three different models. A) Basal sliding model. B) Deformable bed model. Cx@wzkd
model. For more information see chapter 2.1.4. Figure is taken from Kjeer et al., 2006
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2.2 Landforms connected with surge -type
glaciers

Glacial landforms such as crevassgieeze 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 Kjeger, 200kiBeneel

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 appliedréstrial palaee

ice streams in e.g. USA and Canada (Evans and Rea, 1999, 2003; Evans et al., 1999; Kjeer et
al., 2006, 2008). A landsystem model for the Eyjabakkajokull gypgeglacier in Iceland

was constructed by Schomacker et al., 2014 and phdilgs on the model from Evans and

Rea (2003). The landsystem is dynamic and shows different assemblages of landforms and
sediments, usually divided into threenes (A, B and Gjigure2.4). Zone A contains a multi
crested, glaciotectonic end morainehi¥ zone is subject to multiple surge advances
accompanying frequent high compressional strain and thrust of the glacier margin with a
following deadice melt out. Zone B sometimes contains overridden moraines but is
otherwise characterized by a pitted ouaish partly deposited atop the stagnant glacier
front. Zone C is the inner zone by the glacier margin where most subglacial landiorins

as flutes, crevassgqueeze ridges (CSRs), drumlins and concertina eskers are found. Zone
C is subject to subglacidéformation and filling of basal cavities during the surge or the
surgequiescent phase, with additional ac¢ melt water channels (Evans aReéa, 1999;
Schomacker et al., 2014). However, Evans and Rea (1993) note that no individual landform
can pinpointsurgetype glacier except for probably concertina eskers whichd#ffecult to

identify. Crevasssqueeze ridges highly suggest that the glacier is a dypgeglacier but

none surging glaciers can also develop CSRs, they are however very likely sirbgede

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 sedimesiedrock interface (Ingolfssoet al., 2016).
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Figure 2.4. Surging glacier landystem for the terrestrial surgigpe glacier Eyjabakkajokull
in Iceland. Taken from Schomacker et al. (2014).

3 Crevasses and crevasse -squeeze
ridges

One d 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 spel|sL@30gi

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 19 century Forbes and Hopkins debated strongly abibxe two

main ideas regarding glacial movement. Forbes believed that a glacier could behave
LI I AGAOFEf& | YR RARY &ture yWHeiSving (Fdhet, &9; GaNB | | dzLJ
Der Veen, 1999). On the other hand Hopkins believed that glaciers belesvetlid
material and moved forward by breaking up into smaller pieces and then melting again into

a homogeneous mass (Hopkinsg28Van Der Veen, 1999). The debate was settled when
experiments showed that ice could deform under pressure without fractuand 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 rafes 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 kepmponent to understand past strain and structural evolution of
glaciergHeizfeld et al., 2004)Crevassing has been explained by numerous theoretical and
empirical studies which have advanced our general understanding of crevassing in glaciers
and advaned our understanding ommore 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 surgeents.

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
RSAONROSR | & la (XS OANSNINY Jegfaldiaty2INID04)Gladel € 01 S
fracturing can hold information about ice moventgeglacial 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 tensilstreses in the ice (Nye, 1952; Ben dians, 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 fundamenthl bly

Nye (1952) explains the two most simple and common crevasse formations seen on
glaciers. Nye explained two types of glacier flow regimesnajysinga glacier flowing in a
valley of constant width. Thérét type of flow showsongitudinal stressrd is compressive
throughout the glacier depth. This type of flow is compressive flow and results in thrust
faults Figure3.1a and3.2c). The second type of flow is also longitudinal and compressive
at depth but tensile in the upper parts of the ice rasuj in transverse fractures and is
regarded as extensive flowigure3.1b and3.2b). These theoretical results explain general
patterns found on many glaciers and can be generalized as longitudinal extension in the
reservoir area and longitudinal compsasn in the receiving area (Rea and Evans, 2011)
(Figure3.2).



Figure 3.1. Modeled concept of the two most common and simple crevasses found in
glaciers. a) Compressional flow results in thrust faults. Xtegsional 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 ppheidirection 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 gooasults (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, tacier 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 whereethgere is

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 wherdabiemgspills 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 &@udden change in flow throughout the
glacier, as is common along/near the lateral margin of a glacier due to friction by the valley
walls fFigure3.2c). The traction between ice and the valley wall is high and so the glacier
movement is hectic. This casslower 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 obseved in ice streams or where there is a strong lateral gradient in ice flow velocity
(Figure3.2a) (Benn & Evans, 2010).
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Figure 3.2. a) Effect of shear stress exerted by valley walls only, so called @haenasses

are formed. b) Shear stress and extending flow. ¢) 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 stapdadgple direction

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

Further, deformation in a glacier could be seen as continuousIdcdlizedzone of
shearing. Such shearing can appear as systematically stepping fractures, which have been
referred to as eréchdon faults. Enéchelon 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 aed €aidel
shears (Herbst et al., 2006). The crevasses withiereéchelonfault form perpendicular

to minimum principal stress and appear linear and odearing continuous shearing the
fractures rotate and develop a sigmoidal form. These deformationtdaate often
described as first or second generation which depends on how muchanttte fractures

show Figure3.3) (Twiss and Moores, 1992; Peacock and Sanderson, 1995).
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Figure 3.3. Localised zone shearingdemonstrating crevasses witBstéchelorgeometry.
Crevassesopen up perpendicular to minimum principal stremgFirst degreen-échelon
fault has little to no rotation. b) Second degeeéchelonfaults have developed sigmoidal
forms over tine. 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 ovburden pressure equals tensile stresses in the
glacier. At that point tk 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 gresence 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 watgBenn and Evans, 201Bigure3.4b). 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 digd 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 surgaype glacier is, however, unlikely (Rea and Evans, 2011). In tho®er i
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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 cregaste 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 dep#spetate glaciers have seldom
reached more than 280 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 hgtom
crevasse due to the high basal water pressures sustained during a surge. High basal water
pressures have been reported underneath sutgee glaciers in various regions, as in
Alaska (Kamb, 1987), Iceland (Bjornsson, 12083) and Greenland (Robertsad., 2009).
Reported basal water pressure values in surging glaciers have shown to be well within the
magnitude of full depth bottorrup hydrofracturing (Rea and Evans, 2011). $tigation of
en-glacial and sufplacial features such as hydrofractures ottbm up crevasses has been
made possible with the use of ground penetrating radar (GPR) (Murrey ,e2Q00;
Woodward and Burke, 200 Phillips et al. 2014). Buried crevasses show up as hyperbola
on GPR records and have helped estimate the timing aftream inactivation (Nath and
Vaughan, 2003). Further, GPR measurements have been used to {uitdagiels of en
glacial fault systems and relate them to the-glacial drainage system and associated
subglacial landforms (Phillips, @&t2014; Finlayson etl., submitted.

. — —_—
Stretching of ice
-— pulls crevasse open
E——

—_— — Weight of ice pushes
crevasse closed

— Stretching of ice
- pulls crevasse open
—

Weight of ice pushes
crevasse closed

Water in crevasse

> creates extra pressure:
Fracture penetrates to
greater depth

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 greaterlepiaken from Ben

and Evans, 2010
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3.2 Crevasse regime on surge -type glaciers

Slow and steady flowing glaciers are in large deformed by the process of &agetype
glaciers experience vehygh velocities during their active phases-{@D times that of the
guiescent 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 dypgeglaciers is
rather rare. However, during a surge in the temperate glacier Skeidararjokull (a southern
outlet of the Vatnajokull ice cap), Bjornsson (1998) monitored the devedop 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 1008.Krhe developmnt of crevasses
seems highly random and unpredictable, but there could be a pattern to crevasse
formation on surgdype glaciers. Lawson (1996)d a case study on the crevasse
development in the Variegated surdggpe glacier, Alaska, and looked at dynaustructural
changes between surge events. The glacier surged three times within the period studied
(19481983) and during each surge the glacier surface transformed into a chaotic mess of
crevasses. However, there was variation in crevasse formationsatliesylacier 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 surgges.

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 faulthé®p, 1988; Lawson eal., 1994; Bjérnsson,
1998). Dydracing 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 (Humphaed Raymond, 1994; Bjornsson,
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 -sgueeze ridges

For the &st century glaciologists have had a hard time explaining the origins of ridge
networks in front of glaciers which we now refer toaevassesqueezeaidges (CSRs). One
of the first descriptions of these ridges comes from Lamplugh (1911) where he d@sscrib
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(1952) did an extensive study on hummocky landscape in Sweden ir19929 He
described ridges in hummocky landscape and set forth a model showinghegwcould

have formed Figure3.5). His suggestion involved basal till squeezing up into cavities such

as crevasses, water eroded cavities or other kind of cavities.

Johnson (275) described and suggested a different formation process for ridges in front
of the Donjek glacier of the Yukaerritory. 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 Eyjabakkajokull, Iceland, where he
was able to trace CSRs to thenglacial 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 praess 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. lllustration for ridge formation in hummocky moraine regions by Gunnar Hoppe
(G. Hoppe, 1952).

Evans and Rea (1999; 2008apped crevasses on the margin of Braarjokull using time
series of aerial photographs whishowed that three years after a surge, crevasse patterns

15



and CSR patterns matched, which strongly suggestddpth or near fulldepth crevasses.

On Eyjabakkajokull it is suggested that CSRs are formed during intense crevasse events of
surges and that &% 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 lsvihecrevassed. 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 C8Ract and unmovedHowever as these ridges

are largely correlated with surggpe glaciers and CSR patterns are often found in front of
surgetype glaciergSharp, 1985; Evans and Rea, 1999, 2@hQ8y can not be regarded as
unquastionable evidence faurging behaviour. Temperate piedmont glaciers in Iceland
have recently been reported to have CSR @ats in front of them and the CSRs have been
linkedto the splayed out crevasse configuration in the piedmont lobe (Evans and Orton.,
2015). Further CSRmve been related to be produced during final stages of ice streams
before ice stream shut dowthus revealing that individually these landforms are not
diagnostc of surging (Evans et al., 2016

A main factor for CSRs to be preserved is a stagnant gfeai¢ after the ridges have been
deposited. If the glacier front is still active ridges will be destroyed or modiiedns and
Twigg, 2002; Evans and Rea, 2008 SR are preserved in the forefield they can be
regarded as archive for the tectonic ratitions of the glacier andised toadvance 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).

Bjarnadattir (2007) investigated the gaorphology in front of the Braarjokull surggpe

glacier in Iceland. She proposed a conceptual model to explain the famaft CSRs and
flutes Figure3.6). The model builds on pressure differences as sediment is dragged into
basal crevasses and demdt that it happens as the surge bulge passes the area. The
sediment filled basal crevasses could then be dragged forwahdglacial flow and deposit
further down-glacier. This could result in difference in ridge sediment composition and
substrata compos$ion (Bjarnadottir, 2007). A recent study at the Trygghamna locality in
Svalbard investigated CSRs in front of two sdype glaciers, Kjerulfbreen and
Harrietbreen. There, CSRs were observed on bedrock, which strongly suggests that CSRs do
move some distnces within the glacier after they have been entrained and before they are
deposited (Ber¥ehoshua, 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 (Bjarnadéttir, 2007;
BenYehoshua, 2017).
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Figure 3.6. Conceptual model from Bjarnadéttir (2007) as depicted for the siyque
glacierBruarjokull. 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 stagnat8sAdctonception on how the

melt out of CSRs might take place, during these processes sahistriteution due ©

ablation might take place.
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4  Mualajokull

Mulajokull is a 70 kflarge,surgetype andwarm-based piedmont glacier of the Hofsjokull

ice cap in central Iceland. The glacier descends from a 7 km wide accumulation zone in the
icefilled caldera of the Hajokull 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. (Jonsson et al., 2014; Benediktsson et al., 2015; Bjérnsson, 2009).
Theglacier margin is about 6¢3 km long and arcuate with the middle section reaching
furthest out into the forefield. The glacier margin usually has a steep gradient, up12°10

but levels out ugglacier to 13° (Johnson et al. 2010). In 1983 subglacidbed 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
(Bjornsson, 1988). Detailed radézho soundings at the lowermost paf the Mulajokull

lobe in 2015 revealed that the overdeepening is about 130 m deep and delineated by a
large arcuate ridge under the ice margin (.0. Benediktsson, pers. comm. 2017).

The surge history of Mulajokull has been documented by ground sumegsremote
sensed techniques, both methods suggest a similar development and surge cycles for the
glacier. An assessment for surging glaciers in Iceland confirms surges in Malajokull in 1924,
1954, 1966, 1971, 1979, 1986 and 1992 (Bjornsson et al., 28@f)ckarlsson (2015)
confirmed surges in 1954, 192B72, 1979, 1986, 1992 and 2062809, 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 same43 kn? of the forefield.

The forefield is an expansive plain of subglacial till with styge related landforms such

as crevasssqgueeze ridges and flutes which are often superimposed on drumlins within a
prominent drumlin field (Johnson et al., 2014c@racken 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 (Jonsson et al., 2014; Benediktsson et al., 2015; Sigurkarlsson,
2015). A small surge happened in 2008 #aftl behind a 2630 m wide, 36 m high ice

cored end moraine that was observed during fieldwork in 2009 (Jonsson et al., 2014,
Benediktsson et al., 2015;). This assessment suggests that Malajokull seBggaes in

the last 84 years. Average retreat rat€Mulajokull is about 3645 m/year and has been
relatively consistent since 1937. However, this retreat is usually punctuated with surges.
From 19371992 the location of the glacier margin has been similar after each surge. Since
1992 there has been @small surge recorded in 2008 that does not follow the usual surge
pattern observed in Mulajokull 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
recognzable in the forefield. The glacier is now located-800 m inside the 1992 moraine,
which marks the last major surge advance (Jonsson et al., 201ddiResson et al.2014;
Sigurkarlsson, 2015). Increased retreat rates in recent decadesaakdof ie in the
reservoir areas likely directly related to negative mass balance of the Hofsjokull ice cap
(Benediktsson et al, 2015; Sigurkarlsson, 2015). Adalgeirsdottir et al 2006 modelled the
climate response for the Hofsjokull Ice cap and concludedahgbing warming will reduce

the Ice cap by about 40% in the next 100 years and that runoff from Hofsjokull will increase
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by 2535% by the year 2030he climate model also demonstrated that from 198100
precipitation for the Hofsjokull ice cap was on avgg®.4my.e. yrt.

e — Kilometers

Figure 4.1. A). An orthorectified aerial photograph from 1995 showing Mulajokull as it
between two mountains (Hjartafell to the west and Kerfjall to thet)eaisd spreads out on
a relatively flat forefield. Splayed crevasses can be identified in thigimah zone of th
glacier,anddrumlins, end moraines andqglacial lakes in the forefield) Shows the locati
of the outlet glacier Mulajokull in Hofsjok, image taken from the basmap layer fron
ArcMap. C) Shows the location of Hofsjokull in Iceland

During ongoing retreat since 1992, a prominent drumlin field has appeared from
underneath Mulajokull and is considered the only active drumlin field in the world (Johnson
et al., 2010). Drumlins appear in a fanned pattern emergiamfthe glacier margin with
orientation variation of roughly 180° mimicking the curvature of the Mulajokull margin
(Johnson et al., 2010; Jénsson et al., 2014; Benediktsson et al., 2016). Over 140 drumlins
have been mapped in the glacier forefield averggimound 10 drumlins/kfwith average
spacing of 94 m. The drumlins seem to be higher and wider upglacier and taper
downglacier, they range from €845 m in length, 2850 m in width and 2&13.7 m in

height (Benediktsson et al., 2016). While observing dleeier front during fieldwork in

2015, at least three partly emerged drumlins were obsen&abglacial and supraglacial
meltwater streams are on either side of drumlins and water flows into low relief areas
between drumlins where marginal lagooms ponds are formed Landforms such as
crevassesqueeze ridges, small push moraines and flutes are draped over the drumlins
(Jonsson et al., 2014). Drumlins are almost entirely composed of till but they do show
bedding, which is considered to represent periods 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
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shorter and wider in areas where there have hdewer 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 Mulajokull drumlins
require multiple surges to form andre still emerging and éng shaped by the active
piedmontglacier. Benediktsson et al. (2016) proposed a conceptual model predicting that
the Mulajokull drumlins form during surge cycles due to net erosion on the sides of
drumlins and between them but neleposition near their long axis. McCracken et al. (2016)
suggested that during a surge, till deposition is everywhere, but during quiescent flow
erosion isfavoredin certain zones. Erosion during quiescent flow thus amplifies drumlin
relief, which is inaccordance with the conceptual model of Benediktsson et al. (2016).
Further a recent numerical model studgnfirms progressive development of drumlins due

to selective erosion during quiescence phase which is related to effective stress distribution
causng erosion by regelation infiltration. The model further confirms that till deposition
happens everywhere during a surge and drumlins will grow increasingly rapidly over
multiple surgeglverson et al., 2017).

4.1 Moraines

Jonsson et al. (2014) confirmedkbt observable end moraines in front of Malajokull. The
outermost end moraine lies about 2 km away from the present Mulajokull margin and is
known as Frem¥fArnarfellsmular, or simply Mular. Benediktsson et al. (2015) found out
that the moraine formed beteen AD 1717 and 1760 suggesting that Mulajokull
experienced its maximum Little Ice Age extent earlier than many other gypgeglaciers

in Iceland. The moraine marks a boundary betweaka Mulajokull forefield and the
pjoérsarver boggy tundra and is dggiecognizable on aerial photographs and in the field
(Jnsson et al 2014;Figures 4.1 and 4.2

Most prominent end moraine inside the Arnarfellsmular moralies about 700n away

from the present glacier margin and results from the 1992 surge (Bktssdn et al., 2015;
Sigurkarlsson, 2015). Between Arnarfellsmalar and the 1992 moraine are at least five
moraines of unknown age (Jonsson et al., 2014). Detailed timeline documentation by the
use of aerial and satellite images for the area shows thatiplalend moraines have been
formed where the 1992 moraine is now, each reggnting a surge evenfigure4.2).
Therefore, the 1992 moraine can be regarded, at least partly, as a composite moraine.

Parts of older moraines with known ages originate in fr@ithe 1992 moraine. On the SW
and NE sides of the glaciare large continuousparts of older morainesThey have been
dated by investigating annual glacier margin measurements acquired by the Icelandic
Glaciological Society (IGS) since 1932 and gerabgraphs spanning years from 1945 to
2014. The aerial investigation and ground measurements show ages for the moraines to
be: 1954, 1966, 1971972, 1979, 198, 1992 and 2002009 Figure4.2). The only moraine

that cannot be found anymore in the forefd 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 ofanidel
(J6hannesson et al., 2013). Mapped moraines in the forefield of Malajokull 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 vistiie farefield From
Sigurkarlsson (2015).

4.2 Crevasses and crevasse -squeeze ridges

Thecrevasse patterns ithe marginal zone dfitlajokull has beetriefly describedrom a

1995 aerial image and a LiDARight, Detection and Ranging radianage from 2008
(Johnson et al. 2010; Benediktsson et al.,, 20I16hnson et al. (2010) described the
marginal zone ofMulajokull from the LIiDARSs showing a triangular pattern that continued

up glacier as single radial crevasses. Aerial images from 1995 show a sieviésser
pattern as wa described from the LiDAdRd crevasse patterns have been related to the
exposed drumlins in 2008. Newly exposed drumlins were compared with crevasse patterns

21



from the 2008 LiDARBNd the top or head of drumlins appeared to correlatéhnsplayed,

radial crevasses (Johnson et al., @0Benediktsson et al., 201&esults 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 thentral glacier margin
(Lamsters et al2016). The GPR data also revedieat drumlinoids had formed directly
underneath splayed open crevasses (Lamsters et al., 2016). Benediktsson et al. (2016)
demonstrated how the fanning out of the piedmont glaciensad 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 &tdPson 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 formatiom Mulajokull.
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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 areltture of Mulajokull and relate them to

the landform record.

For this research, Mulajokuls 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 andof 3 drumlins located at the margikigure5.3). 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 thglacial 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 Mulajokull was carried out
as a part of a largeeseach 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 gldEigure5.1). Itfurther
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, CSRslaies fvere
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 covereahible
drumlin (Figure 5.1). Moraines could be traced long ways, usually on drumbog
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 comper. Sedimentary cones were excavated and their sedimentology
photographed and noted. Position for all features was measured with a handheld Garmin
eTrex summit gpsdevice into WGS 84 reference system by UTM coordinates. Features
were then described shonl 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 possibleSedimentary ridges exposed in fractures on or in front of the
glacier were described and their lithofacies determined by the ldabi#s code developed

by Kruger anKjeer (1999). fenches were excavated in fourteerdges in front of the
glacier to acque a crosssectional description of each ridge. Further, bulk samples were
gathered from ridges for better understanding the depositional origin of sediment, each
sample weighed about 1&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 Mulajokull, three drumlinoids are partly emerged from
underneath the glacier. B) The central and western zone of Mulajokull showing the drumlin
field and accompanying pgtacial 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 crevassgueeze ridges, drumlins, end moraines, marginal and
proglacial lakes. Ny@ri and Sydri Hagongur are visible in the far distance and Vatnajokull
behind them.
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5.2 Aerial and UAV images

A DEM (Digital Elevatidviodel) is acquired with a LiDAfy an airborne survey in 2008 as
a joined effort for a larger projec¢hroughthe Icelandc Metrology Office and the Institute
of Earth Sciences, University of Iceland (Johnson et al., 2014; Jonsson et al. TRODEM
comes with 0.5m resolution ant here shown as an elevation model with hillsahde
attribute (Figure 5.2)The LiDARatahasformerly been used to map the geomorphology
in Mulajokuls glacial forefield and was presented by Johnson et al (2014).

——

Figure 5.2. ADEM form 2008 shows the cressed surface of Mulajokull

Further duringfieldwork in 2015 an UAV (unmanned aerial vehicle) acquired aerial
photographs of the central front of Mulajokull. These aerial photographs are detailed with
0.025m resolutiorand are used to map smaller surface structures such as closed crevasses
and crevasse traces as well as open crevagbaure5.3). Method for acquiring the UAV
footagewill be described in detail below:
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Qirvey of c. 2krhof the glacier margin and foreland area was carried out using methods
adopted by British Geological Survey (Bdigh) 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 ¥ 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 visibla 26m 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 syseeys 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 afbud an
DEM generation was completed using Agisoft Photoscan under licence to BGS.

PRy P

Figure5.3. a) shows the location of where the drone data was acquired. B) Drone data from
the field presented in 1:5000. Basepntor 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 campaigmteamsurveyedthe glacier margin and upper parts of
the glaciemwith ground penetrating radafGPRand radio echo soundingvith the goal of
mapping thesubglaciakopography and evaluatinge thickness. A wave speed of 0.164
m/ns was accounted for which is in good agreement with a study by Bradford(20aP)
where they evaluated wave speed at abtetisites in a warm based glacier. Where ice
thickness was less than 20 the data was not considered fully reliable. A kriging surfer
interpolation was used to giveraore realistic and smoother sgtacial topography. Where
the kriging interpolation showedarge differences from measured GPR data, the
interpolation was not used. This disagreement happened whertifea were prominent

on the sulglacial bed. Where ice surface elevation data was missing for the 2015 map a
dataset from 2013 was used to fill dpe gaps.

GPR usage for glacial environment application was analysedai dg Woodward and
Burke (200Y and the radar wave velocity for temperate glaciers was analysed by Murray
et al. (2000).

Theacquisition and processing of the ice radar data waisedby Dr. Eyjélfur Magnusson,
Institute of Earth Sciences, University of Iceland. The results of this work are yet
unpublished. The results of the GPR surveys on the Mulajokull ice margin are described by
Finlayson et al. (submitted). Dr. Eyjélfur Magraisgenerated 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. Fracturegoered

by orientation into 3 groups: Parallel, transversed oblique. For the LiDAIRom 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 fidemains where paréel orientation

change was observed. Orientation changes both along the glacier margin from west to east
and from upglacier to downglacier.

For ease of understanding and a more pleasant presentation of data, tin models (triangular
irregular network) wee created from subglacier be@pography data and glacier surface
data. To determine the ice thickness a new raster dataset was created by withdrawing the
subglacier bedopography raster from the glacier surface raster. Another tin model was
created forice 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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150m from 2008015 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 spedlg 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 &6 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 sedimemntalescription 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 margine Bamples gathered from

the ridgeswere acquired bycraping sediment from the whole cross sectional profile, and
made sure that the sample was well representative of the ridge. Each sample weighed
about 1.52kg.

5.6.1 Clast samples

Clastsamples were gathered tanalyseroundness and shape of clasts. From eaalk b
sample 50 clasts were collected by hand picking them out of the sample. Methods
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were followed as closely as possible. The aim was to keep the ratio betwees and b

axes aroundL.5: 2 and the clast sizes ranged from about 1 cm to 12 cm. The clasts were
sorted into 6 groups (Very Angular, Angular,-3ugular, SulRounded, Rounded and Very
Rounded) depending on their roundness.

5.6.2 Clast shape

A, b and c axis wermeasured with a conventional caliper and plotted on a-FRDT
(triangular diagram plotting spreadsheet) created by David Graham and Nicholas Midgley
which builds on the method proposed by Sneed and Folk (1@5@)re5.4). The diagram
demonstrates the wtribution of clast shapes on a triplot with blocky, platy or elongated
axes. With the trplot 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; Krger and Kjeer, 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
consideredo have undergone a low degree of deformation.

29



6 Results

The crevasse pattern on Mulajokull and the unique geomorphology assemblage in front of
Mulajokull has been of particular interest for the last decade. Crevasse patterns have been
related to thegeomorphology 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 cessgse dynamics to the flow in Mulajokull. Further
the surface structures and flow dynamics will be related to the geomorphological record of
Mulajokull with a special attention to CSRs. Descriptions of the subglacial bed will be
presented along with tin maels 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
Mulajokull, parts of lhe 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
descrption for each ridge.

6.1 Subglacial topography of the Mulajokull lobe

Observation of the subglacial bed topography beneath the lower part of the Mulajokull
piedmontlobe shows that the bed slopes about 10° upwards, from&1L® m at the glacier
margin to apeak height of631 m before elevation starts to draggain. The swglacial
topography lowersn the up glacier direction from the peak height in a more gradual way
FYR FT2N¥a | RAAGAYOGADS vHluR m&ginKigureb.1 (0)A YA O &
The ridge is generally 16050 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. Sulbghelongated features arevidert 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 pahteof
subglacial ridgeHigure6.1 (a). In front of the ridge is a 2.5 km losgbglacial 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 usualynb lower

than their surroundings. Behind the ridge the slopatouous 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 subglabigd. The ice thickness ranges
from 0-364 m within the study arefFigure6.1.(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 feat@s close to the glacier margin ice thickness is only about 15 m.
Glacier thickness around the subglacial ridge is geneabfiyt 7595 m thick.
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Figure 6.1. a) Subglacial topography is presentedth a blue and red colour ramp, elevation reac
from475 m to 640 m. Pink shadow areas represent elevation greater than 640. A gradual overd
is observed with the lowest elevation just about Zrsitde of the glacier margin. b) Ice thicknes
presentedvith a blue and red colour ramp, elevatioraohes from 0 m to 364 m. Ice is thickest a
lowest point of the overdeepening and thinnest by the margins. In general ice is thicker w
subglacial bed is lower and thinner whetee subglacial bed is higher) @ profile graph for th
subglacialbed, profile shows elevation from point A to poir(s8e line on 6.1a)The subglacial ridc
and gradual overdeepening underneath the marginal lobe of Mulajékull is apparent.

6.2 Flow domain architecture

Detailed fracture mapping of the Mulajokull margin shows that the glaciert fcan be
differentiated into 22 structural domains by fracture orietitan and patterns (se&igure

6.2). Distinct change in fracture patterns occurs between theglgrier and dowsglacier
domains. This is especially evident in the central part of theigflaUpglacier flow parallel
fractures are on average shorter and largely follow Mulajokuls curvature trend, except for
where the glacier is in contact with mountain sides as in domain 12 and 22. Diversity in flow

31



direction and fracture orientation is gater in the downrglacier domains. For example, a
strong unidirectional trend as seen in the -gfacier central domains (180) does not
continue in the central dowsglacier domains @0), which indicates a change in ice flow
and stress regime between tee domains. Further, a prominent diamoesbaped pattern

is observed in domains 5, 6, 7 and 8 but becomes less distinct in domains 4agdésting

a dynamic change between these doglacial domains. In the upper regions of domains
5, 6, 7 and 8 are maxdtately to welldeveloped first generatioren-échelonshears (see
Figure6.3). In these same domains further down the glacier two welelopeden-
échelonshears develop at the same point but are oriented abou®0 from each other
appearing as an gde down V (sed-igure6.2 and 6.3 From aerial images taken by a
drone it is clear that within then-échelonshears are open tension gashes. These tension
gases show weltleveloped sigmoidalorms and demonstrate high degree of rotation
(Ramsay and Hubgefl987; Twiss and Moores, 1992; Benn and Evans, 2010). Thus these
marginal shears can be regarded as weleloped second degremn-échelonshears (see
Figure6.3). Welldeveloped NWSE trending sinistral (lefateral) shears are observed in
multiple flow domans on the NE side (s&égure6.4). The observed sinistrahears appear
moderately too weldeveloped in the ugglacier domains and very well developed in the
down-glacier domains where they prest great examples of sigmoid@rms Figure6.4).
Apoorly to moderatelydevelopeddextralsheartrending NNWSSHs observed in domas

13, 14 and 15 (seEigure6.5). Hookelike and curved fractures along withsegments of
en-échelonstepping crevasseas observed withirthe shear.
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Figure 6.2. Detailed creasse map of Mulajokull, the glacier is divided into 22
domains by orientation characteristics. Crevassesmeeped over the 2008 DENhict
is shownbrighter and more translucent. Longitudinal crevasses are shown in m
colors, transverse crevess are shown in yelloMarginal flow domains show a larc
variation of flow orientation than up glacier flow domains. The unigue crevasse [
at the central margin is well distinguishable and fades out in domain 4 and dom:
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Figure 6.3. A) A zoomed in section of the 2008 DEM showeim@chelorshears at th
central magin, sense of shearing is showith black arrows, red box indicates a
of interest. B) The same area as seen from the drone image2015. CiEnéchelor
shear movement is clearly visible and whewestigated further a clear sigmoit
component is observed and the shear is thus considered a second degeelor
shear. D) Cartoon shows the major movement okttiéchelorshear.E) Open gashe
fractures withen-échelonoutlook are observed in the field in 2015.



Figure 6.4. The eastern section of Mulajokull as seen from the 2008 DEM, sense of shearing
is marked with black arrows. Red dashed imaxked Cshows zoomed in aseas seen from

the helicopter. BA cartoon showinghe sense of sheaderived from the geometry of en
échelon crevasses) The same area seeinom the helicopter, sigmoidadpen gashed
fractures are observed ithe two left lateral shears.
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I.:iguré 6.5. A) The western section as observed on the 2008 DEM, sense of shears are mark

black arrows. B) The saraeea as seen from the helicopteigmoidalopen gashed fractures are
observed by the shorter shear.

6.3 Architecture of flow zones

Analysis of the sufglacial bpography along with the above fracture mapping has led to a
distinction between four structural sectienwhich will be referred to asest, central up

glecier, central dowrglacier and orth-East sections and are described in detail below
(Figure6.6).
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6.3.1 Centralup -glacier section (domains :15-19)

Description:

The central ugylacier section is characterized by flparallel opeé and closed fractures
(Figure6.7). As the glacier spills out from a narrower section between Hjartafell and Kerfjall,
tension gows to each side resulting in open fracturing. The fractures strike from about
150° to 90° showing ESENW orientation. On the western margin there are hdie and
curved fractures, a sense ef-échelonstepping along with vague sigmoidarms are als
observed. There is a poorly to moderatelgveloped SSENW trending dextral shear that
originates upglacier in the Western section and affects the western margin of the Central
up-glacier setton. A poorly developed dextrahear is observed in domai® and appars

as hookedike fractureswith en-échelonstepping segmets. On the eastern margin the
central upglacier section is affected by antemsive sinistrathear zone originated in the
north-east section and is observed as-échelongashes, hookike and sigmoidal shaped
crevasses. There are patches of crevdsse areas on the SE edge of the centraiglgcier
section not far from where the glacier surface slope becomes steeper towards the sub
glacial arcuate ridggsee Figure 6.8). Fractures/cevasses condense between these
crevassdree areas behind elevated peaks on the subglacial ridge and then splay out
further down-glacier as they come in contact and flow over thegbglaciaklevated peaks
(Figure6.7). Transverse fractures generallyriceSENW and are closed but both short and
long. They are often located in a row and ugpabncave up glacieFigure6.7). They are
missing from the eastern edge of the centralgipcier section. The SE margin of the central
up-glacier section is afféed 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 arflow-parallel fractures which suggests that the
area is largely unaffected by the sgtacialbed topography (Nye, 1952; Hafeldt, 2004;
Benn and Evans, 2010). The flow parallel fractures are both open and closed. Open fracture
are the result of ice fiwing from a narrower section into a broad wider section, thus the
ice splays out and tensile stresses pulls the ice amaéning up the fractures{gure
5.2)(Nye, 1952Benn and Evans, 201@®ense of shear on the NE and SW margins of the
Central upglacier section suggests that ice flow in Centraigl@cier section is more active

or has been aove more recently than in the westersection and nortkeast section. On

the NE edge wellleveloped sinistral shear shows open vaeses with sigmoidal
deformaton and suggests a relativesignificant change in flow velocity between the
central upglacier section and nortkast section. Poorly too moderately developed dextral
shear on the SW margin shows that change in flow velocity is not significant but sugges
that less active ice in the egtern section was somewhat affected by the more active
central upglacier section and is marked es-échelonstepping crevasses with hodke
deformation (Benn and Evans, 2010). The overall senskeair Jocuses icdow into the
central up-glacier section and towards the central margin.
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A vague sense of increased-ft@w is noticed in a section (domain 16) where gyjiacial
topography is low and leads to a large gap in the-glalzial ridge. The shears are not drawn

due to lack of evidential structures; however, a row of closed arcuate transverse fractures
Aad £20FGSR Ay (GKA& FNBI FyR O2dZ R 6S RdzS (:
(Phillips et al., 2017). Patches of crevase areas are usually loed to the sides of
subglacial elevated features. Open flow parallel fractures concentrate behind subglacial
elevated fatures and are marked bgn-échelontension fissures. Curved floparallel
gashes and open arcuate extensional fractures are likelydihiénigh tensile stresses on

and to the sides of the subglacial elevated features. The closed arcuate transverse fractures
by the upglacier part of subglacial elevated features are likely rotated thrusts due to
compressive stresses which indicate inceshsompressional flow towards the margin and
could be related to the subglacial feature acting as an obstacle to ice flow (Herbst and
Neubauer, 2000Herbst et al.2006) or as a response to the reverse slope gradient (Sharp
et al., 1993).

6.3.2 Central down -glacier section (domains : 5-9)

Description:

The central dowsglacier 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 shape¢basins (Lawson et al1994). The basins are relatively crevasse free but
crevasses litter the areas in between these spsbaped basins. These crevasses in
between basins make up the peculiar diamond shaped pattern in Malajokull. At the NW
margin where the central dowglacer section intersects the central tglacier 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 revals its chaotic outlook observed as blocky or rharrgatterns (seéigure6.9)
(Herzfield et al. 2004). Further at this section inside the wide open crevasses are crevasse
traces of up ice dipping thrusts, the thrusts trend from8W andappear as wedge(see
Figure6.9). The intense crevasse sections at these locations are then focused to the sides
of the spoord KI LISR o0l aAyas gKSNB { En&éhelontefisiSn NJ | &
fissures. In the mapped subglaeiapography spoorshaped basins appear sa
topographical low areas and sections between the basins appear as elevated ridges or basin
rims. Further down the glacier then-échelonfissures are directed into two negets of
GaS0O2y R ereéhdldhBsSutes forming an upside down V before thesemtually

reach the glaciemargin Figure6.8). Theen-échelonfissures show a propagating direction

to the SW and NE of drumlins. This dynamic of dextral and sinistral steppié&chelon

shear fissures form a complex that is marked by the charactersimmondshaped
patterns at the margin, creating the sposhape 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 degne€chelonshears divide into

two sets of second degreen-échelonshears (at the top of the upside down V) or as the
gladger hits an obstacle (druml)rat the margin. These thrusts appear as horst and graben
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forms with small offsets up to 30 cm observed asegtcompressional faults dipping-ige
located upglacier and steep normal faults dipping dovee, loated downglacier (see
Figure6.9). On the western margin the section is affected by a dextral shear zone marked
as rotational movement towards the stgdacial 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 sinistran-échelonshear.

Interpretation:

The crevasse patternwithin central downglacier sectioncan be largely linked to the
subglacial bed topography. It is clear that as the close spacedbfioaliel crevasses seen

in the @ntral upglacier section start to concave dovghacier on the NW edge of the
central downglaciersection they are flowing\eer sulglacial elevated features. Bed slope

and gravitation then pulls the ice towards the spesimped basins and thien-échelon
fissures form by the sides of these speshaped basins. Similar structures have been
described in the Pasterzenkees glaamneAustra by Herbst and Neubauer (2000) and Herbst

et al., @006). 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 suedype glaciers in Iceland were characterized by flat
ablation zones and spoeshaped basins (Bjoérnsson and Palsson, 2003).eM&shelon
fissures in Mulajokull are not formed at sgftacial topographiddows but rather on top of

sulA t F OA L £ doidghoRt Fr&ndi the topld§ripbical peaksFigure6.8). Extensional
transverse fractures such as at the top of spahaped basins are developed where there

is a sudden change in the bed geometry and the glacier experiences high tensile stresses
(Hoppe, 1952)¢ KSNB Qa fA1Sfte& I NROGFGAZ2Y I O2YLRYySyYy
gravitational pull in the direction of spoeshaped basins, while the principle direction is
towards the glacier margin (Twiss aniloores, 1992). Crevasses on gidzial
topographical highs located between spoahmaped 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 paeiyerged in the fieldRigure5.1). Steep
compressinal faults dipping up iceaccompany these areas and further suggests
compressional flow towards the margffinlayson et al., submitt@¢dGlacier 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 hawvdewathpeden-
échelonstepping open crevasses with sigmoidal and hiikd deformations. Thin ice (40

50m) is observed on top of subglacial elevated features and thicker ic&0fB) is
observed above subglacial low features such as spoon shaped basins. On top of drumlinoids
close to the glacier margin ice is only about1Hin thick and is likely more easily affected

by the subglacial topography (Benn and Evans, 2010; Rea and Evan3, 2011
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Figure 6.7. An overview image farentral up and central dowglacier sections.

En-echelon stepping and hook-like crevasses En-echelon gashes, hook-like, sinusoidal shaped crevasses

Spoon-shaped basins

Figure 6.8. Features observed in central up and central dghatier setions. Upside down
V06 s an-dhapmegpbasing create the peculiar diamond shape pattern in Mulajokull.
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Figure 6.9. A) Wedge thrusts observed in open gash crevasses by the subglacial ridge. B)
Rhombic otlook of the glacier by the subglacial ridge. C) Horst and graben at the glaciers
margin.
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6.3.3 North -eastern section (domains: 8 -11,20 -22)

Description:

The northeastern section is characterised by three extensive-NIS®& snistral shear
zones withen-échelonstepping segments (sdggure6.4and 6.10. Parallel fractures trend

from 140° to 40° and appear open. Majority of fractures are deformed by the shear zones
and appear @ have a hooliike or sigmoidalcomponent. Domain 20 and 21 show a
relatively strong unidirectional orientation with 30° variation while domaiad has a
variation of 60°. The nortkastsection is in contact with c. 4 drumlins at the margin and a
rather large preglacial lake. Patches of crevasse free areas are locatseebn 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 flatl@chtdd

in the lower areas of nortieastern section is dominatelly flow parallel open and gashed
crevasses cross cut by transverse arcuatkieregular crevasse§igure6.4 and 6.1 The

north eastern domains are characterized by large crevasse free areas and short open
transverse fractures on the north eastern edgédere the glacier flows around Mt.
Arnarfell. Close to the margin are transverse fractures that arcuatglagier and down
glacier.

Interpretation:

The sinistrashear zones occur due to tana between faster flow in theemtral upglacier
section andslower flow in the northeastern section (Benn and Evans, 2010). The @pen
écheloncrevasses with sigmoidal deformai suggest tension between the nordastern

and entral up-glacier sectionEnéchelonstepping crevasses with sigmoidal component
have been shown to be indicators of contemporaneous crevasse growth and shearing
(Herbstet al,, 2006). The geometry of crevasses within the sinistral shears can be explained
as a response to the sinistral shear movement which is ingppbseforward flow (SSEJ o

the central upglacer section. The glacier in the nordastern section appears to have
slower flow rate relative to the entral upglacier section. The chaotic crevassorgtop

and in front of the suglacial ridge point towards the glacier being atégtby 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 sheproould berecognized as locakd
deformation of the crevasse pattern. Further the crevasses show sigmoidal andikeok
deformation likely due to rotational failure or change in the lateral ice flow gradient. A set

of Chevron crevasses separate the intensely asegd section (related to the subglacial
ridge) and a relatively crevasse deficient sectiomseedomain 11 and 2ZF{gure6.4). The
Chevron crevasses indicate a significant change in lateral gradient of ice flow (Benn and
Evans, 2010). A zone of sheansion is marke as open NS trending tear or i&vron
fractures on the north eastern side as the glacier flow is directed around thentainous

side of Mt. Kerfjall Crevasse free areas between the sinistral shear zones are likely less
active areas ofce flow and could be in some way a (1 dzO1 ¢ o0SG ¢ SNBNNW (GKS
trending shearzones, or the sufflacial basal topography could be affecting these crevasse
free patches. These areas somewhat appear as {sbaped basins. Majority of closed
transverse fractugs 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

43



directed around the featwes, these are likely drumliras their tails can be seen protruding
out from the glacier (se€igure6.11).

~ Drumiins 2013
Sub-glacier topography
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Figure 6.10. An overview image of nortbastern section. Marked are areas with open
Chevron crevasses, crevasses showirgcbelon geometry and areas of localizbgaring
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 frbtiteomargin.
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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 froni aihe western margin

of the western section to 250at the eastern margin of the egtern sectionand are in
majority open. The wstern section is characterized by a high density of transverse closed
arcuate upglacier fractures that are both long and shortn Aextensive poorly to
moderatelydeveloped WSVENE trending dextral sheaoree is on the NE margin of the
western section. Crevasses within the shear are curved, appear open anestémlielon
stepping in segments. Small poorly to moderatégveloped sirstral 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 egacier transverse
fractures. A short distance from the margin dew closed transverse fractures either
arcuate downglacier 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 moderatelgveloped suggestinghat flow velocity
differences & not significant between the western ang-glacier central sections.

Some of the transverse fractures that arcuateglpcier have a lobatappearance to them,

form in rows and are suggested to have formed during acfleev of the glacier
demonstrating pulsed flow with copressional components={gure6.12) (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 lypglacial 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 slogieganges 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 somevat 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 dicted south by a very steep sulacial feature (side of

Mt. Hjartafell). P&ches 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 westesection, 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 up glacier and followed the central margin and
involved investigating sedimentaryrgttures within the glacieiSediment 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 compressivellteng or tectonical uplift.

Sandy cones were found 100 m-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 reevdth well sorted bedded sand
covering the corg(Figure6.13. This bedded sand has been deposited in a controlled
environment suggestingorting byfluvial processeOrientation of bedding suggests that

the material has been altered.

46



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 dovglacier side. Ice core can be viewed to have the same
geometry as sandy cone.

Sorted sediment @&s usually seen protruding out of crevasses or other openimghe
glacier. Sediment was often water saturated and appeared as slurr or lobes. Fractures
protruding sorted sediment trend from 9P95° with a mean trend of 226Sorted
sediment was furthepbserved 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 verywell sorted. These tubes are linked to some larger openings in the glacier that
have anneale@ndare seen as refrzen circular forms (sefeigure6.14 (b).

Fractures filled with diamicton show strike direction of 1B#b° with a mean strike
direction of Z0° and a mean dip of 40Riamicts appear to be coarggained or mediumn
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 appearsetnear
on openfracture planeqFigure6.14e). Diamict can usually be tad to openings in the

ice (Figure6.14) At the glacier margin are largplayed crevassesn the splayed crevasse
walls it is possible to observe transverse crevasses in a crossnséeiew(Figure6.14d).

In these cross sectionate sediment filledcrevasseshat areopen and closed at the glacier
surface Crevasses closed at the glacier surface commonly show traces of former surface
openings but have refrozen and anneal&dthese transverse crevasses it is possible to see
diamict up to a few centimeters thick.

Sediment often covered areas around moulins and fractures arossnoulins at 90°.
Refrozen ice structuresn the glacier surfaccevere occasionally found, they appedre
either ascurved lines or circular formdn the western area of the margin, water was
observed sproting out of a crevassé@-igure6.15). Relatively high pressure and water
upwelling from the crevasse was noted. The water created a supraglacial clmanngig
into a marginal lake about 50 meters away.
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