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ABSTRACT

Despite the importance of ice streaming to the evaluation of West Antarctic Ice Sheet (WAIS)
stability, we knowlittle about midto long term changes grounding line migration, ice
streaming and ice accumulationthe upper Institute Ice Stream (IIS) catchment. In this thesis
ground penetrating radar (GPR) and airborne radlto sounding (RES) methods have been
employed to investigate the subglacial topography, internal stratigraphy and Holocene flow
regime of the upper IS catchment, in and around Horseshoe Valley. High resolutiamdtep
collect mode GPR was employed to assess the continuity of a Blue IcéBM@gahorizontal

ice core climate record &atriot Hills,where analysis has revealed two unconformities in the
otherwise conformable 30,000 yeamudite sequence. By combining theksa with airborne
RES returns and prexisting ice sheet modeisis suggested that these unconformities represent
periods of erosion, occurring as the former ice surface waged by katabatic winds in front

of Liberty and Mable HillsSnow_Blowsimulations suggest th&atabaticwinds havescoured

the lkeeward slopes dhese mountain rangésr over 10,000 yeard.his temporalstability can
account for the large volume of Bl moraine demosit Horseshoe Valley, where compressive
Bl flows promote glacial erosion andhearsurface debris entrainment throudfeezeon
processesat the ice/bed interface and compressive thrust faulBggnvestigatingthicker ice
flows in the upper IIS catchment and the Evans Ice Stream, this thesis hasadysedlebris
entrainmenimechanismat depth, where clasts are incorgted intothe ice flow by englacial
stratigraphic folding and shearing at the glacial thermal boundmyerned byspatial and
temporal changes in ice flow, ice temperature and sediment availaMlitito long term
changes inice flow in the wider 1IS catchmenihave been investigated froairborne RES
transects revealinginternal layer bucklingand therefore former enhanced-#teset flowin
threedistinct tributariesof the 11IS Buckled ice layers throughout the slow flowing ice in the
Independence Trough arikle fastflowing ice in the Ellsworth Trough suggest that enhanced
ice flow through these topographically confimegionswas the source of ice streaming and ice
flow reconfiguration during the mitb-late HoloceneAlthough buckled layers also exist withi
the slowflowing ice of Horseshoe Valley, a thicker sequence of sutaodormable layers in
the upper ice colmn suggests slowdown more than 4000 years ago, indicatingrthahced
flow switch off herecannot beattributed to latdHolocene ice flow rerganisation. The dynamic
nature of ice flow in the IS and its tributaries suggests that ice stream switching and mass
change may have been regular during the Holocenghahthese changesay characteris the
decline of the WAISin this area These results have important implications fayur
understanding of iesheet dynamicsind the response of the ice sheetctomate change and
provides explanations forfluctuationsin debris entrainment anttansportationprocesses in

Antarctica
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CHAPTER 1

Introduction and background

1.1 Introduction and project rationale
The West Antarctic Ice she@VAIS) is a marine based ice sheet with its centre situated on
bedrockwell below sea level, where the deepest known ice tgste 2555 mbelow eustatic
sea level[Fretwell et al, 2013] which introducespotential instabilities that could lead its
rapid collapse\\Veertman1974;Mercer, 1978]. The risk is that the volume of ice held in West
Antarctica, if lost, would be sufficient to raise &l sea level by 5 m if all the ice disappeared
or by 3.3 m if icecaps remained on the main mountain blo&anfiber et al 2009;Hein et al.,
20164). Draining a combined areaf 218,000 krA [Joughin and Bamber2005](~11% of the
WAIS total), the Instiute Ice Stream (1IS) and Moller Ice Stream (MIS) are major outlets of the
WAIS, where iceand entrained sediment accumulations dfesm the WAIS dome into the
FilchnerRonne Ice Shelf (FRIS) and ultimately, the Weddell Sea. Both 1IS and MIS have steep
reverse bed slopde/here the bed slopes downwards inland of the groundingdime)areas of
low basal roughness which could makenthgusceptible to unstable grounding line retrBatss
et al, 2012;Wright et al, 2014]. However, despite IIS being critical to our evaluation of WAIS
stability and the likelihood of future sea level change from ice sheetBessl¢y et al 2010],
dynDPLF IRUPHU FKDQJHV LQ LFH I GpRetcadhinekitLafeaVilre HoddyF H VW
constrained.

Although ecent advances in cosmogenic nuclide ana[§igwill et al, 2012;Hein et
al., 2016a, 2016p horizontal climate recorthterpretationgTurney et al, 2013 and ice sheet
modelsimulations (olledge at al 2013 havehelped to improveur understanding of past ice
sheet thickness and climate time Weddell Sea sector of West Antarctinany assumptions
have been made. These include Holocene ice flow trajectadiglsis availability and
entrainmentmeteorological conditions (including the frequency of katabatic wamds snow
accumulatiopand the stability ofocal Blue Ice Areas (BIAs)Until geophysical data haveeen

collected, analysed and modelled thefimate record interpretations and model simulations



will remain urjustified. Combined with fears of ice sheet instability, it is now more important
than ever to investigate the pastd present behaviour of the WAIS, particularly in the upper

[IS catchment.

In order toappreciate past and present ice sheet conditions it is necessary to determine
basal topography, ice sheet thickness, flow direction and eXx@amgbell et al 2013]. This
can be achieved through the analysis of geophysical data, where radargrams from ice
penetrating radar surveys can reveal information about the bed topography, ice sheet surface and
internal stratigraphy of the ice at a variety of scalesre&ent airborne ice penetrating radar
surveys have focussed on the main trunk of the IIS and MIS (near the FRIS grounding line),
where investigations b8iegert et al[2013] andBingham et al[2015] have recorded the basal
topography and internal stratigphy along the main arteries of the ice streams, where Holocene
ice flow reconfigurations were recognised near the local FRIS groundingHiaghesis will
investigate thenglacial stratigraphydebris entrainment processasl ice sheet stability afe
flowing in and around the Ellsworth Mountains, in the upper IIS catchriré@mdings will be
compared to local climate recordsd cosmogenic nuclide derived ice sheet retreat dates to
determine the timings of any changes, whilsterical modelsvill be consultedto determine
the stability of the ice she@t and around Horseshoe Valldge penetrating radar will also be
usedto assess the availability of deberd debris entrainment mechanisimsandaround the
Ellsworth Mountains This work will provide the first detailed account of volume fluxes and

debris entrainment processes beneath the thick Antarctic ice sheet.

1.2Research aims and bjectives

Theoverall aim of this PhD project is:t

Investigate the past and present behaviour of the Wtdrctic I Sheet in and around
HorseshoeValley and the upper Institute Ice Strearatchmenin order to determine changes
in ice flow and debris entrainmemwlue to grounding line migration, ice streaming and ice

accumiation under a changing climate.



In order to fulfil this aim, a number of research objectives have been identified.

Objective 1:Analyse englacial stratigraphy within the Blue Ice Area at Patriot Hills to
determine historic changes in ice flow and/or accumulation

High precisionGPR collected by the Northumbria PulseEKKO system in 2013/2014 will be
used to determine the englacial stratigraphy within Biwe at Patriot Hills. @xta will be
processed in ReflexWversion 6.1.1)and analysed in MATLAB(R2013a)and Opendtect
(2015 to higHight prominent internal GPR reflectors within the BIA in both 2D and 3D. The
imagery will be analysed systematically to sepamnformable internal layerininficative of
stable firn/ice accumulatigrto discontinuousenglaciallayers (which reveal ingbility in the
accumulation or flol By conbining a variety ofdatasets from the Heritage Range (é&cg.
elevation datdFretwell et al, 2013] ice velocity measuremenRignot et al, 2011] climate
records[Turney et al 2013] Parallel Ice Sheenodel simulationgFogwill et al, 2014]and
cosmogenic nuclide derived ice thickness measurenfeleis et al, 201G, 201®]) with the
GPR record it will be possible testablish the cause of any changes in ice flow during the
Holocene.Results will alsobe used to improve high precision climate reconstructions in the
area, deduced frorthe analysis ofurface deuterium isotope samples collectahg Patriot

Hills BIA by Turneyet al [2013] in 2012.

Objective 2:Determine the internal structure of the West Antarctic Ice Sheet in the upper
Institute Ice Stream catchmentto establish historic changes in regional ice streaming
Airborne RESdata collected in and around the Ellsworth Mountains by Dr. Neil Ross
(Newcastle Universitypnd collaboratorgluring an aero geophysical investigationIt8 and

MIS in 2011/D12 will be processed in Reflex@éhd analysed in 2@nd 3D (in MATLAB and
Opendtectrespectively) to determine the internal structure of YWAIS in and around
Horseshoe Valley. Published RES radargrams fronWhkddell Sea sector of West Antarctica
(e.g. Siegert et al[2013) havealreadyrevealed strong bed horizoasid complex internal
layering in this regionwhere a variety of internalnd sibglacialfeatures have beadentified
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These features includmnformable layering, discontinuities, folding, fracturing and crevassing.
Analysis of similar internal featureim the airborne RES dataset will allow Holocene flow
regimes in thaupper IIS tobe determined. These findings wiitidicate whether the Horseshoe
Valley Trough thelndependence Trough and the Ellsworth Trouwgdte important tributaries

of thellS, both in its current configuration and in the Holocene configurations hypothesised by
Segertet al. [2013]. These results are critical fthre ice sheet modelling community, where
findings will help todetermine the historic and future stability of WIS in the Weddell Sea

sector.

Objective 3 Investigate debris entrainmentmechanismsin the Weddell Sea sector of the

West Antarctic Ice Sheet

In order to constrain the location and form of debris bandghe ice flows surrounding
Horseshoe Valley in the upper JIStrong and often steeply dippiranglacial features within
previously analysedsPR and RES transecfsollected to fulfil objective 1 and 2yill be
mapped and ahged in 2D and 3D using Reflex\dhd Opendtect respectively. Controls on
sediment availability andlebris entrainmentmechanismsn Antarctica will be onsidered
before site specifiprocessesre discussedComparisons will be made twider ground RES
surveys acrosHorseshoe Valley supplied by Dr. Andrés Rivera (Centro de Estudios
Cientificos)as well asan airborne RES flight line across the Evans3team supplied by Dr.
David Ashmore (Aberystwyth UniversityBy calculating approximate volumes of debris in the
glacial system it will be possible toetter understand erosive rates in Antarctica, landform
development and the transport of debris fritv@ continent to the Southern Ocean. Suggestions
will be made regarding the significance of these findings in relation to ice streaming and ice

sheet stability.

Objective 4:Model the transport of snow by wind in Horseshoe Valley and compile a
sensitivity analysis to determine the condition:ecesary to initiate and maintain Blue Ice
Areas in front of the Patriot, Independence and Marble Hills
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5R VYV 3)6hbwHnftfnodelwhich was recentlgoded as an ArcGIS (Python) script Dy.
Stephanie Mills at the University of Plymouth and Dr. Anne Le Brocqg at the University of
Exeterfor paleoglaciological reconstructiomsll be used to improve the derstanding of blue
ice erosion angnowdrift accumulationin Horseshoe ValleyA 40 m resolution SPOTigital
elevation model (DEMWill form the primary input, along with automatic weather station data
from Patriot Hillsand field observationsResults will becompared to satellite imagery to
validate theSnow_Blowmodel. In order to eablish how thick the ice needs to be to maintain
katabatic wind flow (necessary for blue ice formatjdng elevation data will be a@lted n
subsequent model runsel sheet elevations will be providég Dr. Andrew Heinfrom the
University of Edinburghwho usedcosmogenic nuclidanalysis to datehe exposure ages
numberof bouldersat a variety of elevations aloriRatriot and Independence HilBeuterium
LVRWRSH PHDVXUHPHQWYV (WiRepsitylbf New Sauth Wledinrdtefddre

will also be used to confine palaeo ice surfatésse findings willdefine the current statf
erosionand ice flowin front of Patriot and Independence Hijllisnhance our understandiof
former ice sheet conditionand improve optimal forects throughsensitivity testing using

precise ice sheet surfaces.

Achieving the objectives outlined above will alldlae past and present behaviour of the WAIS

in and around Horseshoe Vallapd the upper [1$0 be determined. This wifulfil the overall

aim of thisthesis. Each data set will first be considered separately, to identify ice flow processes
operating at different scales, before the data sets are combined with ice velocity data, climate
records cosmogenic nuclide datmd model simulationdo deerminethe controls on ice flow

and debris entrainmentin and around Horseshoe ValleYhis researchwill provide firm
constrains to the scientific communities concerned with Antarctic ice sheet evolution, where
results will be particularly relevant to the iceesh modelling, climate and sea level

communities.



1.3Thesis $ructure

Thestructureof this thesis is summarised below:

SECTION I: Relevant background for the thesis will be summarise8ection 1 Chapter 2
will review our current understandingioé flow and ice sheet stabilityChapter 3will provide
a detailed studwite description of thélorseshoe Valley and thepper Institute Ice Stream
Catchment in the Weddell Sea Seatbwest AntarcticaChapter 4will describethe methods
used in thighesis, by introducing the mlant background theory for igenetrating radadata

collection and data processing as well as ice velocity data acquisition.

SECTION Il : This section willpresentresults and int@retations of data collected from the
upper Institute Ice Streamatchment Chapter 5will determine historical ice sheet flow in
Horseshoe Valley bgresening results, interpretatins and discussions from groupenetrating
radar transectsollectedacrossPatriot Hills Blue IceArea, whileChapter éwill presentresults

and discussions fromegionalairborne adio-echo soundingf the upper Institute Ice Stream
Englacial debris recorded in ground penetrating radar and-eatim sounding transectslivbe
examined irChapter 7 where debrisources in and around Horseshoe Valley will be discussed
along with debris entrainment mechanisms in Antarcimulations of katabatic wind flow
andsnow driftwill then be presenteth Chapter 8, in orderto investigae the controls on Blue

Ice Area formation and evolution.

SECTION Il : This section will dscuss the major findings of tiséudy and will synthesise the
interpretations discussed in sectionGhapter 9will provide a synthesis of the evolution of ice
sheet flow inand aroundHorseshoe Valley whils€hapter 10will summarise key findingand

conclusions from the thesis, whemngggestions for further work will also be made.



CHAPTER 2

Ice flow and ice sheettability

This chapter will review the etent understanding of iddbow and ice streamingn ice sheets
Potential instabilities in ice sheetdriven by internal and external forces will be discussed,

along withtechniquesapable of detecting past and present ice sheet conditions.

2.1Introduction

Large ce sheets form aimtegral part ofthe (DUWK {V F O L Bdlameh &t \ay X06YR >
where they exert a strong control over atmospheric circulation patteags gnd Lindzen
2007], ocean overturningHemming 2004]and global sea levéFigure 2.1) It is for this reason

that recent, dramatic examples of mass loss from the Greenl&aign[et al., 201p and
Antarctic Ice SheetsShepherd et al., 2010; 20[LlBawe heightened concern for unprecedented
and irreversible global change. Although this femmed from measureatmosphericand
oceanicwarming, where subsequent climate simulations and predictive ice sheet models have
heightened concerns for unprecederghdnge in the futurgCollins et al, 2013 (Figure 2.2)

many of theobserved maskwss processes are not driven directly by ice surface melting, but
instead they involve the flow of ice, and as such, this is the primary focus of this literature

review.

2.2 Ice Jeets

Only two large, kilometreghick continentaice sheets exist on Earth today;Greenland and
Antarctica, where they differ from smaller scale versions, termed ice caps, which can be found
in the Canadian, Norwegian and Russian Arctic, as well as some small islands in thenSouther
Ocean, and much more abundatgeper mountain gléers, where ice flow is controllebly
bedrock topographyice sheets in Greenland and Antarctica are maintained by cold surface
temperaturesvhich are largely a function of their high latitude and elevatwhich hasllowed

the ice sheets to sustainnat accumulation of snow at their centre for hundreds of annual
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Figure 2.1 The interaction of ice sheets withe climate system and ocean circulation. This
schematic figure was obtained frdPCC AR5 (Figure 1 in box 5.2)NlassonDelmotte et al
2013].
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Figure 2.2 Global mean temperature change averaged across all Coupled Model
Intercomparison Project Phase 5 (CMIP5) models (relative to 2086) for the four
Representative Concentration Pathway (RCP) scenarios: RCP2.6 (dark blue), RCP4.5 (light
blue), RCP6.0 (orege) and RCP8.5 (red); 32, 42, &&d 39 models were used respectively for
these 4 scenarios. Likely ranges for global temperature change by the end &fdbet@dy are
indicated by vertical bars. Note that these ranges apply to the difference betwe2hyear

means, 20882100 relative to 198&®005, which accounts for the bars being centred at a smaller
value than the end point of the annual trajectories. For the highest (RCP8.5) and lowest
(RCP2.6) scenario, illustrative maps of surface temperahaege at the end of the*2dentury
(20812100 relative to 198®005) are shown for two CMIP5 models. These models are chosen
to show a rather broad range of response, but this particular set is not representative of any
measure of model response undetia This graph was obtained from IBCARS (FAQ 12.1,

Figure 1) Collins et al, 2013].



climate cycles. Lower surface elevations and sometimes lower latitudes can lead to warmer
surface temperatures near the-sbeet margins, where mass loss may oasua function of
significant marginal melting (typical of theuthwesternGreenland Ice Sheffettweis et al

2011) or iceberg calving, when ice spreads to the continent margins and begins tat flbat

grounding ling(characterisc of the Antarctic Ice Sheet).

2.3 Antarctic Ice Sheet
The Antarctic Ice Beet Figure 2.3 covers an area of ~13.5 million kiand contains #otalice
volume of 25.4 million km (including ice shelves)Henn and Evans201Q. This makes the
Antarctic Ice Sheet thdargest freshwater ice mass the globewhereBennett and Glasser
[2009] have estimated that it could steqgproximately 70% of the entire worfdfresh water
which would contribute a change ieustaticsea levelof ~57 m, should the icesheet melt
completely Lythe et al, 200]. It is for this reason thain understandingf ice-flow dynamics
in Antarctica isurgently neededas even a modeshange in icesheet volume would impact sea
level around the globe and increase freshwatertfiikRe oceanf.emke et aJ 2007].

The Antarctic Ice Beet can be divided into two major ice sheets: the East Antarctic Ice
Sheet (EAIS), which has a grounded ice volume of 21.7 milliohaad the West Antarctic Ice
Sheet (WAIS), which has a total gruled ice volume of 3 million kifBenn and Evan010]
(Figure 2.3. The two ice sheets are divided by the Transantarctic Mountigsré 2.3. The
EAIS rests on a large land mass, while the majority of the smaller WAIS is groundeddaselo
level, wherece flows into two large ice shelves (the FilchiRanne Ice Shelf and the Ross Ice

Shelf) or througtseveral smaller outlet glaciers.

2.4 Stability of the West Antarctic Ice Sheet
Potential instabilities in the WAIS were firproposed in the late #Qcentury byWeertman
[1974] andMercer[1978] (Figure 2.4), who recognised the urgent need to study and understand

the stability of marine based ice sheets, particularly under a changing climatepibnesging
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Figure 2.3. Map of Antarctica showing a) Surface velocities in Antarctica, generated from
Rignot et al, [2011a], where thehannelisedstructure of icestream flow is clearly visible in

both the West Antarctic Ice Sheet (WAIS) and the East Antarctic Ice Sheet (EviShH are

largely separated by the Transantarctic Mountains, b) Cross section through West Antarctica, as
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Crosssection of the EAIS, from B0 Y Z KH U H rity/ ¢f khe Rc® BhRet rests on land above

sea level.
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Figure 2.4 A comparison of the area of the Antarctic Ice Sheet calculated to survive after a
collapse of the West Antarctic Icénéet in studies by (AMercer[1978] and (B)Bamber et al
[2009], (fromBamber et al[2009]).
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studiesproposed that theemoval of floating ice shelves would result in a rapid and irreversible
inland migration of the grounding line. It was hypothesised that such a retreat would encourage
progresirely thicker ice at the ice sheet margin, which would lead to higher ice mass loss and
further grounding line retregRignot and Jacohs2002;Schoof 2007]. In addition, rising sea
level would allow more ice at the margin of the ice sheet to floatuping instabilities in the
ice shelf, which would cause the ice to flow more rapidly into the oceans.

The risk of this instability was quantified in the early®2dentury whenit was
determined that the volume of ice held in the WAIS, if lost, would Ufécgent to raise sea
level by 5 m if all the ice disappeared, or by B3f icecaps remained on the main mountain
blocks [Lythe et al, 2001 Bindschadley 2006;Bamber et al 2009. Although entire ice sheet
loss is thought to be a high risk, Igwobability event Bamber et al 2009] there is evidence
that the WAIS was substantially larger than todBgrtley et al 2010] and that the WAIS was
smaller during past interglacialgi¢in et al, 201@). It is also worth noting that several ice
sheetsf similar sizes, such as the North American Laurentide Ice Sheet (estimated volume of
18-35 million kn? [Fisher et al, 1985;Hughes et a| 1981]) have completely disintegrated in
the past.

$V WKH ODVW WKUHH GHFDGHV R Qedivehl wabneiwhang dhyw X U 1D
preceding deade since 1850, global climatbangecurrently poses the greatest threat to ice
sheet stability Collins, 2013]. Although globally averaged land and ocean surface temperatures
show a warming of 0.6& +1.06°C overhe period 1880 to 2012, some artiees the Antarctic
Peninsulghave experienceglven greaterapid regionalvarming, where temperatures have risen
by nearly 3C since 1951 Meredeth and King2005] Here,measureg&tmospheric and oceanic
warming (Figure 2.5) has led to increased concern over the stabilithigh-latitude, ocean
terminating glaciers in Antarctica. This includes Pine Island glacier and Thwaites glacier which
are situated on the East Pacific side of West Antarctica, where recent studiesupggested
that full collapse of the main trunk of Pine Island glacier could occur in the nex2QID@ears

[Gladstone et a] 2012]. Unlike ice flows draining into the Weddell Sea or Ross Sea, Pine

13



Figure 2.5 Antarctic ice shelf ice thickness change rate between-2008 fromPritchard et

al. [2012]. Average sea floor potential temperaturesicquired from the World Ocean
Circulation Experiment Southern Ocean Atkre also plottedGrey circles show relativiee
losses for icesheet drainage basins (outlined in grey) that lost mass between 1992 and 2006.
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Island andThwaites glaciers do not have large ice shelves to shield their grounding lines from
external influences. Instead, these glaciers, whiclewrently the fastest flowing ice streams in

West Antarcticawith grounding line speeds afarly 4000 m yt [Joughin et al 2010]drain

into much smaller ice shelves, which are only a few tens of kilometres Asdéhe drainage

basins of both ice streams overlie deep subglacial depressions with reverse bedrock slopes,
these ice streams are thought to be the malsierable part of the WAIS tolimate andsea

level changes. Studidmve already recorded thinniigigure 26) [Wingham et a).2009 and
grounding line retrediere[Rignotet al.,2014 +both ofwhich are believed to have occurred in
response to increased ocean temperafikspherd et al 2004].By investigatingthe flow of

ice in areas vulnerabte changeit may be possible to predict how the ice sheet ceutdvein

the future, particularly under changing climate

2.5Ice Sheet fow

In large ice sheets snow and ice is transferred from the interior ice sheet to the ice sheet margins
by ice flow, which can occur through plastic or brittle deformation (Figure 2.7). This is typically
facilitated by deformation of the icbasal sliding odeformation of the glacier deUnder one

or more of these processes, the ice can move through the landscape, delivering snow and ice to
areas where ablation exceeds accumulation, and eventually to the ice sheet margins, where
meltwater ad icebergs can exit the systeBehn and Evans2010]. Due to the importance of

each mechanism with respect to wiegeet flow, the processes of inter@formation,basal

sliding, deformation of the glacial bed and ice flow velocity have been detailedvbahd

accounted for visually in Figure 2.8.

2.5.1 Internal deformation
Internal ice deformation is the most dominant ice flow process, occurring in virtually all moving
ice when gravity and the weight of overlying firn and ice cause ice crystalstattdapove in

response to stress. In most locations, the crystals orientate themselves in parallel layers which
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Figure 2.6 Elevation change rate (cm/year) from 1992 to 2003 for 8.5 %k of the
grounded Antarctic Ice Sheet interior as measurdddws et al [2005].
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Figure 2.7. Schematic diagram of glacier flow froBabler et al [2009]. The weight of
overlyingsnow and icallows most movement to occur by plastic deformation, although basal
sliding is possible if meltwater is available at the bed. The entire ice column moves at the same
velocity during basal sliding 7 EXW YHORFLW\ LV JUHDW-HBYWZEWQWVN KH
plastic flow dominates. This is a result of pressure; pressure is greater lower in ¢bkiine

but plastic flow is cumulative upwards so that flow deeper in the ice column carries along
overlying ice layers, like the zone of brittle ice.
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Figure 2.8. The velocity distribution within three glaciers of different basal thermal regimes
resting on bedrock and deforming substrates. A vertical {iménaerted in the glacier would be
displaced as follows: a) colohsed glacieresting on hard bedrock: movement is by internal
deformation alone, b) warimased glacier resting on hard bedrock: the vertical lieis
displaced from @ by basal sliding and-@ by internal deformation, and c) wadmased glacier
resting on deformabl sediment: the line-la is displaced to -d by subglacial sediment
deformation, to € by basal sliding and-g by internal deformation. This figure has been
modified fromBoulton[1993].
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canglide over each other, but this only happens when a threshold pressure from the overlying
ice mass is exceeded. This typically occurs when the ice is at least 30 mQbféky[and
Patterson,2010]. Although internal deformation is a dominant ice flowgesss, rates of creep
typically decrease with depth when a glacier flows through internal deformation alone, as high
resistive stresses at the glacial bed and valley side walls allow ice to flow much faster near the

surface of the glaciediskoot 2011].

2.5.2 Basal sliding

When glaciers are not frozen to the substrate (bedrock or sediments), internal deformation at
depth may occur through enhanced basal creep and/or regelation proghidesan promote

ice flow through basal slidingliskoot 2001] (Figure 2.8). Although basal creep and regelation
both occur when local increases in pressure on the upstream side of a bedrock bump lower the
melting point of ice, which forces it to melt and move towards the leeward side of the bump
(where presse is lower and where refreezing occuiskoot 2001), enhanced basal creep is

more efficient for large bedrock obstacles (>1 m wiBeulton 1972]), whilst regelation is

much more efficient round smaller obstacles (which are generally < 1 m Bodédn, 1973).

Whilst both of these processean occur without bed separati@nthin layer of water at the ice

rock interface can reduce basal friction and hydrostatic pressure, and enhance basal sliding. This

allows the ice to slide forwards, oftenaatincreased velocityAlley, 1993.

2.53 Bed deformation

In addition to internal deformatioprocessesFigure 2.8 details hovice flow can also be
promoted by the deformation of soft sediment or weak rock beneath a glacier. This type of
deformation typically occurs in temperate ice flows, when high water pressure in the pores or
spaces between fine basal sediments like clay @ isstfuces the resistance between individual
grains, which allows the sediment to maeflow relative to one another as a slulike mass

[Jiskoot 2011].Provided that the basal shear stress imposed by the overriding glacier is greater
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than the yield sength of the till, some, or all of this shear stress carcbenamodated by bed
deformation- as the slurry of sediment forms a continuously deforming layer on which the
glacier moves Jiskoot 2011. As bed deformation is primarily controlled blye mectanical

and hydrological properties of the sediment below, rather than properties of the ice, ice flow
through beddeformationis controlled by the yield strength of the sediment, which is highly
dependent on the grain size distribution, the fractional water content amdatée pressure
within the till. as well as its deformation historyigkoot 2011, where the amount of bed
deformation idlependent on till thickness, till composition and water pressure. As subglacial till
is a highly heterogeneous material, where yield strength and bed deformation can vary spatially
and temporally there are no standard constitutive reldtipe®r general flow laws for soft bed
deformation. Although most soft bed deformation laws assume an average till deformability
based on field measuremenBo[ilton and Hindmarshl987], laboratory experimentb/¢rson

et al, 1998] or mathematical undéemading of till physics fFowler, 2003], a number of studies
(e.g.lverson et al[1988] andTulaczyk et al[2000]) have recognised that tilleformation rate

is dependent on the amount stiearstress. As till behaves like a plastic material, a quasi

viscous flow law (equation 2.1) is often usétbjpke 2005].

6 X, (2.1)
Where Bis direct strainA2 is a constant related toreference strain rate, b a constant that is
dependent on preonsolidation stresses and texture of till, a@Rdhe stress taken at a reference
shear strain (larger than the MeGioulomb yield strength)Hooke 2005]. This relationship
implies that small increases in shear stress should result in large increaegefortnation
(which accounts for unstable runaway flow of glaciers over soft deformable beds, which in

extreme cases could result in surgsee section 2.5.7Jiskoot 2011].
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2.54 Flow velocity

As deformational ice flow velocity depends on tbeal balance between the driving forces
(largely controlled by gravitational acceleration downslope) and resisting forces which slow the
ice down (e.g. drag at the bed and at the margins of the glacier) (Figir¢h2.9ates and
patterns of glacier math vary enormously from one location to another. However, ice velocity

is ultimately controlled by four processes: temperature, ice thickness, bedrock and gradient. In
general, warmer temperate and polythermal glaciers can flow faster than cold, paitais glac

the ice can deform more readily, whilst theroating of surface meltwater can allow the basal

ice to slip, thereby greatly increasing velodiBennét and Glasser2009] The thickness of the

ice sheet (a function of climate and resultant masanice conditions) is also very importaa,
thicker ice can exert more pressure on the bed, which will promote deformation and basal slip.
The amount of deformation and slidingtienlargely dependent on bedrock composition and
topography, as more rapmovement can occur over loose sediment or easily deformable rock
like clay or shale, whilst harder bedrock like sandstone or granite creates greater friction
[Boulton 1972]. In terms of topography, ice flowing over steep gradients will also experience
high surface gradients, which can greatly increase gravitational acceleration dowB&ope

and Evans2010] Combined, each of these processes can alter ice flow velocity both spatially
and temporally. These variations can occur over a variety of sbakbsbetween neighbouring

ice flows and within large ice sheets, ice caps or smaller glaciers. For example, in individual ice
flows velocity tend to be greatest near the equilibrium line (where accumulation equals
ablation over a-year period) where thee is relatively thick, whilst reduced ice flow velocities

are recorded along the ice margins where flow is retarded by friction. In most ice masses these

spatial changes in velocity occur in response to compressive and extensional flow.

2.5.5 Compresege and extensional flow
Although the majority of an ice flow experiences plastic deformation, the upper surface of a

glacier is often dominated by brittle ice which is carried along by movements in the underlying
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Figure 2.9.Driving and resisting stresses operating on a block of ice on an inclined slope
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plastic deformation zone (Figure 2.7). As the #ower ice column flows, the glacier surface

can often experience tensional stress as it become stretched, which catageateacks and
fractures in the surface, called crevasses. These extensional crevasses typically form when ice
flows over steep subsurface gradients, or when the ice flow becomes less cRigued

2.10) This allowsthe glacier to accelerate anklin. However, compressional crevasses can also
form when the opposite occurs, i.e. when there is a reduction in subsurface gradient which
forces theice flow to slow down or when the ice flow becomes confinééigure 2.10).
Although surfacegradient largly controls thdlow regimeof an ice masghis literature review
demonstrates thatubglacialtopogmaphy can also impose compressive and extensitmal

regimes, particularly in areas of high topodraprelief

2.56 Ice flow in Blue Ice Areas

Blue Ice Areas (BIAS) represent regions of exposed ice with a relatively low surface albedo
[Bintanja, 1999], where katabatic wirdiiven snow erosion anenhanced sublimation of the

ice surfacdJonsson1990;Van den Broeke and Bintanja995,Casassa et al1998] create a
negative surface mass balance which is counteracted by emerging ice as a result of compressive
flow (Figure 2.11). This local ice flow phenomenon is unique to the Antarctic continent, where
BlAs cover approximately 0.81.6 % of the entiréce sheet surface (Figure 2.12) and vary in
size from a few hundred square metres to thousands of square kilorétrdsef et al, 2001].

BlAs typically materialise irthe vicinity of mountain ranges and nunataks, where the exposed
bedrock highs and sgtacial bedrock ridges tend to slow down or dam ice flow. Combined
with surface ablation from katabatic wind scour and flow around the mountain range, this
compression forces older ice to rise towards the surface wherexposed in the typically
rippled blue ice surfaceBintanja, 1999;Fogwill et al, 2012].This flow phenomenon enables

ice at the surface to range from zero to hundreds of thousands of yedfsgMdl[et al, 2012;
Turney et al 2013], which creates a unique opportunityiforestigating past climaterheim

and Lucchitta1990]. The collection of ice surface samples across a horizontal BIA climate
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Figure 2.10. Compressive and extending flow in glaciers. Compressive flow is associated with

a decrease in subglacislbpe and angle or a change from wdrased ice to colbdased ice,

while extending flow is encountered where the glacier bed steepens or with-lzasettl to
warmbased thermal boundary. Note that the pattern of surface crevasses differs between the
two flow types. This figure has been modified frBennett and Glass¢2009].
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Figure 2.11 Schematic representation of a closed type Antarctic Blue Ice @kg. The
isochrones represent individual annual layers which flow up t@BtAesurface as a result of
strong erosion from katabatiwinds which flow from the ice sheet interior. The altle
isochronallayers are exposed near the nunat@kis figure has been modified froxan Den
Broeke and Bintanjfl995].
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Figure 2.12. a) Location of Antarctic Blue Ice AreaéBlAs), superimposed onto NOAA
AVHRR mosaic image of Antarctica, red box shows location of Lambert Glacier Basin. b)
Zoom in of thelargest BIAs in the Antarctic contingribcatedn the Lambert Glacier Basin. In

both a) and b) winghduced and melt induced BIAs have been mapped, along with potential
BIA locations, where the occurrence of blue ice is uncertain. These figures have been adapted

from Winther et al [2001].
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transect ders a much cheaper alternative to traditional vertical ice core drilling, as large
samples of old ice can be collected from remote, mountainous locations to measure trapped
gases and gas isotof@snisalo and Moorg2010]. Their potentiab indicate mas balance has

also been recognised b§u [2011], who found that BIAs can show the highest correlations

betweerthe rate of surface elevation charagel thepercent rate of change in blue ice extent.

2.5.7 Flow instability £surging glaciers

Although all glaciers flow, the way in which they flow can vary, and as a result, some ice flows
are more unstable than others. This is particularly evident in surging glaciers, where ice is
subject to cyclical flow instabilities. Surging glaciers typigdlhave long periods of quiescence,
with thinning, melting and down wastingwith some forward motion, followed by short
periods of rapid ice flow velocity where the glacier can advance dramatiEallyexample,

when Bruarjokullin eastern Icelandurgedin 1963,the glacier front advanced 8 km over its
forefield, with a daily rate in excess of 100 [ifhorarinsson 2011] (Figure 2.13). Although
timings vary both regionally and by individual glacien, $valbard the quiescephaseof a
surging glaciettends to exist for approximately 100 years, whilst thigh-velocity period can

last anywhere between a few months and 5 yddagdn et al 1993. Although he precise
mechanisnof surging is still debatednost studies agree that changes in the glabimal
regime are often responsiblEor exampleSevestre et al2015] noticedthat the subglacial
hydrological regime and/or the strength and availability of subglacial till is oftered as a
result of feedbackassociated witlshanges in thglacialthermal regimdthese areften related

to ice thicknesdluctuationg. These alterations can then have an important impact on ice flow,
as changes in the subglacial hydrology and/or subglacial till properties can modify subglacial
friction and thebasal $iear stress of the glacier, whighil ultimately promote or suppress high

velocity ice flow.
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Figure 2.13 An example of surge events from Braarjokull Glacier, Iceldjeef et al, 2008].
This figureshows that the present terrain surface is the cumulated result of at least four surge
events: prel810, 1810, 1890 and 1964.
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2.6 IceStreaming

Although this literature review has accounted for large scale ice sheet flow and local ice flow
phenomena such as surging glaciers and compressive blue ice areas, faster stream flow has yet
to be accounted for. In comparison to slowving ice sheet flowwhich typically occurs

within the dome areas of the interior ice sheet), faster stream flow, namely through ice streams,
can move approximately 1100 times faster than the adjacent +streaming ice sheet
[Bindschadler and Scamhdk991;Whillans and vamer Veen1993]. The Antarctic Ice Sheets

are drained by a number of these fast flowing ice streams, which are typically hundreds of
kilometres long and tens of kilometres widgepnett 2003] (Figure 2.14). These ice streams

were firstrecognised in thenid-20" century, where they were soon defined $withnbank

> @ DV 3SDUW RI DQ LQODQG LFH VKHHW LQ ZKLFK WKI
QHFHVVDULO\ LQ WKH VDPH GLUHFWLRQ DV WKH VXUURXQC
featues which define ice streams: (1) ice streams are surrounded by ice (if they were
surrounded by rock, they would be considered outlet glaciers), and (2), the ice remains part of
the inland ice sheet, and thus, it is not floating. It should alsmtesl hee that the exact ared

which the ice changes from sheet flow to streaming flow is referred to aaRM@ VHW JRQH’
[Bindschadler et aJ 2001].

Controls on the formation and location of ice streams followed their initial discovery; a
review of creep instability in glaciers and ice sheetlgrke et al [1977] pulled together
theories, models and field woskudies to conclude that atle shetswill inherently streanas a
result ofthermomechanical feedbackS8ubsequent numericatoddling experiments revealed
that on a uniform bethe development and location of ice streams will tend towards uniformity,
with a selforganised, radial flow regimé?ayne and Dongelman4997;Hulton and Mineter
2000;Boulton et al, 2003;Hindmarsh 2009] However, as observations ssmecontemporary
ice sheets indicated ngrgularity in ice streaming, it wasonnoted that their exact location
must be governed by a variety of factors such as topogrdpbicssing, subglacial till

deformation andbasal hydrology\lVinsborrow et al 2010]. These factors are detailed below.
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Figure 2.14.Satellitederived surface ice flow velocities of the Antarctic Ice Sheets from
MEaSUREs Rignot et al, 2011], superimposed over MODIS satellite imagetgrhn et al,
2006] and annotated to show dominant ice streams and their catchment areas.
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2.6.1 Topographic focussing

As most ice streams flowlong troughs in the bed, basal topography was thought to be the
obvious control governing ice stream location whesearch began in earnest during the-mid
20" century. Many studies realised tiuttep trough systems could support large ice masses and
sustainconsiderabl@lriving stresseg;apable ofmpdling large ice fluxes into and throhgleep
topographic channelsThis was exemplified byMcintyre [1985] who recognisedthat ice
velocities tended to increaswhen ice was channelised through troughs in the subglacial
topography althoughthe study also recognised tHatge driving stressesvererequiredwhen
troughs werenarrow, as marginal drag along the valley walls provided resistenfiew.
Although topographic focussing remains one of itien controls on ice streaminghabtaie

and Bentley1987], amongst others, quickly recognised thatas not a neessry condition for

ice streaming and that subglacial till deformation could support ice streaming in areas with low

topographic constraints.

2.6.2 Subglacial tilldeformation

Ice streams located in areas with little to no topographic constraieoften WHUPHG pSXUH
V W U HE2R¥tf2003]. These ice streams are extremely rare, and at present can only be found
along the Siple Coaskgion of Antarctica (Figur@.14 where unconfined ice flows stream

from the central domef the WAIS towards th coast, draining ~40% of the WA]|Brice et al,

2001]. Following the identification of a thick, saturated and possibly deforming till beneath the
Whillans Ice Stream, in the Siple CoastW KH , mdhy studies such as thoseAilley et al

[19849, Blankenship et al[1984, Alley et al [1987 and Blankenship et al[1987 suggesd

that theseunconfineduSXUH LFH VWUHDPVY FRXOG IORZ DV D UHYVX(
Field work investigations followed, where the inherent instability ofepige streams was
discovered. Borehole investigations of the Kamb Ice Stream in the Siple Coast revealed that a
change in subglacial hydrological routing ~150 years ago caused the ice stream to slow down

FRQVLGHUDEO\ DQ G-RiIYH QW X®HHOSaIEIReyaR o freezéo the bed,
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preventing streaming flow abov&é¢tzlaff and Bentleyl993. GPS measurements across the
Whillans Ice Stream have also revealed more recent changes in theC8gsdt. HereJoughin

et al [2005]realisedthatthe Whillans Ice $reamis currentlydecelerating at eate of0.6%/yF,
asa result of increasing till strengtAn extrapolation of this deceleration trend suggests that the
ice stream could stagnate in the next-200 years as thbasal sedimemtpproaches the driving
stress of the ice stream, preventing significant horizgpigale shearing in the icJoughin et
al., 2005] Combined, these studies hasenfirmed that ice streaming can be proaaytand
indeed controlled bythe deformation of asubghcial till layer (see section 2.5.3)
[Anandakrishnan et gl1998;Bell et al, 1998] However, it should be renforcedherethatthis
mechanism of ice streaming is arently unstableThelack of topographic control in pure ice
streams allows dglacial sediment, water ammyerlying ice to reroute over timescales offaw
years or lesgSmith et al 2007, which can dramaticallalter properties of the subglacial till,

and therefore thBow of overlying ice[Alley et al, 1994;Tulaczyk et al 200Q.

2.6.3Basal tydrology

Although the importance of watsaturated sediments at the baseaofice sheet have been
explored in this chaptett, is also important to discuss the controls that water alone exerts on ice
sheets and ice streantske water saturated sedimentbetpresence of basal water beneath an

ice sheet can lower the basal strength of an ice mass to below the driving stress, causing stress
to shift from the bed to théateral shear margins. This typicallgcreasesbasal slip and
promotes faster ice flow.n order toappreciate ice floiully it is thereforecritical to assess the

hydrology of icesheets and icereamsin Antarctica

Hydrological sources
Effective lubrication of the glacier bed can arrive from surface, englacthbasal melt as well
as groundwater sources (Figure 2.15). Like ice flow, the availability of water from each of these

sources depends upon the climatic regime at the ice surface, the thermal regime of the ice, ice
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Figure 2.15. Schematic ice sheet hydrology of a laedminating outlet glacier (a) and a
marineterminating outlet glacier (b), both modified frabuffey and Patersof2010]. c) and d)
represent plan views @hannelisedand distributed hydraulic systems (adaptednfi2enn and
Evang[2010]).
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flow dynamics and the nature of the b&hérp 2005]. Although surface melt is the dominant
source of water on high latitude, low elevation glaciers, these types of glaciers are largely
limited in Antarctica to a few glacieslong the Antarctic Peninsula. As such, basal melting
provides the majority of hydrological sources in Antarctica. This melt is generated as
temperatures near the bed reach the pressure melting point, as a result of pressure from the thick
overlying ice sket. Frictional heating from fast flowing ice can also generate water within the
glacial system, as a result of englacial melt (e.g. Jakobshavn Isbrae, Greetaaimtfon et

al., 2015]). Although ground water inputs are poorly resolved in large icésgtidngistofferson

et al, 2014] they can also provide another important hydrological source for glacial systems,
particularly when they relate to aquifers below the surfacg Trapridge Glacier in Canada

[Flowers and Clarke2002] or the Vatnajokull &cap in IcelandHlowers et al, 2005]).

Channelisednd distributed drainage systems
Once water has entered the glacial system it can be moved, retained or stored in response to
water inputs, glacier geometry, thermal regimes and ice flow dyna@teay 2005; Chy
2013]. The movement of water through the glacial system is often facilitateldaioyelisedr
distributed subglacial drainage systems (Figure 2.Channelisedsystems, where water is
confined to relatively narrow conduits are genertily most efficient pathways for water flow
beneath or through ice, where widlmed channels permit rapid flow. In contrast, distributed
systems, which often extend over large proportions of the bed, are generally less efficient. As
these systems nachange over timeds a function of watesupply and temperature changes)
these drainage systems can exert a strong control over glacier dynamics over both short and
long time periods, by controlling the distributiorf etored water and alterinfyictional
resstance at the bedgnn and Evan010].

The advancement oifce penetrating radar collection and processing has allowed
numerous drainage systems to be identified beneath the Antarctic Ice Sheets. For &iagple,

et al.[2004] provided seismic evideador water flow through small channels in the subglacial
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sedimentary substrate beneath the Rutford Ice Steam in West Antarctica; while more distributed
flow has been recorded near the Gamburtsev Subglacial Mountains in East Antarctica. In the
Gamburtsev @bglacial Mountains distributed networks dominate alpine overdeepenings
(created during the early growth phase of the EAI®Ipvick et al 2013]), where water flows
downhill or uphill depending on the icgurface gradienfAshmore and Binghan2014. This

type of drainageémposesspatially variable flow velogies in the ovdying ice, as the ice mass

can flow rapidly over subglacial channels but not over surrounding bedrock, where friction is

increased.

Subglacial lakes

In areas whergvater is available bulirainage is prevented by ice, sediment or reckter can

be stored in supraglacial, englacial, subglacial or proglacial environments. In Antdiwica,
storage of water in supraglacial, englacial and proglacial environmentstisdlias a function

of low surface temperaturesd as such, water imore typically stored in subglacial lakes.

These lakes are usually fouimdregions with low hydraulic gradientBihdschadler and Choi

2007; Carter et al, 2007] which include icalivides, ice stream onset zones and prominent
subglacial troughsHenn and Evans @ O6LQFH WKHLU GLWRRNHAUAl LQ WK
[1970], an ever increasing nuertof lakeshave been identified beneath #etarctic Ice Sheets

using airborne rdd echo sounding and satédlilaser altimetryAlthough te first continent

wide inventory bySiegert et al.[20053] recorded 145 lakes beneath the ice shemtent
technological advances and new radar flight lines have allowed a further 234 lakes to be
identified, bringing the latest total of subglacial lakes in Antarctica to @#8yht andSiegert

2017 (Figure 2.18. Of the initial 145 subglacial lakes identified Byegert et al[200%], 124

ZHUH IRXQG WR EH pDFWLY Hshith 6V, 2608|QThisu DB/ YLWYW] LV G
as any water accumulation and/or discharge over the measured time period. The high activity

record suggests that the lakes are capable of providing or withdrawing water from the hydraulic
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Figure 2.16 Map of subglacial lakes in Antarctica fromright and Siegert[2012].
Colours/shapes indicate the type of investigations undertakenhasieaidBlackiriangle = radio

echo sounding, yellowiangle= seismic sounding, gregrnangle= gravitational fietl mapping,

red circle = surface height change measurement, square = shape identified from ice surface
feature. Vostok Subglacial Lake is shown with an outline.
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systems that lubricate glacier flow, and, as such, it is highly likely that these subglacial
reservoirs could force rapid temporal changes in glacier veldihyth et al 2009].

With an estimated volume of 5400 kfStudingeret al, 2004], Lake Vostokn
the centre of the EAIS is the largest subglacial lake to be identified. The lake represents a closed
hydrological system where melting occurs at the northern end of the lake where the overlying
ice is thicker and at the pressure melting point, whitstZing dominates the southern end of
the lake where the ice is thinner. HoweverSatth et al[2009] stress, most lakes in Antarctica
represent much more open systems than that of Lake Vostok. For example, the water body
volume of 1.37 krhin subglaciaLake Ellsworth inWest Antarctica\Voodward et a] 2010] is
unlikely to be produced solely by local melt; instead it is more likely delivered via subglacial
drainage Yaughan et aJ 2007]. Again, this promotes instabilities in ice flow as episodic
drainage/fill events are known to create stterin speedups of both laterminating portions
of an ice sheetHartholomew et aJ 2010;Palmer et al, 2011;Zwally et al, 2002] andfast
moving marine terminating outlet glacierdéndersen et al 2011; Joughin et al, 2008;
Shepherd et al 2009]. This has important implications for the stability of ice sheets and ice

streams over short to long tirperiods.

2.7 Debris in the glacial system
As ice travels to the coast by slawmoving sheet flow or faster icetream flow,
sediment from subglacial or extraglacial sources can be picked up, entrained and transported.

During entrainment and transportation, glaciers can shape the landscape by scouring broad areas

clear of debris or through trough excavation. These features make glaciers among the most
effectiveagents of erosion on EartBgnn and Evan201Q. As debris can shape the subglacial
landscapeand alterice flow this section of the literature reviewill focus on debris sources,
entrainment mechanisms and debris transpootesseghrough the glacial system, where

particular emphasiwill be placed on theelationshipbetween debris and ice flow.
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2.7.1 Debris ®urces

Potential debris sources can be grouip¢al two categories: extraglacial or subglacial, although
englacial transportation and mass movement processes can move debris from one end member
to the other. Extraglacial debris is typically supplied by rockfalls, avalanches, and/ofsidéey
regolith, whilst subglacial debris is sourced from loose sediments or material eroded from the
bed Like all ice flow processes, the amount of available material is related to hydrology, glacial
thermal regimes and ice flow dynamics, although in this case, gealsgylays an important

role as softer bedrock is more easily eroded than hard beaindctohesive sedimerdre much

more difficult to pick up than loose sedimefBoulton 1972] It should also be noted here that

past glaciationsand glacial history @an also play an important role in the availability of
sedment, as marine ingression can suggadiment, whilslong periods of glaciation are known

to exhaust sediment suppligBennett and Glassg2009.

2.7.2 Debris entrainment mechanisms

Once debris has been sourced, it can be incorporated into the ice fowalbigty of processes
linked tointernalice deformation. This includabrusting, folding, regelatioffreezeon), and
crevassdilling. As each of these processesingrinsically linked toice flow and glacial

structureseach ofthese entrainment mechanisms @etailedbelowand outlinedn Figure2.17.

Thrusting

Thrusts can develop under longitudinal compression where there is a thermal transition from
warm tocold based ice (e.g. a downstream transition from a sliding bed to a frozen bed). In
most ice flows this occurs when ice flows against a reverse bedrock slope, but in surging
glaciers longitudinal compression can also develop as the compressive surgeofrestdown
glacier Bevestre et 12017 (see section 2.5.7). In each of these situations stress builds up until

it is released by failure along a thrust plane which can either propagate to the ice surface, or
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Figure 2.17.Possible debrigntrainment mechanisms in ice she&gpraglacial debris can be
incorporated into ice flows through successive snow deposition in the accumulation zone,
through crevasse filling or supraglacial stream incision. Basal debris can be entrained through a
variety of processes linked to internal ice deformation. This includes folding, thrusting.-freeze

on and crevassidling.
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terminate within the ice mass as a blind thrust (Figure 2.17). Sediment can be incorporated in
the initial fault event or injectethrough brine infiltration at a later ddtdambrey and Glasser

2011].

Folding

When ice passes through local zones of compression as the glacier flows against obstructions in
the bed or valley walls principal stresses near to the horizontal can cause the ice to fold,
SURGXFLAQROBYHZLWK JHQWO\ VORSLQJ OLPEVLQQOOIRD W
with parallel limbsin areas subject to high longitudinal compresgigure 2.18) It has been
suggested that this can induce folding in soft subglacial and basal sediments of the same
geometry (although this has not yet been obsertdainprey and Glassef01]. The amount

of folding is subject to several geometric factors: the tightness of the fold, the orientation of the

axial plane relative to the horizontaid the thickness of the fold.

Regelation (freezen)

Net freezing ® meltwater can occur whernce moves from warm to coldased, makinghe
porewater pressie in the subglacial sedimetdss than the ice pressufd/¢etman 1961].
Although this mechanism requires water tefre=ze around all entrained clasts, and thus, the
rate of freezeon will only decrease with increagimebris thicknesBoulton 1972],Alley et al.
[1997] suggest thategelationcan allow debris sources to be lifted to relatively high lewéls

englacial transport, sevétans of metres above the bed.

Crevasse filling

Crevasse filling is common iareas of complex stress regimes, where ice undergoes both
extensional and compressional flow (typical of surging glactesse section 2.5.7). When the
basal crevasse opensaturated and deformable till is squeezed under pressure into the

crevassesFUHDWLQJ pF UHWBodwart &t @) 20088] H'Wi§ akbows sediment to enter
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Figure 2.18.Englacial layer folding terminology, a) compression folding, b) orientation of axial
plane and c) thickness of fol¢imodified fromFosseri2010]).
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the glacial system, or even emerge supraglacially during full depth baoftoorevassing,
although Rea and Evanf2011] stress that fulliepth bottorrup crevassing isare, and only
occurs when ice tbknesses are in in excess @00 m, with basal water@ssure in excess of

80-90% flotation.

2.7.3 Controls on debris entrainment
Each of the debris entrainment mechanisms detailed above can only occur under specific
circumstances, which broadly rely on sediment availability, ice flow and ice temperature. Each

of these controls has been detailed below.

Sediment availability

First of all, debris can only be entrained in ice if sediment is available for entrainment. This is a
complex control, as the location and amount of available debaigusction of glacial history

(e.g. trough excavation and/or marine ingression), bgealogy, basal topography, local
erosion rates and ice flow velocifipunning et al, 2015] If sediment is made available through

the erosion or deposition of clasts, it could be incorporated into thevigeafftonditions allow
thoughit should be noted that this entrainment wiktvitably cease once the sediment source is

exhausted.

Ice flow

Once sediment is made available, the likelihobddebris entrainment is then a functionicé
flow [Jennings et al 2014] wherethe stresgegime of a glacier can limit or perniebris
entrainment throughthrusting, crevasse formation and foldindgain, these types of
entrainment mechanisms wahly incorporatelarge volumes of sediment if they migrate over

time and/or space
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Ice emperature

Ice temperature is controlled by a number of factors including the local weather and climate, ice
thickness, ice velocity and geothermal heat fi@xugden 1977] As these factors vary over
space and time, ice temperature can have a vartapiieol on delis entrainment. Although
debris excavation occurs when ice moves from warm to cold based [Boulton, 1972] (figure
2.19), spatial and temporal changes in the thermal regime will inevitably alter the precise

location of debris entrainment.

2.7.4 Debris transport through the glacial system

Once incorporated, debris can be moved through the glacial system supraglacially, englacially
and/or subglaciallyjBoulton 1993] (Figure 2.20). As initial transportation modes are largely
controlled by sourcéocation and glacial flow characteristja distinction is sometimes made
between higHevel (passive transport) where the material remains in the supraglacial or
englacial zones and loelevel (active) transport where debris is brought into contact thigh

bed. Highlevel transport is frequently encountered when debris is made available at the ice
surface through rockfall activity:ni the accumulation aremckfall and/or avalanche material

often buried by subsequent snow ditd deposits, which fare claststo take an englacial
transportpath Berthling et al, 2000]. Here debris transport follows the flow lines of the ice
from the accumulation area through to the ablation z&reg¢nhardt and Giardino2003;
Monnier et al, 2008; Degenhardt,2009]. However, higHevel transport can also occur when
debris fallsonto the ice surface close to the equilibrium line, where limited snow accumulation
allows debris to follow a more shallow englacial path, where the debris will likely emerge a
short distancelown glacier Hambrey and Glasse2011] (Figure 2.19). Finally, when debris

falls in the ablation zone, it is often draped over the glacier surface and passively transported
down glacier (as limited snowfall makes it unlikely for clasts to be fukdprporated into the

ice flow [Knight, 1999]).
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Figure 2.19.Schematic crossection through an ice sheet showing the influenchefbasal
thermal regime oprocesses of glacial erosiorhis figure has been modified froBennett and
Glasser{2009].
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Figure 2.20. Debris transportpathways through a typical valley glacier. Two transport
pathways can be identified 1) a hilglvel pathway in which the debris does not come into
contact with the bed and 2) a ldewel pathway in which the debris is in contact with the bed.

This figure tas been modified frorBoulton[1993].
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As low level transport is defined as transport where debris is brought into contact with
the bed, sediment which reaches the bed is typically sourced near the glacial bed or high up in
the accumulation zone, wheretdkes time for the debris to be brought to the bed by ice flow.
Once debris comes into contact with bedrock it often becomes eroded and scratched, producing
rounded clasts with several directions of striatiddaulton 1978] (Table 2.1). However, when
basal debris is embedded in lodgement till, striations tend to develop parallel to glacier flow,
where they often exhibit truncated distal extremities (rather like a roche mountoBogakd
1978] (Table 2.1). Althougkach of these examples show that the location of entrainment is a
key factor for debris transportation, the speed of conveyance and path of transport can again
depend on internal and external factors such as hydrology, ice dynamics (extending vs

compressie flow), thermal regimes and basal topography.

2.7.5 Significance of debris in the glacial system

Although this literature review has already demonstrated the importance of basal topography
and sediment availability in terms of ice flow and ice stregiime significance of quantifying
debris sources and determining debris incorporation still needs to be addressed. In Antarctica it
has been very difficult to quantify supraglacial delaisumulationsas the primary source

rockfall deposits are relagly shortlived on glacial surfaces (as snow accumulation quickly
buries depositsHerthling et al, 2000] tsee section 2.7.4). However, a recent study of rock
avalanche deposit sequestration Dynning et al [2015] has suggested the possibility of
detecting landslide deposits englacially, with the use of ice penetrating radar. As rockfall
deposits could increase ihe future &s ice sheets respond to feedbacks associated with global
warming and destabilise exposed rock headwalls and valley sidedifie et al, 2014])ice
penetrating radar surveys open up new possibilities for detecting englacial debris deposits and
improving magnitude/frequency curves for rockfall events in Antarctica. These methods can
also be applied to detect englacial debris sssjrand debris entrainment mechanisms at depth,

wheresources and processes of debris entrainment can provide insight into the local thermal,
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Transport zone Boulder shape Boulder character Texture

Supraglacial Angular No striations High level transport type
Supraglacial or Subrounded to Several striae Tractional type (often strong
englacial rounded directions secondary modification
Basal or Rounded Parallel striae, distal Tractionaltype (might have
glacier bed truncation secondary madification)
Glacier bed Subrounded to Often water warn Tractional type (often stronc
rounded secondary modification)

Table 2.1.Boulder shape, character and texture as a function of glacial transporfative.
adapted fronBoulton[1978].
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hydrological and/or stress regimBdulton 1972]. This is particularly important in Antarctica
where insitu measurements of ice temperature, englacial stress and hydraulic regimes are
limited as a function of accsibility and costOn a longer timgcale, englacial debris can also

have an important influence on the nature of the subglacial topography and ice sheet conditions
[Harbor et al, 1998]. As glaciallyeroded and entrained sedimean help to wear dowvalley

side walls over time (Figure 2.RMebris accumulations can eventuallerice flow directiors

[Harbor et al, [1988], icevelocity [Bell et al, 1998]anddebris transport pathways, where ice

flow can potentially transport large quantities of sedimemtd essential nutrientfrom

continentalsource to Southern OceadepositionDeath et al, 2014;Hawkings et al 2014]

2.8 Detecting past and present ice flow regimes

Although this literature review has highlighted examples of ice flow regimes, the precise
mechanisms for detecting ice flow and indeed changes in ice flow have yet to be fully
addressed. The principal method for detecting englacial and subglacial faéatlmege ice

masses is ice penetrating radar, which bensplit into two distinct methods; raeicho
sounding (RES) and ground penetrating radar (GPR) (figure 2.22), which operate at different
scales and frequencies. Both methods require a transmétemtiits electromagneticaves and

D UHFHLYHU WKDW UHFRUGY UHIOHFWLRQV RU pHFKRHVY
dielectric propertiesBingham and Siegert2007]. Over ice sheets and ice caps, the most
common reflectors constitute theeisurface, the basal interface, and englacial (internal) layers;
although additional features such as subglacial lakes, subsurface crevasses, thermal boundaries
and debris can also be discernBihgham and Sieger2007]. As basal conditions have been
found to exert a strong control on ice flow, hydrology and debris availability, methods to detect
basal conditions will be examined before systems for detecting and analysing internal ice sheet

stratigraphy are explored.
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Figure 2.21.A numerical model of landform development by glacial erosion through time.
Figure modified fronHarbor et al [1988].
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Figure 2.22 Schematic diagram fronBingham et al.[2010] showing methods of radar
acqusition over ice from airborne araver snow platforms. Both systems require a transmitter
(tx) that emits electromagnetic waves and a receiver (rx) that records reflections in the

subsurface.
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2.8.1 Detecting basal features
Devdoped in the 1960 as a methofbr locating the bed beneaitte sheets in order to constrain
subglacial topography for the determination of ice sheet thickiREsS, remains the principal
method for investigating subsurface properties of the polar ice sheets and ice caps. One of the
most obvious subsurface featureshe bed, as sediment and/or rock provides a highly reflective
interface which is easily discernible from even the thickest overlying ice sheets in radar returns.
Although RES has been widely employed in Antarctica since its invention, the first continen
wide account of subglacial topography in Antarctica was provided in 2001 by the Bedmap
consortium Lythe et al, 2001]. This unique dataset, having recently been updated to form
Bedmap2 FFretwell et al, 2013], has revealed the spatial variability bafsal conditions in
Antarctica, by mapping out numerous subglacial mountain ranges and deep trough systems.

By employing moradetailed analysis of specific RES linesnumber of stilies have
also investigatedegionalbasalfeatures whicthaveincluded subglacial sediments, basahter
and subglacial lakesyhere each new finding has helped to improve the understanding of flow
mechanisms, discussed in earlfrctionsof this literature reviewRepeat surveys have also
been employed to analyse temporal rides in the bed, where a number of studeeg,
Vaughan et al[2003, Smith [200§ andMurray et al.[2008 have indicated rapid change over
measured time periodBor example, epeat imaging of the bed of the Rutford Ice Stream has
revealed rapidlychanging bed forms, probabiy the form ofmegascale glacial lineations or

drumlins Emith et al 2007 King et al, 2007, 200920149.

2.8.2 Analysing internal stratigraphy

In order to determinpast and preseite flow regimesin Antarcticait is necessary to analyse

the internal stragjraphy withinthe thick EAIS and WAIS Primary stratificationaccounts for

the majority of internal features within the upper reaches of an ice sheet. This type of
stratification develops when surface snow uawsulations are compacted and buried by

subsequent snowfaleventually producing stratigraphic layers within the ice sh&steach
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layer hasa uniquedielectric property, geophysical methods can bel isaletect and tradbe
individual layers, or more ammonly, packets of layersvithin theice shee(e.g. Figure 2.22)
where their shape and form can reveal information about past and present idddiesver,

this type of mdisturbed primary stratificatiois only found in slow movingheet flow, typicdy

in upland areasf the ice sheetvhere snow accumulation dominates. Heeglional GPR and
RES can often detethe conformable isochronal layers (i.e. layers of the same §gaj)ita et

al., 1999;Parrenin and Hindmarsh2007]for several tens of krfiSiegert 2003; Siegert and
Payne 2004;Cavitte et al, 2013] where the relative thickness of each layer can be used to infer
past accumulation ratd&ahnestock et al 2001; Woodward and King2009]or to constrain
layer ages from ice cor§@/addingtoret al, 2007].

As the ice flow changes from sheet flow to matennelisedstreaming flow, this
primary stratificatiorcan become buckled and disruptedthe ice adapte changes in thimcal
strain rate. As previously discussed in sections 2.5 anth2$e changes frequently occur in ice
as a result of fluctuatioria the basal topography, basal flow conditions, basal melting, surface
accumulation and/or converging or diverging ice fl@iegert et al 2004]. By examining the
exact shap and form ofbucklesand disrupted layeralong with their spatial contet is
thereforepossible to infeboth past and present ice flow regimé&is technique hakelped to
reveal temporal changes in tleeation and velocityf ice streamshroughout Greenlandral
Antarctica. For example,Siegert et al [2013] recently detected ice deformed by former
enhanced flow beneath weformed, very slow flowing ican the Weddell Sea sector of West
Antarctica by airborne RES-{gure 2.23. Through detailed analysis, thefsgdings reveal an
adjustment to the flow path of the Institute Ice Stream ~486400 years ag(Figure 2.23)

Despite the glaciological insights that are possibden the study ofice penetrating
radar returns, their use has béamely limited because of the lack of data availabili§iggert
et al, 2005b]. This review highlights the need for more geophysical surveys, in order to detect
and understand ice flow mechanisms, past ice sheet conditions and overall ice sheet stability.

Outputs are dtical for the development and validation of numerical and predictive ice sheet
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Figure 2.23 Schematic description of ice sheet change in the Institute and Moller Ice Streams
(IS and MIS), West AntarcticfSiegert et al 2013. (a) The currenglaciological situation,

with respect to the Bungenstock Ice Rise (BIR) with ice fhiripes from the BIR noted. (b)
Proposed ice flow during the Last Glacial Maxim(@o®&M), when northward ice flow from the
WAIS interior crosscuts the present day trunk the 1IS. (c) Mid Holocene, po4tGM
situation, where the IIS becomes active to the south of the BIR. (d) Later Holocene ice
configuration, in which ice over the BIR becomes stagnant,ldading to the present day ice
sheet configuratios
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models (gg. Conway et al [1999]; Siegert et al [2003]; Martin et al [2006], [2009];

Waddington et a[2007]; Eisen[2008]; Sime et al[2011).

2.9 Summary

Recent changes in the global climate have heightened concerns for rapid irreversible ice sheet
loss, with resultant implications f@tmospheric circulation patternRdge and Lindzer2001],

ocean overturningHemming 2004] and global sea level. As Antéca stores ~70% of the

entire world$ fresh waterBennett and GlasseR009] making it capable ofarsing sea levels

by ~57 m should the ice sheet melt completéytiie et al, 2001] it is critical to understand

both past and present #lew dynamicsin Antarctica as even a modest change in-gteet

volume will strongly affect future sea level and freshwater flux to the oceamske et al

2007].

This literature review has highlighted the importance of understanding ice flow in
Antarctica, particularly in areas which are deemed to be unstable, or vulnerable to change.
These areas include, but are not limited to ice sheets resting on bedrock well below sea level and
ice streams which flow over water or thick subglacial sediments, whereoigeidl acutely
sensitive to a number of internal and external factéithough some of these factors can be
triggered, and to some extent paced by external forcing (atmospheric and oceanic), this
literature review demonstrates that each ice stream isauaiggithat a multitude of factors can
modulate their location and flow reginas well as the precise rate and timings of any change in
ice flow dynamicslfivingstone et al.2012].

As a result of this literature review, this thesis will irse penetratig radar to ddress
the controls on icdlow and internal stratigraphin the upper IIS catchment, in tleimate
sensitive WAIS The geological and glaciological features this study sitein and around
Horseshoe Valley in the Ellsworth Mountains will be discussedhapter 3 while Chapter 4
will introduce methodologies used in this thesizhapter 5will investigate the internal

stratigraphy of Patriot Hills BIAChapter 6will examinethe complex basal topography and ice
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sheet flows of th&llsworth subglacial highlandssing airborne RES ar@hapter 7will detail
debris sources and entrainment mechanisms in Horseshoe Valley. Analysis of katatugtic wi
and other controls oBIAs will be then bediscussedn Chapter 8 in order toinvestigate past
and present flow regimegll of this work will be combined to create a site wide discussion
chapter{Chapter 9 as well as a conclusion chap{@hapter 10 where limitations of the study

will be discussedalong withsuggestions for future work.
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Chapter 3
Study site

3.1 Institute Ice Stream

Ice streamsaccouning for approximately 90% othe total discharge of the WAISetain
evidence of formeflow conditions that make them suitable for investigatiagt and present
ice flow conditiongsee chapter 2Dne of the largest ice stream basins in West Antandtittee
Institute Ice Steam (I1S)hich capturesa totaldrainagearea of151,000 krfi, where ice flow is
drained from the central WAIS dome to its releasatFilchnerRonne IceShelf (FRIS)in the
Weddell Sea(Figure 3.1) The IS catchmentbordersthe southern lobe of the Pine Island
Glacier drainage system, the southern catchmetitedRutford Ice Streamthe northern extent
of the Mdller Ice Stream (MIS) anithe uppermost paiof the Kamb Ice Streanbasin In the
upper catchment two distinct flow units are recogniset is icethat comes from the broad
catchment that adjoins the Siple Coast ice streams, and the seddctd is the main focus of
this thesiscomprisesa series of tributaries around and west of the Ellsworth Mountigsre
3.D.

As 60% of the IIS catchment lies well below sea l€fFedure 3.1c, 3.1dwhererecent
analyses of airborne geophysisairveysrevealed that thbasal topography is chaterised by
steep reverse bed slopes, deep trough systems and low basal roughness, ahsiubies
(e.g.Ross et al[2012]; Wright et al [2014] andSiegert et al [2016) haverecentlyvoiced
concern for poterdil widespread instability in thisecto of West Antarctica. These fears were
recently compounded in a study Bpss et al[2014] who recognised that therelittle smalt
VFDOH WRSRJUDSK\ WKDW FRXOG DFW DV D SLQQLQJ SRL
grounding line As investigations byHein et al [2011, 20164 andGolledge et al[2013] have
discoveredhatthe FRIS grounding line comprises an area sensitive to changes in ice thickness
in the Weddell Sea sector of Antarctiitais more than possible théte groundindine could
retreat in the futureparticularly if forecasted climate change scenarios come to fruses (

chapter?). Ross et al[2014] suggestedhat even a slight retreat of tgeounding line could
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Figure 3.1.a) MODIS and LIMA mosaic of Antarctica with prominent geographical features
labelled, thin black lines indicate 500 m elevation contours, b) Satddiiteed surface ice flow
velocities from MEaSURESignot et al, 2013, superimposed over MODIS sat&dlimagery
[Haran et al, 2006] and annotated to show dominant ice streams and their catchment)areas
map of subglacial topography, thin black lines indicate 0 m elevation, d) subglacial topography
map with bedrock shading to show areas above preselgva (blue).
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quickly transform the IIS tributariesito discrete ice stream outlets, capable of generating
enhanced ice flow from the main WAIS divide. The study stressed that this enhanced flow
could increase the potential for more widespread andhppsseversibleice sheet drawdown
[Ross et al 2014]. As large proportions of the upper IIS catchment flow above subglacial beds
which are often situated well below sea level (particularly in areas around the Ellsworth

Mountains) it is critical to better understand the past and present ice flanerggthis region.

3.2 Ellsworth Mountains

The Ellsworth Mountains comprise a 350 km long and 80 km wide isolated mountain block,
built of a conformable sequence of folded Cambrian to Permian sediments, which can be
differentiated into two distinct unitshe Sentinel and Heritage Range (Figure 3.2). The Sentinel
range is composed of younger quartzites which support high mountainous peaks, like Mount
Vinson, which stands at 4892 m a.s.l. (making it the highest point in Antarctica) (Figure 3.2),
whilst the Heritage range, to the soutfest is defined by a number of lower elevation ridges
and peaks, comprised of older limestone and quartzite conglomevégbers et a] 1992].
Although geologically distinct, both ranges are defined by a series of hightaseflasement

faults andgeological folds running norttvest to soutfeast Jordan et al.,2013] which define
tectonicallycontrolled sukbasins which are often more than 300 km long and up to ~2500 m

deep.

3.2.1 Glaciological history of the Ellswortountains

Fluvial regimes, alpine glaciation and widpread ice sheet ingress have helped to shape the
unique topography of the Ellsworth Mountains in West Antarctica over millions of years. Many
pioneering studies, like that bRRutford [1972] suggestedhat rivers would have initially
sculpted the dendritic pattern of the valleys and rolling hills (which are preserved around Mt.

Vinson in the Sentinel Range), whilst alpine glacier systems, most likely associated with a
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predominantly maritime climateRjoss et al.2014] would have formed the arétes, horns and
sharp spurs that dominate tlogver Heritage Rangeljenton et al 1993.

Although recentosmogenic nuclide dating of bedrock and boulders along the southern
Heritage Range has revealed continuous ice slwwlitons for at least 1.4 Ma&jein et al
[20164a] stress that there have been distinct fluctuations in ice sheet thickness in the Weddell Sea
sector of Antarctica during this time. For exampies possiblethata regional ice sheebould
have dominated the highland areas in and around the Hitewllountains during the
Pleistocene, where oscillations in ice thicknessild haveoccurredin response to Pigtocene
sea level fluctuationgHein et al, 20164 A conceptual reconstruction of this time period,
focussed on Marble Hills in the Southétraritage RangéFigure 3.2)an be seen iRigure 3.3
This figure also detailprobable ice sheet conditiodsiring the early Last Glacial Maximum
(LGM) - a period conventionally defined as the most recent interval in history when global ice
sheets reaclgetheir maximum integrated volumé€lark et al.[2009] suggest that this would
have occurredV RPHWLPH EHWZH lgdin WestAGtarcticedAD number of studies
(e.g.Bentley et al[2010]; Fogwill et al [2012]; Hein et al [2016a, 2016b]) have provided
evidence for a longerm trajectory of ice surfadeweringin and around the Southern Heritage
Rangesince the LGM. Thisverall thinning trend (interspersed with slight increases in ice sheet
thickness)s expected tthaveoccurred in response to quaternary glatitdrglacial climate and
sea levekycles, the most receonf which is expected to haveccurredsometimebetween 6.5
and 3.5 kaago [Hein et al, 2016b] During this time period iis anticipated that marine
dowrdrawwould have instigated rapid pulse oice sheethinning in the Weddell Sea sector of
West Antarctica, causing the ice surface in Horseshoe Valley in the southern Heritage Range to
drop by ~400 m, to almost present day conditififisin et al, 2016b]. These conditions are
simulated inFigure 3.8.

Dynamic changes in the ice sheet are expected to have occurred both before, during and
after this rapid pulse of thinning, where it is expected that the ice flow regime ~agoka

would have been diffent to that of todajlarter et al, 2012].Parallel surface lineations on the
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Figure 3.3.A conceptual reconstruction of ice sheet configurations surrounding MarblerHills
the southern Heritage Ranga) shows features that would accompany lgtatiation (which
could have occurred duringdiPleistocene), b) details pasaximum blueice relationships and
c) shows the present minimum. This figure has been adaptedionet al [2016a].
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Bungenstock Ice Rise (BIR), running at a significantly different angle to modern icédiosv
provided the firstpotential evidenceto support these assertiofSiegert et al 2013] (See
Chapter 2, section 238. Assuming that the lineations represeluwf stripes, they could
epitomiseformer IIS drainage conditions approximately 04 kaagq where their orientation
suggestghat ice flow used to stream over tregion now covered by the BIfSiegert et al
2013]. These findingsnply that theprevaling flow regime of the 1IS could be very recent, and
thatlocal ice stream dynamics have been sttbjg to significanalterations since the LGM
Focussing on much more recent periods of time, since the exploration of Antarctica
through ground and satellite observatioasjariety of measurements have determined that the
ice elevation in and aroundgl®uthern Heritage Range isamear steady dt(e.g.Casassa et
al. [2004). However, ablation stake surveys of Horseshoe Glacier, in Horseshoe Valley
(southern Heritage Range) since 2000 have recognised a slight bificangrice elevation
increase.This ice thickeningis likely to be a function of the sheltered nature of the valley,
which is fed by sustainedccumulation ratesf approximately0.2 +0.3 mw.e. a' [Genthon
and Braun 1995] (where precipitation is delivered by frontal systems originating in the
Weddell a Wendt et al 2009]) as well as low mean annual temperatures, which are

estimated to be approximatel28°C [Dahe et al, 1994])

3.3 Ice flows in and around the Heritage Range

Three distinct sulbasins have beatetected by airborne RES and aroundhe Heritage Range

(Figure 3.4, 3.4). Thesedeep trough systems have been named Horseshoe Valley Trough
DIWHU 3+RUVHVKRH 9DOOH\" DW LWV KHDG ,QGHSHQGHC

which delimit the northern edge of the trough and the BitdwTrough, which is described in

detail by Ross et al [2014] amongst others, following the discovery of subglacial Lake

Ellsworth in 1966 gee section B8). Each of these deep trough systems support thick ice flows

which are separated by subglacial mountain ranges and nuffagike 3.4), which allows
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Figure 3.4. Satellite imagery, flow speed and bed elevation of the Institute Ice Stream in the
Weddell Sea Sector of the WAIS. Note that the white line indicates the ASAID grounding line
[Bindschadler et aJ 2011]. (a) MODIS and LIMA mosaic, with prominent geographical
features labelled (b) Satellitterived surface ice flow velocities from MEaSURRBgnot et al,
2011a] superimposed over MODIS satellite imagétgrpn et al, 2006] and annotated to show
dominant ice streams, the Bungenstock Ice Rise, Horseshoe Valley Trough (HVT),
Independence Trough and Ellsworth Trough. (c) Bed elevation, derived from Bedmap2
[Fretwell et al, 2013].
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interior ice to flow through discrete channels towards the main trunk of the IS, and ultimately

the FRIS in the Weddell Sekigure 3.4).

3.4Horseshoe Valley

Horseshoe Valley in the Southern Heritage Range f 16 f  ®: situated
approximately300 km from thecentral WAIS dome and ~45 km frothe local grounding lim

of the FRIS at Hercules Inlet. Ice flows in and around Horseshoe Valley therefore comprise an
ideal location to investigate the past and prasflow regime of the Weddell Sea sectd the

WAIS, in the upper IIS catchmertiorseshoe ¥lley itself is clarly visible insatellite imagery,

where a number of mountains peaks and ridges form a distinct horseshoe shape which
disconnects the valleige flow from other glaciers, likehe nothward flowingUnion Glacier
(Figure 3.5) To the northeast the valley is delineated by the Enterprise and Douglas Peaks,
whilst the Liberty Marble, Independence and Patriot Hills delifdibrseshoe Valleyo the
southwest (Figure 3.3. Recent geomorphajical analysis and cosmogenic nuclideimatof

these massifs suggesiat Horseshoe Valley ice flow has remained geologically isolated from
the main WAIS, since at least the last glacial cyElegwill et al, 2012;Golledge et al 2012;

Hein et al, 2016a].This suggests that the ice in Horseshoe Valley is local in origivere
Horseshoe Glacier is fday in-situ accumulationand ice flowfrom three main outlet glaciers
which pass the Liberty, Marble and Independence HiiHenthon and Braunl1995. These
glaciers help tarain the inland ice sheet by deflecting flow towaitus localFRIS grounding

line at Hercules InlefFigure 3.4 A brief desciption of theMarble, Independence and Patriot

Hills hasbeenprovided below.

3.5Marble, Independenceand Patriot Hills
The Marble, Independence and Patriot Hiiggure 3.5)comprisea number of sharp peaks and
ridge systems, largely composed of Cambrian limestonesotitatop in grey welbedded

limestones which contain massive marlike limestones $porli and Craddock1992].
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Figure 3.5.MODIS and LIMA mosaiadetailing a) Horseshoe Glacier, which is confifigda
number of mountain chainghich define Horseshoe Valley, and b) a detailed zoom irthef
Marble, Independence and Pattititls, as well as Morris Cliffswhere large BlAsarerecorded
onthe leeward foreground of each massif.
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Conglomerates underlie these limestone systems in Patligt Wwhilst local limestonegxotic
quartzite and basic igneouwsraticsscatter the wface of the three massifs, at a variety of
elevations. Some of these erratics wareestigatedby Denton et al [1999 during a field
campaignof Horseshoe Valleywhere geological analysis revealdétat several of the ame
exotic igneous erratics woulthvederived from the Scholt Pealkan area some 7km to the
north-northwest of themassifs Of the three massifs, Marble Hills is the tallestere the
summitof Mount Fordel reactesan elevation of @70 mabove present day sea levaimilarly

high peaks are also recorded along Independence Hhistenthe tallest peak, Mount Simmons
stands at an altitude of 189n a.s.l. (Figure 3.5) Morris cliffs is situatedbetween these two
ranges where the steep cliff face separates the high elevation cémud flow from the lower
elevation Horseshoe Valley ice flow. At theteeme end of Horseshoe Valley and orientated at
an angle to the largely linear Liberty, Marble and Independence Hills is Patriot Hills, where
ridges reach a maximum elevation of 124&usl. These ridge systems are interspersed with a

number of bedrock spurs, which constrain large embayments.

3.6Blue Ice Areasin and around Horseshoe Valley

Although the main ice flowdirection in the upper IIS catchmeimt and around the Ellsworth
Mountainsis towads the FRIS some ice flows to the surfade counteract negative mass
balance, caused by katabatic wind scour and enhanced sublimation of the leewarafslopes
nunataks which define Horseshoe VallggeChapter 2 section 2.5.50r a full discussion of
BIA formation). These strong katabatic winds (estimated to be >30msiorseshoe Valley
[Carrasco et al 2000]) have shaped the local topography ofsthgthernHeritage Range by
moving inland snow acecaulations to sheltered zones on the staslessof the Patriot,
Independence, Marble and Libeitylls, and eroding the leeward slopes of ther massifs.
Although polonged katabatic wind scour has enaltdede BIAs to form in front of the massifs
[Heinet al, 201&] (Figure 3.5) the exact shape and sizeeaich BlAvariesin accordance with

local meteorological ahice flow condiions.
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3.6.1 Patriot Hills Blue Ice Area

The most widely sedand studiedIA in Horseshoe Valley is located in front of Patriitls,

where the expansive BIA, comprising an areat? knf (Figure 3.5, has been accessad an
aircraft runway since 1987. For 25 years, Adventure Network International rédiesinded as
Antarctic Logistics and Expeditions) used the ice runway to support commercial and scientific
operations beforerelocating to nearby Union Glaciésome 60 km to the nortvest)a couple

of years agoHowever, since 1995 Patriot Hills BlAas also beensed to VXSSRUW &KLO
Antarctic progran, where ongoing work has documented the extent of the BIA annually (e.qg.
Wendt et al [2009] andRivera et al [2014]). Figure 3.6 show#iow these studiebave not
recorded anyignificant change in thareal extentof Patriot Hills BIA since measurements
began in 1996 - although interannual variability, most likely connected to prevailing
meteorological conditions has been recordétbridt et al 2009;Rivera et al, 2014. This
relative stabilityencouragedurney ¢ al. [2013] to extract horizontal climatesequencérom

Patriot Hills BIA in 2012 where deuterium isotope analysisd crossorrelationrevealed a
30,000 year record of climate histof§n the whole,Hese investigations found similar results to
more traditional ice core surveyisom the continental ice shealithough two distingperiods of
change were noteat ~ ~18cal ka and~12 calka.

Whilst field work is predominantly focussed on the ice surface of Patriot Hills BIA,
some studies have also @stigated englacial debris bands aabtwest orientated blue ice
moraine segencesn front of Patriot Hills (eme of these sequences are visible in Figurg 3.7
In the late 28 century thesedeposits were scoured Hyee et al [1998] in search ofrare
meteorite depositsyvhich werefound to be abundaimt other BIAs in Antarctica However, no
meteorites were found during this expedition and indeed, only one meteasiieen collected
in front of Patriot Hillsto date whenGrossman and Zipf¢R001]] identifieda small meteaie in
a moraine band in 200Thesemoraine bands lie approximately parallel to the predamtic
sheet margin, where debris accumulatelarge embayments, contained by bedrock sflikes
the one visible in Figure 3.7peveral ridge anddugh systems can be recognised within the
moraine systemsyhere he bandseach heights of 20 m and extentbr over 4 kmdown
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Figure 3.6. Patriot Hills BIA extent between 1996 and 2008, derived from field GPS
measurements and mal digitisation of ASTER images. The Antarctic and Logistic
Expeditions (ALE) camm@and aircraft runway (L) armarked as well as a moraine band (M)
Background imagerwas acquired from ASTERWhite arrows indicate dominant ice flow
directions.image and associated data frRwera et al [2014].
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Figure 3.7.Photograph of Patriot Hills BIA, showing the location of blue ice moradthesg
the mountain range arid the main embayment as well@sglacial debris bandsd ice surface
deposits
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valley, withwidths of up to 200 m. Since 2011, three field campaigns, detaileddwill et al
[2017 and Westoby et al[2015, 2016] havdocussed on researching the geomorphology,
geology and historyof the morainesequencesn front of Patriot Hillsusing a variety of
techniques includingcosmogenic nuclide dating, terresti@berscanning, structurom-
motion photogrammetry anthrough the analysis daerial photos froman unmanned aerial
vehicle A cross seatin through the blue ice moraine and ice sequecaliectedby Fogwill et

al. [2012 (recordedin Figure 3.8 shows the complexity of the systeby detailing the
hummocky moraine terraces that sit above theistp surfaces of Patriot Hills as well as
bouldermoraine ridges, ice patch@ébgrmokast melt pools, moraine ridges and troughs, folded
englacialdebris bads (where clastsemergeat the rippled blue ice surfacdpcal and exotic
boulders andhe elevated firn deposjtarhich mark the transitiobetweencompressionablue

ice flow andconventionalalley ice flow. By analysing the moraine clastsdetail Fogwill et

al. [2012] discoveredthat the moraine ridgeare often just one clast thick and although the
majority (~80%) of clasts comprisef local lithologies,some othetithologies like sandstone
and quartzitdwhich are exotic to thmassij were also recogniseRecent techniques in Digital
Elevaion Model (DEM) differencing, applied byWestoby et al[2016]haverevealedactivity in
these blue ice morainesystems where analysis of data collected over two field seabaiss
revealeda net uplift and lateral movement of the moraine ciiggs movementwhich is forced

by local ice flow,has beemlocumentedn Figure 3.9, where thetudyby Westoby et a[2016]
revealed a mean uplift of 0.10 m over a three month paritte austral summer @012/2013

and 0.70 m over a 13 month time per{bdtweertwo field seasonsending in February 2014

3.6.2 Other Blue Ice Areas in Horseshdalley

Although Patriot Hills BIA is the most intensivetyudied BIA in Horseshoe Vallgias a result

of its relatively easy accessibility in terms of aircraft landing several otheBIAs have also

been documented the southern Heritage Randr example, a number of studiés.g.Doake

[1981], Casassa et a[1998],Bentley et al[2010] andFogwill et al [2012]) have detailed the
distinct hooked blue ice moraine sequences in front of Independence Hills, which can be seen in
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Figure 3.9. Change detection mapping blue ice moraines in front of Patriot Hills main
embaymentsing a) terrestrial laser scanning data collectedhatstart ancend of season 1
(defining a3-monthperiod), bterrestrial laser scanning and unmanned aerial vehicle Structure
from-Motion surveyingover the sam&-monthperiod and c) terrestrial laser scanning returns,
compared between the start of season 1 and the end of season 2 (defigimgrath period
ending in February 20)4Horizontal difference vectors (XYdiff) are detailed with black arrows
(orientated accating to the direction of change) while vertical change (Zdiff) is coloured in the
backgroundRed dashes on all panels shows the approximate loadtjsimmary moraine ridge
crest, where mean uplift is recorded. This figure has been extractetiestobyet al [2016]
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satellite imagery in Figure 3.5b. These moraine sequences (photographed in3HiQuieave
recently been described Byestoby et al[2016] who detailed 10 closely spacezhrallel
moraines (comprising a maximum elevation of 10 km, a kenfit-4 km and a width of a few

tens of metres) at the foot of a 500 m escarpment (Figure 3.10). Further investigations by
Westoby et al[2016] revealed that the lithologic composition of these moraines varies down
valley and across ridges as a resulttioé alongstrike variation in the geology of the
Independence Hills. Although there are no direct measurements of the shape or size of
Independence Hills BIA in the past, the large moraine sequences in the foreground of the
mountain chain suggest prolongeatabatic wind scour and sublimation. Similar hypothesis are
formed further up valley, where comparably large BIAs Bhanoraine systems dominate the
leeward slopes of elevated nunataks (including Morris Cliffs, Marble Hills and Liberty Hills)

(Figure 35).

3.7 Summary

The potential for widespread instability in the Weddell Sea sector of West Antarctica has been
highlighted in a number of studies in recent years, where investigatioRedsyet al[2014];

Wright et al [2014] andSiegert et al[2016] have stressed that even a slight retreat of the local
grounding line between the oviand flowing IIS and the floating FRIS could increase the
potential for widespread and possibly irreversible ice sheet drawdown. This fear has been
compounded by airborngeophysical RES analysis, which has revealed that 60% of the large
IIS catchmenties well below sea level, where there is little small scale topography to act as a
pinning point for grounding line retreat. It is therefore imperativenfgrove our undetanding

the flow of ice in the upper IIS catchment in and around the Ellsworth Mountains, where IIS
tributaries flow through deep trough systems which lie well below sea level.

The range of sites and relatively easy access makes Horseshoe Valley and the
surrounding area an ideal site for investigating the past and present ice flow regime of the upper
IIS catchment. A variety of local and contemporary studies in the region which focus on
climate, mass balance and geology will help to provide a back drap/éstigating ice sheet
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Figure 3.10.Blue Ice moraine sequences in front of Independence Hills. Photograph courtesy
of Dr Shasta Marrer@University of Edinburgh).
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dynamicsand ice flow history of the upper IIS catchment in and around the Ellsworth
Mountains. Geophysical investigations of BIAs and debris entrainment in enthda
Horseshoe Valley will alshelp to complete our understanding of local ice flow phenomenon

and ontinent wide debris entrainment mechanisms
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CHAPTER 4

Methodology

This chapter will present a bribackground on the uses and capabilities of ice penetrating radar
in glaciology. The collection and processing methodologies of GPR and RES data from
Horseshoe Valley anthe upper Institute Ice Stream catchment will be detailed, along with
methods for datanalysis which includemanual and automatic classification of radargram

features as well asomparisons toecentice velocity data

4.1 Introduction to ice penetrating radar

Ice or ground penetrating radar techniques elsetromgnetic waves taletecta variety of
subsurface features, such as rock, soil and ice, as well amadnstructures like pavements.

In cryospheric research, ipenetrating radaras been usesince thesarly20" centuryto image

ice thicknessto investigate changes ine flow [Siegert et al 2004; Rippin et al 2006], to
calculate past accumulation ratdsafinestock et al 200%], in ice-flow modelling studies
[Conway et al 1999 Siegert et al 2003 Martin et al, 2006, 2009Waddington et al.2007,

Eisen 2009 and to constrain layer ages from ice coM&afldington et a).2007].In each case,

the radar system is composed of three ncaimponents: a transmitting unit, a receiving unit

and a control unit, which typically contains a display unit. Both the trdtesnand receiver are
equipped withsimilar antennaewhich typically contain dipolesThe transmitte§ primary
function is to generate a pulse of electronsgnradar waves that penetrabe subsurface,
commonly atfrequencies between 1 and 1,000 MH2ahiels et al, 1988; Hubbard and
Glasser 2005] whilst the receiver is designed to detect both the direct signal travelling straight
IURP WKH WUDQVPLWWHU WKH puDLUZDYHY DQG WKH FRP
reflected within the ice bodyHubbard and Glasser2005] (Figure 4.1) These signal
components vary as radar waves are preferentially absorbed or reflected by internal surfaces.

The frequency output of the system will depend upenengths of the dipole antennae and the
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Figure 4.1. Schematic GPR transect showing a transmitter (T) and receiver (R) with a fixed
antenna separation on the ice surface. The resulidar waves are also shown. ThRigurehas
beenextracted fronDavis and Annan[1989.
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material intowhich the waves are propagatedigh frequency antennae, producing short
wavelengths, will allow thin layers to be resolyeelative to low frequency antennaehich

produce longer wavelengths. In essence, the lower the antennae frequency is (i.e. theelonger th
wavelength), the greater the penetration depth that can be achieved. There is therefore a trade
off between resolution (the thickness of a layer which can be im&gads[and Annan1989])

and penetration deptithe energy received is typically displayas a plot of signal amplitude
against tweway travel time (TWTT) (Figurel.l). This produces an image of the subsurface

beneath the transect line, which includeslioi reflective components.

In glaciological applications, radar waveropagation through ice is principally
controlled by two material properties: i) permittivity,dai) conductivity. Rrmittivity refers to
the capacity of icéo gore an electrical charge. Thaéfectively impedeshe flow of an applied
electricalcurren. Electrical permittivity is therefore normally described relative to that in free
space, andas such, it should more accurately be referred to as relative permittivity, which is
commonly called the dielectric constahtubbard and Glasser2005]. Electtical conductivity
on the other handescribes the ability of a matertalconduct an electrical currei. ice this is
controlled by its ionic or impurity conterKulessa[2007] describes how electrical conduction
through ice with high impurity content occurs principally at grain boundaries and triple
junctions within the ice, whilst networks of impurities at grain boundaries are more important in
ice which tas moderate imurity content. Finally,Kulessa[2007] also states that éectrical
conduction through lovimpurity ice occurs principally through the movement of protonic point
defects. Although thepreciseeffects of impurity characteristics, density and temperabare
electrical conductivityare poorly understoodstillman et al. [2013] note that electrical
conduction throughmeteoric polar ice is principally controlled by subtle impurities that
originate mostly from volcanic eruptions, sea salt and biomass buisrguch, natural polar
ice tends to be more conductive than natural temperate ice, felezeimpurities arefound
[Hubbard and Glasser2005] Relative permittivity and electrical conductivity are both
important factors to consider when detecting and amgysadarwaves, as both can strongly

influence mdar wave velocity, power loss, resolution and detectability.
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Further information on the history of ice penetrating radar, methodological approaches
and applications are beyond the scope of this PhDgasube found in reviews IBingham and

Siegerf2007], Daniels[1996, 2004] andol [2009], amongst others.

4.2 Ground penetrating radar

4.2.1 GPR data collection

Several GPR transects have been collected and andtys#us thesis.During each survey
Differential Global Positioning Syste(GPS measurements were collected at the same time
as GPR returns, in order tmcate andtopographiclly correct transect linesDGPS
measurements were collected using a handheld or snowrmnatiieted Trimble GPS nit,
linked to a local base station install@oove bedroclat the edge of Patriot Hill&ach GPR line
was collected usind RUW K X P E U L D PRRIRAEKKOUIGQAOMEPR\Syster@pecifications of
this system araletailed inTable 4.1 During GPR collection,in the austral summers of
2012/2013 and 201the PulseEKKOsystem was attached to a woodéstdge, to ensure thtite
co-polarised antennaeonsistently maintained fixed separation distance of i, with their
broadsides parallel teach othefFigure 42). Once installed, the sledge mounteBR system
was pulled along transect linesane of two modes depending on the coverage and resolution
required;i) commonoffset in stepandcollect mode oiii) continuous commowoffset survey

mode.Eachof these m#hodsis described below.

4.2.2Commonroffset stp-and-collect mode GPR

Continuous steand-collect mode surveyingias usedo recordhigh resolution 200 MHz GPR

profiles across Patriot and Independence Hills BlAs tAed associated moraine sequenaes

the austral summer of 20D13(Figure4.2). In order to resolve detailed subsurface features
within BIAs and icecored morainesW KH *35 V\VWHP ZDV VORZO\ WRZHG
transect lines, between survey points at 0.1 m intervals, where theFKFRPROG PFROOHFW

This method allows GPR location to peeciselycontrolled, allowing surface features to be

79



GPR SPECIFICATIONS

Manufacturer Sensors and Software Inc., Canada
System PulseEKKO 1000

System performance 162 dB

Programmable time window 32 £32767 ns

Programmable sampling interval 10ps- 20000ps in 2ps steps
Programmable stacking 1 +2048 stacks

Transmitter output voltage 1000 V

Transmitter power 2.1A @ 12v DC

Antennae frequency 225, 450, 900, 1200 MHz

Table 4.1.Specifications of Northumbria Universities GPR system.
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Figure 4.2. GPRdatacollection in Horseshoe Valley) shows the Pulse EKKO 1000 system,
employed in commowoffset stepandcollect mode, wherghe system records subsurface
properties at preefined iriervals whilst b) shows the sep of continuous commeoffset
survey mode data collection, where the sleohgeinted GPR system is towed by a sioobile
equipped with a BPS rover.
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linked to exactsubsurface radar return®uring data collection a constant time window of
7000 ns was selected, along with arfighd stack of 8. This established but thimensive

method is described in more detail\Wpodward et al[2003b].

4.2.3Continlbbuscommonoffset survey modeéPR

Continuous commontoffset surveying was employeieh 2014 to investigateregional GPR
returns, particularly acrogbe BIA/firn margin at Patriot Hill§Figure4.2). In comparison to
stepandcollect mode GPR, this method allows faster data collection, albeit at a reduced
resolution. During data collection the sledgeounted PulseEKKO system was towed by

snowmobile at approximately2 km/hr, with no ifield stacking

4.2.4Postprocessing of GPR data

Following data collectiorall GPR surveyswere imported into ReflexW radarprocessing
software(version 6.1.1 [Sandmeier Scientific Softwar2013 to sharpen the signal waveform
by improving the signal to noise ratiReynolds 2011]. Standard processing steyée[ch and
Jacobe] 2005; Woodward and King2009; King, 2011] were applied in order foroduce a
crosssection of the subsurface electrical properties in terms ofwayo wave travel time
(TWTT), and then, deptbr elevation in m gee figure4.3). Processing steps to optimise the
data seriesncluded time-zem correction high pass frequency filtering (Dewow); bandpass
filtering; background removadnd diffractionstack migration. An energgecay gain was also

amlied. A brief descriptbn of these processing steppisvided below

Timezero correction:As it takes a short time for the fibre optic cables to connect the antennae
to the computer during @PR survey, a delay is frequentigcorded in the arrival time of the

first waveform (the airwave) from the transmittdiis delay does not remain constasitlze
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Figure 4.3. Flow diagram detailing the processing sequence appli€&PR profiles. Various
processing steps are appliedReflexW (Sandemeir Scientific Software) to produce the final
migrated, topographically correct€dPR reflection profiles displayed throughout this thesis
(this chart has been adapted friimal [2004]).
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GPR unit warms up to its optimal operating temperature as a survey progtessatng drift
in the arrival time. Timezero correction removes this drift by aligg the air wave arrivabn

the radargram.

High pass frequency filtering (Dewow)ow frequency noise (<MHz) caused by saturation of

the GPR electronics from large amplitude air and direct waves can often obscure real data at
higher frequencieslpl, 2009. Daniels[2004 suggest that the exact frequency of this noise, or
wow, is a funcibn of the distance between the antennae, the antesgnaund coupling and the
electrical state of the near surface medium. High pass frequency filtering can be used to
eliminate this low frequency part (dewow) by passing frequencies above a specifigehbig

frequency in the time domain.

Bandpass filtering: This filter acts on each trace independently, to remove unwanted noise at
the high and low end of the amplitude spectrum, in the frequency d¢kvaimndward et al
2003]. Four frequency values are detdefine an pper and lower plateau beforecanstant
phase filter is applied. This filter preverggents shiftingn time, which would result inlepth

calculation errors

Background removaRepetitive noise signals acrassvhole profile, created by a slight ringing

in the antennae caoften prodwce coherent banding effects inradargram, parallel to the
surface wavéWoodward et a] 2003)]. To remove these bands of consistent noise background
removal can be applied. Ehprocessing step performs a subtracting of an averaged trace, which
effectively removes the banding without degrading information within the [oedward et

al., 2003d)]. In order to keep real linear events in the proBlech as the air and surface wave,

the window at which the filter operates must be specified
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Diffraction-stack migration:Time migration is used to trace reflections and diffraction energy
back to their true position or source, usagelocity function Daniels 2004] This processing
step contracts strongeflectors to a minimum and allows more useful interpretations of the

radargram to be made.

Energydecay gain: This processing step can be kg to compensate fodamping or
geometric spreadinpssesin the radargranjDaniels 2004] By activating thisoption, a gain
curve in the y (time) direction iggalied to the complete profildbésed on the maaamplitude

in the decay curveyhich is determined from all existiricaces).

Final display: For display purposes depth and topographic corrections alesapplied using
basestationcorrected DGPS data amdstandardce velocity of 0.168 m s Applying this
standard velocity underestimates the depth of firn layers away froormahatains andheir
associatedIAs. Once processedall radargramsvereplotted in 2D in ReflexW(version 6.1.1)
or Matlab (R2013a) (depending onthe resolution required) whilst Opendtect seismic
interpretationsoftware (2015) was used to plot radargrams in rsphce using bassation

corrected GPS cordinates, to enable threimensional analysis dfheradargrams.

4.3 Radicecho ®unding

4.3.1RESdata collection

Airborne RES datagollected by the British Antarctic Survey Polarimetdcar Airborne
Science Instrument (PASIN) igounding radarorr et al, 2007]will also be analysed in this
thesis to determine the subglacial topography and englacial stratigraphy of the upper IIS
catchment(specifications of this system are detailed in Table. & B¥se data wereollected

during a traverse of the 1IS and MIS during the austral summer of 2010/2011, when the PASIN
system was installed on a skquipped Twin Otter aircrafE{gure4.4). Flights were flown in a

stepped pattern to optimise the acquisition of gravity ddvag et a] 2012], whilst radar/laser
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RES SPECIFICATIONS

Manufacturer British Antarctic Survey
System PASIN

Type Coherent 2 pulse

Carrier Frequency 150 MHz

Bandwidth 10 MHz

Resolution 0.1 m along track / 8 m depth

Table42.6 SHFLILFDWLRQV RI WKH %YULWLVK $QWDUFWLF 6XUYF
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Figure 4.4 Integration of ice penetrating radar onto leagge British Antarctic Survey
aircraft. Figure acquired from the British Antarctic Survey.
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altimeter terrairclearance measurements compensated for flight altitude. Aircraft position was
obtained from DGPSDuring each flight the radar system was operated at a fiegoé 150

MHz and a bandwidth of 12 MHz, with a pulseded waveform acquigin rate of 312.5 Hz.

All RES data werdnitially pre-processed using Doppler (SAR) processing which was 2D
focusedAs this processing step is designed to enhance basal feahereppermost ~150 m of
SAR-processedadargramds often poorly resolvede.g. Figure 4.5) In order to investigate
nearsurface reflections, most RES lines were also subject to Chirp and Pulse pro@essing
Figure 4.5) A visual comparison of thessrborne RES processing steps is provided in Figure
4.5. More technical details of the PASIN system are availableCorr et al [2007], and

additional details on the acquisition of #ieborne RERJata are provided iRoss et al[2012].

4.32 Postprocessing of RES data

Postprocessing of RES data was provided by the British Antarctic Survey, who migrated radar
scattering hyperbolae in the alotrgck directionof flight lines beforea natural logarithm was
applied to enhance weaker reflections. Conversion of time to depth was achieved by application
of a constant twavay travel time of 0.168 m Hsoffset by a nominal value of 10 m to correct

for the firn layer Ross et aJ 2012].0Once processed, radargrams were plotted in 2D and 3D
using Matlab and Opendtect seismic interpretation software (set igpaeg using DGPS data)
respectivelyBased on crossover analysis of the entire survey, RMS differences of 1.44 m were
found in icesurface elevation and 18.29 m in ice thickness measurements, although an RMS
error of 20.58 m was obtained for the upper parts of the gridded survey area, which is in part
caused by the roughness of the underlying topograiRbgq et al 2012].Further irformation

on processing ste@smployed bythe British Antarctic Survey igrovided inRoss et al[2012].

4.4 Analysis of radardetected internal layering
Following discussions on the formation of englacial layering in Chapter 2 and methods used to

collect geophysical data in sections 4.2 and 4.3, this section will now detail conventions for
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Figure 4.5. Comparisons between variousbarne RES processing ste@hirp (15 MA), SAR

(9MA), Pulse (25MA) and Pulse (33MAJt is worth noting that each MA value relates to the
number of radar shots that were coherently integrated with a moving average witithowgh

each processing step creates a visually distinct output (focussing on the bed or surfane etc.), i
each caseRES returns detette surface, basal topography and strong englacial features.
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analysing ice penetrating radar detected englacial stratigraphy. To begin with, it is widely
agreed that all englacial features resolved by geophysical means shouldriteedes terms of
their reflection continuity, dip angle angklationship to other reflection&.g. Neal [2004])
(Figure 4.6). Oncedescribed,internal layers can then be classified into one of twoad
categories; continuous or discontinuous layerifihese terms are frequently used in
geophysical surveys (e.Rippin et al [2003; Siegert et al[2003; Bingham et al[2007 and
Karlsson et al[2009) to define eithercontinuous, wetdefined layeringwhich comprisesof
internal layers whiclpredominantly follow thewface and/or bed topographydiscontinuous,
buckled or disrupted layering which denotes intetagér geometries that substantially diverge
from the bed and/or surface. Continuous layering is primarily located in regions auniehtly
experience or have experienced sfitowing ice, which is defined hergin the upper IS
catchmentas ice flow 30 m & which has undergone little motion. In contrast, disrupted
layering is often coincident with areas that have previously enemed, orare currently
experiencing enhancetbw (defined here as >30 mi'p or at the boundary between areas of
slow and enhanced flowKprlsson et al @ ,Q WKLV WKHVLVY WKH WHU
GLVWLQFW IURP WKH W H UbRerteDnVis\bfted eqrated tith Dnxre ewbg\iceH
speeds in ice streams. Howevemr\pous studies (e.@ingham et al[2007]) have shown that
eventhe more modest speeds attained bysiceam tributaries are dhlat is required to produce
disruptions to internal layering.

In this thesis, iterpretationf ice penetrating radar detected internal stratigrapifly
follow two established approaches, which work at different scales: 1) manual, qualitative
interpretationswill be used for detailed ahgis of local ice penetrating radadata whilst 2)
automate, quantitative interpretations will besed to examinenore regionalairborneRES
returns The first approach highlights internal stratigraphy through manual @igits of
radargrams, where obvious features are marked by continuous black lines, whilst less
discernible features are highlighted by dashed lines. The second approach uses a faster,

automated Internal Layering Continuity Index (ILCI) to characterise regiongafeqly
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Figure 4.6. Ice penetrating radar internal reflection terminology, modified fikeal[2004].
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continuous versus disrupted internal layering from lmgple RES data sets. The ILCI,
developed byKarlsson et al [2012], and recentlppplied to the wider catchments of 1IS and
MIS by Bingham et al[2015], uses Ascope plots of each RES trace (each trace representing a
stack of ten consecutive raw traces to minimise ndédsgl$son et al 2012]) to record peaks of

high reflected relatie power, bounded by values of lower reflected relative power. Using the
relative changes in power (uniform in value across all study sites) the continuity of internal
layers can be determined a fulkdepth profile scale, or percentage layer scascaeas with

clear internal layerswill return a high continuity index (0.06 0.10), whilst Ascopes
interrogated where layering is absevill return a low continuity index (00.03). This leaves
disrupted internal layering to return an intediae value @.03 - 0.06), wherelow and
intermediate values have been interpreted to represent present or previously enhanced flow
which is characterised by disrupted layer packages interspersed with regions of little to no

layering.

4.5 Surface velocity cata

Surface velocity data, acquired from the MEaSURESs In®aBed Antarctica Ice Velocity Map
[Rignot et al, 20114 will also beused throughotthis thesido conpare radar returnt® current

ice flow velocities The digital mosaic was creatdxyy Rignot et & [2011b] using ALOS
PALSAR, RADARSAT-1, RADARSAT-2, ERS1, ERS2 and Envisat Advanced Synthetic
Aperture radar sensors which each covered discrete afe@starctica from 1996+ 2009
Nominal errors, associated with the precision of ice flow mapgigxist, and vary within the

digital mosaic depending on data collection methods, the type of instrument used, the
geographic location, the time period and repeat cycle of the instrument, as well as the amount of
data stacking. Using the error map foRignd et al [2011H the precision of ie flow mapping

in the upper IIS catchmei# estimatedo be 4.2 ma
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4.6 Summary

In this thesis a variety of ice penetratingdar surveys will be collected and analysed to
investigate ice flow and englacial debeistrainment in and around Horseshoe Valley. Methods

of data collection and analysis follow welstablished approaches, used by all geophysical
researchers in cryospheric settings. As GPR and RES operate at different scales and
frequencies, radargrams adagua from each method will be discussed and analysed individually

in 2D and 3D, before datasets are combined with ice velocity data for regional and historic

analysis.
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CHAPTER 5

Ground penetrating radar

Several higkresolution GPR transects will be investigated in this chapter to assess the
continuity of a BIA horizontal climate record frorRatriot Hills published byTurney et al
[2013]. Results are combined with PISM model simulations and-d&E8ed ILCI plots to
determine the evolution of ice sheet flow in Horseshoe Valley over the last 30,000Tyeésrs.

chapter includes and expands upon work publishedibyer et al, [2014.

Ground penetrating radar objective

Analyse englacial stratigraphy within the Blice Area at Patriot Hills to determine historic

changes in ice flow and/or accumulation.

Research questions

1) Can ground penetrating radar be used to examine BIA?
2) Is the BIA horizontal climate recomt Patriot Hillscontinuous?
3) Can the climate record at Patriot Hills be relied upon?

4) Is there evidence for growth and/or stabilisation of Patriot Hills BIA?

5.1 Introduction

This chapter usebigh-resolution GPR transects to record the internal stratigrapliBatfot
Hills BIA in Horseshoe Valley In 2013 a900 m longcentral BIA transect(transectA),
extending perpendicular frofatriot Hills (Figure 5.1) wasurveyed using GPR continuas
stepandcollect modeto examine theontinuity of an800 m long climatéransect published by
Turney et al[2013]. Three 100 niong crosslines were also surveyedcontinuous stepnd

collect modeduring this period, intersecting transeca®200 m500 m and 800 ralong the
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Figure 5.1.(a) MODIS mosaicHaran et al, 2006] showing the location @PR transects in

front of Patriot Hills, Horseshoe Valley. Ice flows from the head of the Horseshoe Valley
towards Patriot Hills. (b) Zoom in of the nested ground penetrating radar grHE3X¥1-Y8)

and the climate transect (A), with cross linesOB Red lines show the lottan and extent of
ground penetrating radar profiles displayed in 2D in this chapter. Arrows show the direction of
data collection away from the mountains (A,-Y&) and down valley (X2X5, B-D).
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profile (Figure 5.2. In 2014 snowmobilkkowed commoroffset surveying was also employed
for wider analysis of Patriot Hills BIA and firn. These surveys provided a ngsigaf high
frequency lines (approximately 7 x 9 km with 1 km x 1.5 km grid cells) extending from the BIA
morainemargin towards the centre of Horseshoe Vall&gure5.1). All GPR surveyshave
been analysed in conjunction wiple-existing Parallel Ic&sheet Model simulations and ILCI
plotsat predefined depth intervals of20% (uppermost ice column), €0% and 86100% ice

thicknessto place GPR findings intanhistorical context.

5.2 Results

5.2.1Groundpenetrating radar

Returns from GPRransect Asurveyedalong Patriot Hills BIA aralisplayed in 3Din figure
5.2 This figureis annotated to shotihe beginning oftie 800 m longclimate transec¢twhich
starts100 m along th&sPRprofile, as well as the intersection of crosslines B, C anBidure
5.2b showseach ofthese crosslines idetail, where internal horizongpresenting former ice
sheet srfaces are recorded throughout the 250 m deep profile, althikiginline A, reflection
strength decreases with defffs a function of radar attenuatiomhich limits the analysis of
deep internal layerdn order to investigate the detailed internilsture of transect A, and
indeed Patriot Hills BIAFigure 5.3focusses on the uppermost 50 m of the transect, along the
800 m long climate lineThis figure reveals a number steeply dippingsochrones which are
punctuatedy shallow (2 m) ice core sitet 100and 200 m along the transedhereTurney et

al. [2013] extracied ice for climate analysis. Ignorintpe reflections from the boreholés is
clear that ontinuous, conformable, steemlipping (inclined by 242 45°towards Patriot Hills)
isochroneslominate the radargram, where ttag recordedrom 0 m +246 m, 249 m+359 m
and 362 m+800 m. Herethe internal reflectors strike from the lower ice eotuup towards
the BIA surface. Howevert247 m and 360 m thegre discontinuities in the isochrone layers
(highlighted in red anthbelled D1 and D Figure 5.3, where divergent isochrones represent

significantchanges in isochrone dip angfégure 5.8 focusses on these features, where the
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Figure 5.2. Threedimensional transect along Patriot Hills Blue Ice Area showing the
intersection between transect A and cross lines B, C, D which are shown in detail in the lower
panel. The start of th@800 m longclimate transect, beginning at 100 m along tran8astalso
highlighted.
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Figure 5.3.(a) Ground penetrating radar transect A, collected along Patriot Hills Blue Ice Area
climate line. The black dx represents the spatial extarit(b) and (c) which focus on two
discontinuities (D1 and D2) that show changes in dip in an otherwise conformable englacial
sequence. Both discontinuities are associated with the truncation of isochrones. D1 is located
247 m along the radar profile, whiilD2 is situated 360 m along the transect.
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radargram andligitised transectRigure 5.3b and 5¢3 reveal that D1 and D2 are associated

with the truncation of isochrones.

By comparingGPRtransect A with the climate record publishedTayney et al[2013]
in Figure 54, it is evident that discontinuities D1 and DB@rrelate to rapid changes in the trend
RI WKH GHXWHULXP LVRWRSLF UHFRUG /' DWrmeyse BlR[LPDW
2013].These rapid changes had previously been ljgtdd byTurney et al[2013], in the form
of shaded bands B1 and BZdure 5.4d) where% PDUNV WKH WUDQVLWLRQ IUR
ratetoarnd QJ WUHQG LQ /' EREEPHQW UQ Bhl-BRMWH vV A Uwhilst B2
marks a very rapid riseQ /' FR Q F H Qfiaht-B00/tb-R QA), after which a higher average
ratio continues for the renmrader of the profile. Combined with a third band, B3rney et al.
[2013] suggested that these zones could reflect significant fluctuaticlesnperature and/or
precipitation during both thiate Pleistocene and Holocetowever,unlike B1 and B2, further
analysis of GPR transect A reveals evidence of divergent or truncated isochrones at any other
location along the profile, even at B3 @ cal ka), where a depletion in deuterium isotope

content is recorded.

Examples from the snowmobitewed GPR grid, collected for wed analysis of the
BIA and firn, are displayedis a threalimensional grid in Figur®.5 and intwo-dimensional
inline transectysurveyedperpendicular to Patriot Hills) in Figu6 and 5.7 Compared to
GPR in stepand ollect modethis method is much fastallowing a largr area to be surveyed,
albeitat a decreasemsolution (see chapter 4, section 4.22 and 423%uch, the snowmobHe
towed GPR can only resolve distinct features in Patriot Hills, BlAere there is a sharp
dielectric contrast. In the BIA, these features are largely limited to D1 and D2, which are clearly
recorded in inline profile¥1-Y8 (e.g.Profile Y1, Figure 5.9 as well aghe ice/bed interface

which is reflected at the beginningeach inline profilgdFigure 5.5.

Although the BIA is poorly resolved by the snowmobile towed GPR, numerous internal
horizons can be identified at the BIA/firn margand indeed well into the firn zopas the

inline transectextendtowards the centre of Horseshoe Valley. At the margin, internal reflectors
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Figure 5.4.Visual mmparisons between GPR returns and deuterium isotope records along a
central BIA transect, extending from Patriot Hills (a) Ground penetrating radar transect A
records the subsurface internal layer structure of Patriot Hills BIA (arrows indicate vertical
noise from boreholes). (b) Picked, prominent internal GPR reflectors showing two locations
where the internal reflectors are disturbed, i.e. showing changes in dip and discontinuity. D1 is
at 247 m and D2 at 360 m along the transect. (c) Spatial variadiilityternal reflector dip
angles in the alontine direction (averaged over 20 m intervals), and (d) Patriot Hills deuterium
LVRWRSH UHFRU G TutheyFeRaDZD1BFiW2012. ERaded bands B1, B2 and B3 are
inferred points of correlation withH WKH (3,&$ ('0/ / BEPIOAIZRAG) @n the

* & & WLPHVFDOH DQG | WKH 1RUW#&muddemed.aIn@pcasL FH FF
shown in Figure 4 ofurney et al[2013].
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Figure 5.5. Snowmobile towed GPR returns reveal poergsolved englacial stratigraphy in
the dense BIA of Patriot Hills, although prominent reflectorsuiticlg D1, D2 and thbed are
visible in most inline transects. The detailed firn sequences, digitised in 8§ures 5.6 and
5.7 are welresolved in 3D, in both inlines and cross lines.
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Figure 5.6. Snowmobiletowed 200 MHz ground penetrating radar cross lines. (a), (c), (e) and
(9) all display elevatiomorrected GPR profiles, where prominent interedlliectors have been
picked and digitised to form (b), (d), (f) and (g), where prograding (P) and convergent (C)
isochrone sequences are clearly visible.
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Figure 5.7.More snowmobilgowed 200 MHz ground penetrating radar cigsss. Like figure

5.6, (a), (c), (e) and (g) all display elevaticorrected GPR profiles, where prominent internal
reflectors have been picked and digitised to form (b), (d), (f) and (g), where prograding (P) and
convergent (C) isochrone sequences &arly visible in each transect. Profiles Y5 and Y7 also
display unique features; a snow drift (SD) is recorded in profile Y5, whilst a stratigraphic
unconformity (UC) can be seen in Y7, where shallow dipping (2° apparent dip towards Patriot
Hills) internd reflectors are overlain by younger neduorizontal firn layers.
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record a net upward ice flow component, where isochrones are compressed and inclined to a
maximum dip angle of 5°. However, as the transect extends away from Patriot Hills and the
BIA, the steeply dipping internal reflectors smoothly transition to more horizontal and parallel
firn layerswhich are recordetb a depth of 140 m below the surface, where radar reflection

strength meets background noise levels.

The transition between blueeiand firn is recorded and displayed for each inline
transectin Figures 5.6 and 5.7Each of these radargrams reveakftively featureless BIA,
followed by sequences of convergent and progadiachronegsee Figure 4.7 for a definition
of internalreflection terminology, where englacial layers gently transition from inclined layers
to mae horizontal layers, as the radargrartends away from Patriot Hill&lthough pofiles
Y1 and Y2 Figure 5.9 displaya similar pattern of englacial stratigraplyhere convergent and
then prograding isochrones are netad immediately after the BlAarofiles Y3 and ¥ (Figure
5.6) exhibita change to a prograditgnvergenprograding isochrone sequence, which occurs
whenPatriot Hills BIA increases in size, araktends further into Horseshoe Valley. In profile
Y5 a larger convergesrogradingisochronesequence is recorded, where layers are tightly
compacted between the BIA and a shallow snow drift (~9 m thick) which extends 440 m along
the former, near horizeal firn surface Althoughthe next snowmobikowed GPR line (Y6) is
only 1 kmdown valleyfrom profile Y5,the large snow drift is no longer visihie this inline
transect Instead, profile Y6 displaya progradingconvergenprograding sequence2150 m
along thetransectline, after the now enlargednd still featureless BIAThe only erosional
unconformity to be discovered in the snowbile towed GPR grid is revealed pmofile Y7
(Figure 5.7) where gently sloping (2° apparent dip towards PatriotsHilhternal horizons
reveala progradingconvergenprograding sequenaaverlain by younger, near horizontal firn
layers between 2690 m aBd49 m along the transect. These almost horizontal layers than
double in thickness with increasing distancenfr@atriot Hills. Again, this feature is not
recordedl kmdown valley in Profile Y8, where a thicker horizontal firn sequence is recorded

above a progradingonvergenprograding isochrone sequenéégure 5.7.
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5.2.2Ice-sheet model simulations

In orderto place GPR findings into a regional and historic context, simulated regional ice flux
modelsfor Horseshoe Valley and the upper IIS catchnipravided by Dr. Nicholas Golledge,
Victoria University of Wellington, New Zealandyere consulted (Figure &. These Parallel
Ice-Sheetmodel perturbations help to explain théial response of the LGM ice sheet to ocean
and atmospheric forcinghlthough model runs simulate high discharge rates through all major
troughs surrounding Horseshoe Valley, each sirmnlgtrepresenting time intervals) shows that
no major ice flux or flow direction change is expected to have occurred in Horseshoe Valley
since the mieHolocene. Indeed, the simulations show that even wi#p@ increase in ice flux

in response tocean varming and sea level rigat 15,000 model yearf{olledge et al 2012]
modelled ice flowing intdahelIS continues to discharge through Rutford TrouBlg(re 58b),

even when flow accelerates at the ice marghsssuch, these model runs imply thantnued
oceanic forcingand grounding line retreat had direct impact on the flow of ice around Patriot
Hills, even when ice discharging intbe main trunk of the lISvas diverted in a more east
southeasterly direction towards the Thiel Troudwringthe midto-late-Holocene (Figure Bc,

lower panel).

5.2.3 hternal Layer Continuity IndetLCl) plots

Although regionalmodel simulationdy Dr. Nicholas Golledgéave suggestethat no major

ice flux or flow direction changeccurred in Horseshoe Valley during the rdlocene, it is

also important to analysecal field evidence, in the form of deep airborne RES transects
collected by Dr. Neil Ross and colleagug<CI plots across a central transect line in Horseshoe
Valley (Figure 5.9 demonstratehat the uppermost ice in Horseshoe Valley2(96 of the ice
column) is dominated by continuous internal layering, indicative of slow flow, while older ice at
40-60% ice thickness and then-800% of the ice column return progresty higher ILCI
values Following methodologies reported in Chapter 4, these high ILCI values, sourced at

depth,provide evidence for previously enhanced ice flow in Horseshoe \atiere
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Figure 5.9.1LCI results from airborne RES flight lines across Horseshoe Valley (using 100
trace moving windows) at various depth intervals, (a) % lay20 @eveals high ILCI values
indicative of continuous layering in the uppermost ice column, (b) % layé04@8the central

ice column shows both continuous and disrupted internal layering, while (c) % la©080
shows the most disrupted and discontinuous layering at depth. These plots, superimposed onto a
RADARSAT mosaic Haran et al, 2006] reveal that ice flown Horseshoe Valley has been

stable and slovflowing in recent years.
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information is provided in Chapter 6 and the resultant papéfinter et al [2015]). As this
enhanced ice flow is not recorded in any of the-hhadocene to postGM PISM perturbations
it is expected that the disrupted englacial layering recorded deep Withéeshoe Valley ice
flow formed near thestartof the Holocengeriod or possibly, even earli¢depending on the

speed of ice excavatian)

5.3 Discussion

By combining findings form GPR transects with ice sheet model simulations and ILCI analysis,
it has been possible to constrain the evolution of Patriot Hills BIA, and better understand
historic ice flow in Horseshoe Valley. The central BIA GPR transecag\revealed a sequence

of largely conformable isochrones, which are inclined towards Patriot Hills BIA surface (to
compensate for the negative mass balance promoted by katabatic wind scanhanded
sublimation which creatBIAs *see Qapter 2, sectiof.5.9. Minor changes in the dip angle

of these predominantly parallel internal horizons have been recaadddare expected as a
result of differential snow deposition, burial and subsequent ice flow over time but the
pronounced changes in dip anglesDat and D2 Figures 5.3 and5.4) represent larger scale
change. These discontinuitjesssociated with truncated isochrorasyrespond to abrupt shifts

in the local climate record between ~18 cal ka (B1) and ~12 cal ka EB@)ré 5.4 and
therefore repsent breaks in an otherwise largely unbroken 30,000 year climate record. These
breaks, given new context by the unconformities in GPR Transexiuld have formed by one

of two mechanisms: (i) changes in ice flowline trajectory(iprby thelocal inteaction of

topography, snow accumulation and wind.

As icesheet model simulations and ILCI analysis suggest that ice in Horseshoe Valley
has not experienced directional changigre 58) and has remained sleflowing (Figure 59)
since the mieHolocene the possibility that discontinuities D1 and D2 were formed bygba
in ice flow-line trajectory can largely be eliminated. However, these simulationstdwle out

significant period of erosion whiclcould have resulted from the interactiontopography,
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snow accumulation and wind as ice flows from the head of Horseshoe Valley towards Patriot
Hills (Figure 5.10). It is therefore expected that discontinuities D1 and D2, corresponding to
changes in deuterium isotope concentrations at B1 andFigRre 5.4d) were created by
localised katabatic wind scour of the former snow and ice surface as ice flowed along its
presentday trajectory, through BIAs in front of Liberty and Marble Hills (Figure 5.10).
Consequently, it seems probable thdatiterium $otope incursion81 and B2 do not directly
represent abrupt climatic changes, but instead reflect breaks in the otherwise conformable
climate record. As no other erosional events are found in the GPR record, it is assumed that
other inferred depletions ithe deuterium isotopes, such as that at(Bigure 5.4d) could

reflect direct climatic changes during the early Holocene, and indeed may correlate with

changes in other ice cores as suggesteubyey et al[2013].

The findings from the extended radgrid are in close agreement with the high
resolution BIA transect. Here the inline profiles show more recent periods of BIA stability and
instability, reflected by convergent and prograding isochrones in the firn zone. Prograding
isochrones in the GPR maa (Figures 5.6+5.7) are attributed to increased katabatic wind
scour, and subsequent BIA expansion since the LGM. This is likely the result of surface
lowering in Horseshoe Valley of up to ~400 m since the LGMif et al.,2016b], which
would have regaled more of the nunataks in the Southern Heritage Range, capable of
promoting stronger katabatic wind scour. In contrast, younger convergent isochrones in the
GPR record (Figures 5.6 and 5.7) represent more stable meteorological conditions, where
katabaic winds of consistent velocity and direction have produced a transition zone between all
annual snowfall to no snowfall scoured. If these transition zones are in the same location
annually, convergent layering will result. It should be noted that tleaqgrhenon also requires
slow and stable ice flow. The sequences of BIA growth and stabilisation from the larger
snowmobiletowed GPR grid combine to identify an evolving BIA over the past ~1,000 years,
which is consistent with the previously analysed 30,9@@r ice flow records. Like the
boreholes recorded in GPR Transect A, the unconformable surface firn in profile Y7 and the

snow drift in profile Y5 (Figure 5.7) have anthropogenic origins wttal time are attributed
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Figure 5.10. (a) Inferred ice flow path from the head of Horseshoe Valley to Patriot Hills
(MODIS background imageHaran et al, 2006]), where discontinuities D1 and D2 formed as a
result of Blue Ice Area wind scour in front of Liberty and Marble Hills, (b)esudtic
stratigraphic succession, indicating ice accumulation punctuated by two periods of erosion (red
lines), (c) lowermost panel of (b) rotated 90 degrees to show an inferred cross section of
unbroken snow/firn stratigraphy and, (d) uppermost pandb)ofdatated to show the observed
GPR stratigraphic sequence at Patriot Hills BIA, where red lines indicate erosional events D1
and D2.
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to the recent movement of snow to create Patriot Hills Antarctic Logistics and Expeditions Base

Camp (seasonally occugal between 1987 and 2010).

5.4 Summary

This chapter andassociatecbaper Winter et al [2016]) provide the first detailed
account of the internal structure of BlLARadardetected stratigraphic relationshipsalysedn
conjunction with deuterium isotope records,-steeet model simulations and internal layer
continuityindex analysis aPatriot Hills BIA indicate the following: (1) stable periods of snow
accumulation and ice flow have been interrupted by episodsigrificant erosion, which have
resuted in unconformities within aotherwise conformable stratigraphic record and (2) the
current trajectory of ice flowing towards Patriot Hills BIA is, in essence, unchanged ever th
recenthistorical record. These finggs implythat deuterium isotope records from Patriot Hills
BIA reflect conditions in Horseshoe Vallégnd the WAIS over at least the last 30,000 years,

though due consideration must be taken around the two periods of differential wind scour.

Importantly, this researclalso demonstrates the considerable value of using GPR in
stepandcollectmode to interpret icehget history from BIAs, as conventional snowmobile
towed GPR cannot resolve the detailed internal structure of these ice features. Tinisigindi
particularly relevant to the climate community, asJoest and portable GPR surveys in step
andcollect mode can greatly improve the reliability of relatively eaadgessible horizontal

climate records.
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CHAPTER 6

Radio-echo sounding

This chapterwill use airborne RES to investigate the subglacial topography, internal
stratigraphy and Holocene flow regime of the upper IIS catchment. It will include and expand
upon the analysis of RES profilgsublished byWinter et al [2015] in the Journal of

Geophysical ResearchEarth Surface.

Radio-echo sounding objective
Determine the internal structure of the West Antarctic Ice Sheet in the upper Institute Ice Stream

catchment to establish historic clgges in regional ice streaming

Research questions
1) What is the current configuration of the upper Institute Ice Stream catchment and how
does it affect ice sheet flow?
2) What was the ice sheet configuration, with respect to the Bungenstock Ice Rise, during
the Holocene?
3) Was ice inHorseshoe Valley Trough an important tributary of limsitute lce Stream
in the past, both in its current configuration and in the configuratiddiexfert et al

[2013]?

6.1 Introduction

Over 25,000 km of airborne RES data, collected during a survey of the 208.0/2011by Dr.

Neil Ross and collaboratohas been analysed in this chapteintestigatehe internal structure

and subglacial topography of the upper IIS catchn(Eigure 61). Synthetic Aperture Radar

(SAR) processed radargrams have been displayed in 2D and 3D, and investigated using manual
digitisation of internal features and ILCI analysi® recap methodologies detailed @hapter

4, during manual digitisatiostronglyreflectivehorizons were marked by black solid lines,
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Figure 6.1 Location of &borne ralio-echo sounding transecsross the Institute and Moller
Ice Streantatchments (pink), surveyday Dr. Neil Ross and collaboratoirs 2010/2011 The
dashed box denotes the extenaiwborne radargramavestigated irthis thesis whilst black and
yellow lines hidlight the location of radar profiledisplayed in this chapteBackground
imagerycomprises MODIS mosaic imaggdaran et al, 2006].
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whilst internal features with reduced reflectivity were marked with dashed lines (as their exact
form washarder to define). Purple lines were used to extrapolate internal stratigraphic features
in areaswhere radar returns were low. During automaditiCl classificationa high continuity

index (0.06- 0.10)is returnedvhen layers are clear and continuous, intermediate values-(0.03
0.06) when layer packages are disrupted, with regions of little to nactighyering, and low
values(0 - 0.03) whenlayering is absentlt should also be noted here thaternal layering
cannot be resolved within the sowtlestern side of Horseshoe Valley Trough as aircraft took
off and/or landed in front of Patriot Hills. The uppermost 200 samples of the ice column
(equivalent to ~9070 hsare also porly resolved in all radargranmes a function of 205AR
processingOnce processed and analysed, RES transectscomgared to surta velocity data

(see Chapter )dand previously examinedurface lineatiog on the Bungenstock Ice Rise
[Siegert et al 2013](Figure6.2) to determine past ice sheet configurations and flow dynamics

in the upper IIS catchment.

6.2 Results

6.2.1 Basal bpography discrepancies

During preliminary analysis of RES radargramsn Horseshoe Valley and the upper IIS
catchment large discrepancies wererit between RE8etected betbpographyand the basal
topographydata presented iBedmap?2 Fretwell et al, 2013].In Horseshoe Valley, Bedmap2
plots the basal topographyl000 m higher than the RES detected bed (FiguBs while
discrepancies of upt500 m are recorded elsewhéereéhe upper IIS catchmerfof example, in
the Independence Trough Figure 6.4. In all casesthe RESdetected bed reveabs lower
elevationthan the Bedmap2 datasanhd inmost cases, Bedmap?2 topography is aligned avith
strong internal reflectoiThe errorsencountered in the Bedmap?2 dataseateed the uncertainty
valuesprovided byFretwell et al [2013] (mapped in Figure 6)5suggestinghat automatic
picking of radar lines in and around Horseshoe Vallegorrectly assignethe strong internal
reflector identified in RES figures 6.3 and 6.4 as the bed. As such, all elevations and ice
thicknesses cited in this chapter will utilise R&Sived bed topography measurements.
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Figure 6.2 (a) Landsat Image Mosaic of Antarctica (LIMA) mosaic with prominent
geographical features labelled; the labelled boxes outline the locatléigurés 6.2b6.7¢ and

6.7d. The whik line in each sectioimdicates the ASAID grounding lindB[ndschadler et aJ
2011]. (b) MODIS mosaic of surface lineations on the Bungenstock Ice Ra&ar et al,
2006]. (c) Satellitederived surface icHow velocities from MEaSURESsHignot et al, 2011a]
superimposed oveMODIS satellite imagery Haran et al, 2006] and annotated to show
dominant ice streams, the Bungenstock Ice Rise, Horseshoe Valley Trough (HVT),
Independence Trough, Ellsworth Trough and Pirrit Subglaciabldmds. (d) Location of
radargram transects agedin this chapter. Background shows bed elevation from the same area
as Figures 6.2a and 6.2c, derived from Bedm&p2hjvell et al, 2013].
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Figure 6.3 (a) RES flight line 8 across Hegshoe Valley and Patriot Hills, where ice flow is

into the page. (b) Comparison between raedetected bed (solid dark line) and the basal
topography plotted from BedmagZretwell et al., 2013] (red line). It is suspected that
automatic picking, applied prior to Bedmap2 compilation could have incorrectly assigned
strong internal reflector, visible in (a) and marked by a black dashed line in (b) as the bed. The
ice surface has been marked by a solid blue line.
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Figure 6.4 (a) RES flight line 3 transects Horseshoe Valley, the trough between Horseshoe
Valley and Independence Hills as well as Independence Traugire ice flow is into the page

(b) Comparisons between RES detected bed topography (solid dark line) and d@he bas
topography derived from BedmapErétwell et al.,2013] (red line) reveal more similar bed
topography projections, although the basal topography in Bedmap2 often follows a strong
internal reflector (marked in (b) by a black dashed line).
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Field site

\

Figure 6.5 Estimated uncertainty from the bed elevation grid published by Bedrrag@vell
et al, 2013]. The field siténvestigated throughout this thesis has been indicated with a black
arrow.

118



6.2.2 Basal topography of the upper Institute BEeamcatchment
Radar observations ahe ,,6 TV XSSHU FDWFKPHQW LQ BugkciBlURXQ G
Highlands, reveatomplex tectonicallicontrolled basal topographydrdan et al, 2013;Ross
et al, 2014] with multiple nunataks, dad mountainshighland plateaysbasins and troughs
(Figure 6.2l). This chapter focusses ohrg¢e distinct troughs in the uppd6 catchment
Horseshoe Valley Trough, named after Horseshoe Valley diedsl, Independence Trough,
namedafter the adjacent Indepesace Hlls and Ellsworth Trough which was named after the
neighbouring Ellsworth Mountains. A distinsubglacial lowland, termeRirrit Lowlands (after
Pirrit Hills in the Pirrit Subglacial Highlangidias also been investigatdeach of these areas
havebeenhighlighted in Figure 6.2

As a main focus of this thesis, it is important to describe the-dESted features of
Horseshoe Valley Trough, which has been imagezDiin Figure 66. As briefly mentioned in
Chapter3, the 20 km wide trough is confined its upper parts by the steep mountainghef
Heritage Range. However, RES has also revealeddnag ofthe ice flowis also onstrictedat
the end of the alley, wtere a subglacial ridge separatke somewhatonfined ice flow with
the presentlay trurk of the IIS. With a smooth bed lying 1300 m below sea level, Horseshoe
Valley Trough contains an ice columm éxcess of 2000 m. However, tlie sheet thickness
reduces significantly, to just 750 m, as the ice flows out of Horseshoe Valley where it is
deflected northwards ovéie higher elevation terrain towards the main trunkh&11S (Figure
6.2d).

Lying subparallel to Horseshoe Valley Trough, but separated from it by the 1400 m
high peaks of Independence Hijllss Independence TrougtFigure 6.7. This 22 km wide
trough is delineated to the south by a 20 km wide subglacial mountain range which has a
maximum elevation o770 m above present sea levdhlike Horseshoe Valleyrough the
Independence Trough has a unique shape, whichaisacterised by the existence of two 6 km
wide plateaus (P1 and P2 in Figure 6.7), which line either sides of the trough. These plateaus
break the steep slope from the high nunataks which define Independence Hills and the deep
subglacial valley floor, wiiih sits 1100m below present day sea level. The trough itself remains
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Figure 6.6 (a) Radieecho sounding cross section of Horseshoe Valley Trough (lineh&re

ice flow is into the pagehe arrows indicate processing artefacts. (b) Digitisedllbagography
(brown), lower basal ice unit (blue) and upper basal ice unit (purple) as well as internal
stratigraphic features (black for observed, dashed for inferred and purple for best estimate). The
secondary axis shows sateHderived surface icHow velocities in red from MEaSUREs

[Rignot et al, 2011a].
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Figure 6.7. (a) Radieecho sounding cross section of Independence and Ellsworth Troughs (line
2) where ice flow is into the pagéhe arrows indicate processing artefaBts.and P2 indicate
plateaus in the basal topography. (b) Digitised basal topography (brown), lower basal ice unit
(blue), and upper basal ice unit (purple) as well as internal stratigraphic features (black for
observed, dashed for inferred, and purpleldest estimate) and the location of surface flow
stripes (FH-4). The secondary axis highlights sateltierived surface iclow velocities in

red from MEaSUREs Rignot et al, 2011a]. (c) Flow stripes (FE4) annotated from
RADARSAT mosaic Haran et al, 2006]. (d) Flow stripes identified on a sateliterived
surface icelow velocity map from MEaSURESRjignot et al, 2011a].
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deep and straigtior 54 km until the ice begins to flow in a more northwards direction, where
the ice flow widengo 50 km, as the ice flow splays out between high elevation subglacial
plateaus, until it reaches the main trunk of the 1IS, where thearésses théocal grounding line
(Figure6.2c).

Described in detail byRoss et al[2014], Ellsworth Trough (Figuré.7) is the widest
(up to 34 km widepnd most extensive vallgat ~260 km long}o be surveyedKigure6.20c).
Although steegsided bedrock walls confine the northern flank of the trough, the southern walls
feature a more gradual inclination towards a higivation subglacial plateau (Figuser). This
plateau defines mountainous basal topography whidhtéssected by aaumber of smaller
valleys thatare orientated roughly perpendicular to the main trough axis and present day ice
flow. Two major tributariesfeed Ellsworth Trough at the point where the trough becomes
straight and aligned with Independence Trough (FigL2e). Here ice thicknesses of 2100-m
2620 m are recorded as the ice is funnelled northwards totvertlS, above bed elevations of
700 m- 1500 m belowpresent dagea level.

Although a distinctive trough morphology is not recordedhe vicinity of thePirrit
Lowlands (Figures.2), ice flow from the suthern IIS catchment mergasd flons betweema
number of highland platea@nd subglacial lowsvhich define the Pirrit Highlands, as the ice
makes its way towards the main trunk of the IIS and the local groundingHere, several
bedrock obstacles, in the form of ridges, troughs and rough terrain are detected beneath the
~1000 m thick ice flow (Figure 6.8) These obstacles create distirfiictuations in bed
elevation, allowing the bastdpographyto rangefrom 200 m to1150 m belowpresent dagea
level. However, lasal topography is difficult to ascertain in Figure 6.8, atgbint where the
ice flow meets the Ellsworth Trough. This is largely a function of ice thickidss.basal
horizon is also dffise in the first 40 km of transect line 12, where the radar system identifies

waterat the base of the FRIS.
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Figure 6.8 (a) Radieecho sounding line 12 detailing subsurface features across Pirrit
Lowlands, the Ellsworth Trough and the Institute Ice Stream (IIS). The horizontal black line in
(a) and (b) indicates a turn in the RES flight, where the flight line crolsdsdal grounding

line of the FilchneRonne Ice Shelf (b) Digitised basal topography (brown), lower basal ice
zone (blue) and upper ice zone (purple) as well as internal stratigraphic features (black for
observed, dashed for inferred and purple for lessimate). The secondary axis highlights
satellitederived surface ice flow velocities in red from MEaSUREghot et al, 2011a].
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6.2.3 Internal stratigraphy

$OWKRXJK EDVDO WRSRJUDSK\ LV FOHDUO\ GHWE&ystsvhiHG E\ V
the airborne RES transects also reveal several englacial features related to ice dynamics. These
include basal units lacking evidence for clear internalslueet layering, continuous and
discontinuous internal layers, highly disrupted internaktayand lowreflectivity structures
ZKLFK UHVHPEOH pZKLUOKaLSda \éfaliR20091 Whe Uh@eb &dr Wisible>in
radargrams throughout the study area, in a variety of radar-lilghorientations. An example

Rl WKHVH pZKLU GrZEgue6e/AathdughkaRxvible in Figures6, 6.7, 6.10 and

6.11 the larger scales used in these figures, which were chosen for regional analysis, are not
DSSURSULDWH IRU PDUNLQJ WKH ORFDWIORMndeeduiinkL U O Z L C
numerous other radargranms/estigated during this studgnglacial layering is disrupted and
occasionally obliterated byWW KH pZKLUOZLQ GV TvericdlLtb isubielrtit&l Qo K W
reflectivity zones. These features dnelieved to represerthe complex response of the radar

signal to highamplitude buckling of layers within the ice sheet (i.e. physical ice sheet features
that present in the radargrams as whirlwirtdel§chuh et al 2014@ $V VXFK WKH pzZKL
canbe used to identify and mppaones of buckled and disrupted layering.

Basal ice units have also bedntectedabove the bed in multiple radargrangsg
Figures6.7, 6.8 and 60 The® basal units, identified throughotite study area, are clearly
distinguishable from the bed atide upper ice column, where they can often bedivided
vertically into two distinct sukunits, where the boundary between them is marked by an upper
reflective interval. Although their formation requsréurther investigationKnight [1997] and
Binghamet al [2015] have suggestd that their form could be attributable to changes in ice
fabric, or contrasting physical, dielectric properties associated with a glacial/interglacial

palaeoclimaticswitch.

Horseshoe Valley Trough
Airborne RES transects reveal a number of internal features within Horseshoe Valley ice flow.

Figure 6.6 shows that basal ice units up to 450 m thick have been recorded above the subglacial
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Figure 6.9 (a) Selected internal features in radio ecbarsling flight line 11; the arrows
indicate a processing artefact. (b) Digitised basal topography (brown), lower basal ice unit
(blue), and upper basal ice unit (purple) as well as internal stratigraphic features (black for
observed, dashed for inferredpdapurple for best estimate); the green polygons show the
location of internal whirlwinds. The secondary axis highlights sateléréved surface ice flow
velocities in red from MEaSURER[gnot et al, 2011a].
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Figure 6.1Q (a) Location of lines # in relation to the bed topography, derived from Bedmap2
[Fretwell et al, 2013]. (b) Threelimensional schematic diagram placing RES lines into
approximate geographic/spatial context to highlight the morphology of Independetice an
Ellsworth Troughs, as well as the development of internal stratigraphy down flow. (c)
Interpreted grosscale structure of the two troughs approximately marked by red dashed lines
and flow direction arrows. Conformable layering is present above theahayiplateaus which
define the troughs. The gradual inclination in bed elevation from Independence Trough to
Independence Hills, coupled with the presence of basal ice zones and a thin ice column,
suggests that there has been no recent transfer of icérfdependence Trough into Horseshoe

Valley Trough.
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Figure 6.11. (a) Location of lines #0 in relation to the bed topography, derived from
Bedmap2 Fretwell et al, 2013]. (b) Threalimensional schematic diagram to highlight the
morphology of Horseshoe Valley, Independence and Ellsworth Troughs in the upper Institute
Ice Stream catchment, as well as the development of internal stratigraphy down flow. (c)
Interpretel grossscale structure of the thréughsapproximately marked by the red dashed
lines and flow direction arrows. Conformable layering is present above the highland plateaus
which define the troughs and in the upper 500 m of ice within Horseshoe Malbegh.
Disrupted isochrones are restricted to the deeper ice of Horseshoe Valley Trough and within
Independence and Ellsworth Troughs.
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mountain ranges that delimit the trough. These units can be traced down flow on the south
western side of the troudbr at least 110 km where they are clearly visible at a maximum depth
of 500 m below sea level, but they cannot be found any more centrally or deeper inside the
trough itself.

Within the trough,discontinuous ice layers dominate the mid to lower Golumn
where the most distued and buckled englacial layeraith an ILCI value of G 0.06 are found
down the north east flank of the trough (Fig6r6, Figure6.12) (as discussed isection 61,
internal layers cannot be resolved within the sautitern side of the trough, as the aircraft
took off and/or landed at this localjtyContinuous and parallel isochrones sit conformably
above theedeeper, more disrupted and buckled ice lsyathere a 500 m thick sequential ice
package;-20 km wideis recaded in the upper 20% of the ice column (Kig 6.6, 6.1 These
continuous layers can be traced down flow in numerous radargrams, and through ILCI analysis,
for at least 90 km, where the layers become increasingly apparenuaraousas the basal
topogaphy becomes elevated and the trough margins wWitdgares 6.10 6.13).

Although hard to distinguish precisely in all RES transects due to the scale at which
they are presented Figures6.6 and 6. 110DUJHO\ YHUWLFDO pZKLUOZLQGY |
within the iceflow of Horseshoe Valley Trough. Within the better resolved northern side of the
LFH IORZ WKH pZKLUOZLQGVY DSSHDU WR VSDQ WKH HQW
processingsteps largely prevent the upper 200 samglep ~500 m)from being imaged),
where they cut through discontinuous internal layering. Mhe p Z K L Ugeriétally Gevid] to
extend vertically downwards from the surface or reaface where theyare sometimesurved
or sub vertical ee Figure 6.%r a detailed exampjeA similar morphology is recordesh a
VPDOOHU VFDOH ZKHUH WKH pZKLUOZLQGVY LQWHUI|DFH ZL

for exampleon the flanks of Horseshoe Vall&yough[Rossand Siegert2014].

Independence Trough
RES of Independence Trough has revealed strong radar returns within the top 50% (800 m) of
the ice column, where ice within the trough is dominatedisyipted englacial stratigraphy
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Figure 6.12.Results of the fuldepth Internal Layer Continuity Index (ILCI) from several flight
lines over the Institute Ice Stream upper catchment near the Ellsworth Mountains. Background
shows surface icBow velocity from MEaSUREs Rignot et al, 2011a] in grey cale,
superimposed onto RADARSAT mosaitidran et al, 2006]. Low ILCI values (<0.06),
representing disrupted englacial layering, dominate ice flows within Horseshoe Valley Trough
(HVT), Independence Trough, and Ellsworth Trough as well as the InstitutStieam. High

ILCI values (>0.06), representing continuous layering, are located above the subglacial
highlands which delimit the three troughs.
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Figure 6.13.Internal Layer Continuity Index (ILCI) results from 100 trace moving windows,
partiionedE\ GHSWK UDQJHV RU 30D\HWW R DEHNMVaIHIOWWYIG DV 3(
fifths of the icecolumn.Background shows surface ifltew velocity from MEaSURESsRignot

et al, 2011a] in grey scale, superimposed onto RADARSAT moskican et al, 2006]. 1IS =

Institute Ice Stream, BIR = Bungenstock Ice Rise, and MIS = Mdller Ice Stream. Figure adapted
from Bingham et al[2015].
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(Figure 6.7) which repeatedly exhibits an ILCI index <0.06 (Figure 6.13). Figures 6.7, 6.10 and
6.11 demonstrate the almlance of this stratified englacial layer buckling across flight lines of

all orientations. These figures also show that the buckled ice layers become progressively less
discernible down valley, presumaldg a function of enhanced ice flow amgbociatedntense
disruption of englacial stratigraphy on approach to theffasing IIS trunk. Although low

ILCI values dominate the majority of the ice flow within Independence Trough, ILCI values in
excess of 0.06réflecting continuous layering) are recordeihin the upper reaches of the
trough, where they are often-owident withthe subglacial plateaus which have a relatively
smooth basal topograpiilyigures6.10, 6.11and6.12).

Although tasal ice units are not fourwdthin the centre of théndependencdrough,
theyhave been recordexd the trough margins, where the ~100 m thick packages drape over the
subglacial highlands, spanning atevation range of 1250 m. Similar tdorseshoe Valley
7TURXJK D GHQVH QHWZR UsN obskeryed KLt Alov) dMEindd vitBil©
,QGHSHQGHQFH 7URXJK 7KHVH pZKLUOZLQGVY DUH IRXQG
mountain ranges andsociated basal ice unitwhere they have been located in ice as thin as

600 m, and in ice as thick asQlbm

Ellsworth Trough and PirriHighlands

Thelengthof the Ellsworth Trough is dominated by sylarallel, buckled isochrones which are
visible within the uppermost 1000 m of the ice column, to a maximum depth of 250 m below
current sea level, beneath whichethadar did not resolve internal layering due to signal
attenuation (a function of the 2600 m+ ice thickness antikitlg existence of warm ice within

the lower ice column). ILCI results reveal the greatest percentage of low to intermediate ILCI
values 0 +0.6) within the ice flows ofEllsworth Trough (Figure 6.12 and 6.13). This
quantitatively confirms that th&llsworth Trough contains the most abundant unresolved and
disrupted internal stratigraphy of all the seutbstern IIS tributaries. Althougbontinuous
layering is clearly distinguishable above the highland plateau of the Pirrit HighlRigises

6.8, 6.11 and 6.02 which delimit the soutlivestern extent of the trough, very few continuous
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layers are found withithe Ellsworth Trough itself. Tis is particularly evidenfrom thefull-
depthILCI results Figure 6.12, where values <0.6, representing disrupted englacial layering
are found down theentreof the trough, whilst intermediate to high ILCI values (&®.10) are
recordechear the tragh margins.

Beneath the surfaemonformable layers of the Pirrit Subglacial Highlands basal ice
units are cleayl visible down the length ofmountainous ridge (Figure 6.11), where they
typically reach thicknesses in excess of 200 m, with a maximumntérgskof 850 m (recorded
in a small trough within the upper reaches of the highland area). The most fregdehbngate
HZKLUOZL Q entr§aifborid’ RES studgre also found in Ellsworth Trough, where the
nearly YHUWLFDO pZKLUO Z Y QoaditudiihD ¥énihuityV doGri. ¥ievO Bithough
smaller, more QIUHTXHQW DQG OHVYV fehturdsdr®Qdisy teyoled ek £ath® Z L Q C

areas of the Pirrit Highlands.

6.2.4 Surface velocity and surface features

Satellite remotehsensed iceselocity data Rignot et al.,2011a] reveakpatially variable ice

flow speeds within the upper catchmenttbé IIS tributaries, in and around the Ellsworth
Mountains (Figure 62c). The slowest ice flow speeds of <9 m are recorded above high
elevationsubglacial plateaus arsibglacialmountain ranges, whilst faster ice flow is recorded
within the deep subglacial troughs which feed the IS trunk, where current flow speeds reach
415 m &. Ice within Horseshoe Valley Trough maintains the slowest avélagepeeds of 12

m a* (Figure6.6), permitting the preservation of earlyid Holocene ice. Ages quoted here and
henceforth are approximate and estimated usingdagéh modelling calculations from the
Bungenstock Ice Rise, which suggest that ice at ¥@%hickness is ~4000 years olsig¢gert et

al., 2013], as there is currently no dating control across the upper IS catchment. Ice in
Independence Trough currently reaches flow speédp to 35 m & (Figure 6.7). Assuming
DYHUDJH IORZ V'Stit&h®& deduc&d that ice in Independence Trough is unlikely to
contain ice deposited earlier than the Hiolocene. Even greater advection of early to-mid
Holocene ice is expected within Ellsworth Trough where taibyuflow speeds of ~70130 m
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a' are currently recorded. Here, distinctive surface flow stripes, orientated parallel to ice flow,
are clearly identified on satellite imagery and ice velocity maps (Figue 6.7d) Recent
investigations byGlasser and Gudmundssdg012] andGlasser et al[2015] suggest that these
longitudinal features are likely to be the surface expression of simple shear and lateral
compression, in this case originating from the confluence point of tributary flows entering
Ellsworth Trough. Fast fow speeds of 3829 m &' are also recordedthroughout the Pirrit

Lowlands where ice streams over thick basal ice sequences (Figure 6.8)

6.3 Discussion

6.3.1 Current configuration athe Institute Ice Stream and its tributaries

In its present configuration, two mainbmtaries feed the upperatchment ofthe IIS; these
tributaries carry ice alontihe Independence and Ellsworth troughs to the main trurtkefiS

and ultimately the FRIS, entraining the flow of smaller tributaries, including ice that has
originated from Horseshoe Valley.

Horseshoe Valley Trough is characted at its upper end by the Horseshoe Valley
overdeepened basin, where maximum measiaeethickness is in excess of 2000 m. This ice
thickness is not maintained down valley, reducing to ~1400 m, and later ~750 m, when the ice is
driven up topographic steps in the bed near the valley mouth (EBgdre&urfaceconformable
ice layers domiria the upper 20% of the ice column in all transects; this continuity reflects the
current slow flow speeds within Horseshoe Valley Trough which amount to ~12".m a
However, disrupted internal layers visible within RES transects display€dune6.6 and6.11
andin the% layerILCI plot (Figure6.13)imply former enhanced ice flow within the trough. As
surfaceconformable stratigraphy blankets the buckled ice layers it can be deduced that at some
time the fastethanpresent ice flow experienced a swatf, fossilisng the enhanceflow
features (buckled layers). The continuous isochrones beneath the surface of Horseshoe Valley
Trough, combined with the preservation of conformable stratigraphy and basal ice zones above
the subglacial mountairibat delmit the rough, provide evidence for topographically confined,
and relatively stagnant isolated ice flow throagh the Holocene. RES evidence from
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Horseshoe Valley Trough therefoseiggests that the switch from enhanced to stagi@am
occurredpre-Holocene, and thanhanced ice flow in this system is likely to joiete the major
changes in regional ice flow associated with the shutdown of ice streaming #oeoss
Bungenstock Ice Ris&[egert et al 2013].

Confined by steep mountain rangesngldts length, the ~2200 m thick ice flow within
Independence Trough dominated byuckled ice layers which are visible in the top 50% of the
ice column, within flight lines of all orientation&igures6.10, 6.11 and6.11). These buckled
layers becomeeks discernible on approach to the main IIS triifigures6.10 and6.11), as a
function of enhanced ice flow speeds and increased strain rates. Unlike the ice within Horseshoe
Valley Trough, there is no evidence for recent continuous englacial layeritign wi
Independence Trough, even though similar flow speeds of 15 arearecorded within the
upper reaches of the trough. This suggests that the buckled ice layers within Independence
Trough are younger than those in Horseshoe Valley Trough, implyirgye necent slovdown
of ice flow here.

Low ILCI values are recorded throughout the topographically constrained Ellsworth
Trough, where discontinuous and buckled ice layers dominate the uppermost 1000 m of the ice
column (note that detailed internal layeyiis poorly resolved at greater depths). These
disrupted layers can be found in radargrams of all orientations ésiguf, 6.10, 6.11 and
6.12). This extensive deformation is largely attributed to the relatively high ice surface flow
speeds of 70 130m a* (calculated fronRignot et al[2011a). Surface flow stripes correlate
well to ILCI values, where the lowest ICLI values and surface flow stripes are recorded near the
ice stream marginF{gures 6.7. and6.12) where shear stress is high. A similfd'epomenon is
found in Whillans and the &lson Inlet Ice StreafRaymond et al 2006;King, 2011], as well
asthellS towards its upper confluence witthe MIS [Bingham et al 2015] where the greatest
disruption of internal layering is found along thé&etal shear margins. These features define a
constant direction of shear within the ice of Ellsworth Trough, whgolen thetopographic
confinement of the icRoss et al 2014], is likely to have existed over significant intervals of
geological time.
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The Pirrit Lowlands represent an ice tributary which is sufficiently wide to be relatively
unconstrained by the subglacial topography. This allows ice from the upper IIS catchment to
flow along a more or less straight flow patwards the local groundinigne of the Filchner
Ronne Ice Shelfwhich enables the internal layering and basal ice packages in the centre of the
ice flow to remain relatively undisturbed over long distances. Higher ILCI values are recorded
at the margins of the ice flow, where ingsed longitudinal strain is exerted by the more
elevated subglacial topography bordering the Ellsworth Mountains and Pirrit Hills. The nature
of ice flow through the Pirrit Lowlands indicates stable flow conditions throughout the

Holocene, where high flusates have consistently contributed to the main flow of IIS.

6.3.2 Evidence fordrmer enhanced ice flow

Satellitederived ice flow velocity measurements of the upper IIS catchimeRignot et al
[2011a]reveal that enhanced ice flow conditions areyanirrentlyrecorded within the largest
tributary ice stream, which flows through the Ellsworth Troughre, airborne RES surveys
have recordedast flow features throughout the entire ice column, which incintensely
buckled and disattinuows ice layes as well asu Z K L U Q Zarfib(Baditiese features strongly
suggest thatnhanced ice flow conditions have exisiethe Ellsworth Trouglsince at least the
mid-Holocene (as older ice is likely to have been advected towardsdbeding line by fast
ice flow). Similarly buckled and disrupted isochrones in the Independence Trough ice flow also
suggest formeenhanced ice flowonditionsin the upper IIS tributaryHowever, as the present
day ice flowspeeds are much slower than those supported bwrther Ellsworth Troughand
indeed to slow to produce such disrupted and discontinuotggnal layeringt is expected that

the iceflow in Independence Trough hescentlybegan to slovdown.

6.3.3 Evidence for ice flow reorganisation

Althoughice flowing through the Ellsworth and Independence troughs pr@wikence
for former enhanced ice flowegionalairborne RES analysis provides no evidencefdomer
ice flow reorganisation. Continuous stratigraphy and tbagal ice zones abowveighbouring

135



subglacial mountain ranges suggest that both ice flows hesmmaned topographically
constrainedo the present dayuring periods of both slower amadoreenhanced ice flow. This
uniquetopographic confinement limits the potential for water piracy offlme reorgangation

in the upper 1IS catchment, as has been speculated in other ice streams, most notably for the
currently stagnant Kamb Ice Streadagobel et al 1996;Anandakrishnan and Alley1997]

(see Chapter 2, section 2.5.2houghit does permii on-andoff streaming of tributary flow
through the Independence and Ellsworth Troughs.

Although disrupted isochrones are qualitatively and quantitatively recordix ilce
flows of Horseshoe Valley Troughthe presence o& 500 m thick sequence durface
conformable stratigraphy beneath the ice surfmeglies that the ie has not experienced
enhanced floior some time. Current ice flow speeds of 7 Tn-d6 m &, combined with the
thick conformable ice sequenseiggest that the ice in Horseshoe Valley has remained slow
flowing since at least the midolocene, allowing the preservation of much older, buckled and
disrupted isochrones at depth. As Horseshoe Valleyldge it topographically confinetly a
number ofnunaaks and mountain rangéss unlikely that the ice flow in the upper reaches of

Horseshoe My migrated during this time.

6.3.4 Former icesheet configuration, with respectttee Bungenstock Ice Rise
Tectonicallycontrolled bedrock folds beneatie [IS catchment Jordan et al, 2013] govern

the location of deep trough systems and high mountain ranges in and around the Ellsworth
Mountains, which facilitateehamelisedice flow from the WAIS interior to the FRIS in the
Weddell SeaBingham et al[2015] suggested that the current configuration of topographically
confined IS tributary flows also reflects the spatial configuration of ice flow throughout the
Holocene (and possibly earlier). Although the topographic constraints of the IIS tributarie
PHDQ WKDW WKH\ DUH XQDEOH WR PLJUDWH EXFNOHG LVF
flows of the Horseshoe Valley and Independence troughs evidence former enhanced ice flow in
presently slowflowing tributaries, indicating a switebff of past @hanced ice flow. Enhanced

ice flow through Independence and Ellsworth troughs during the toidte Holocene would
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have been conducive to driving ice flow across the IIS and the region now covered by
Bungenstock Ice Rise (Figuéeld), making these traihs strong candidates for contributing the
ice flux necessary to facilitate paleme streaming across what is currently a slow flowing ice
rise [Siegert et al 2013]. The occurrence of buckled and disrupted layering at depth in
Independence Trough supfsthis suggestion by providing evidence for formeraerced flow
in a trough where ice flow is now much slower

As surfaceconformable stratigraphy dominates the upper ice column within Horseshoe
Valley it is unlikely that flow from Horseshoe Valley Tugh contributed significantly to the
streaming flow overthe Bungenstock Ice Rise. This is likely to be a function of the
topographically constrained nature of Horseshoe Valley Trough, as the high Ellsworth
Mountains to the south east largely block therésg of the WAIS in this area, and subglacial
topography at the trough mouth encourages the diversion of flow into Hercules Inlet (Figure
6.14b). However, as buckled ice layers have been preserved in the mid to lower half of the ice
column in Horseshoe Valy Trough, it is proposed that changes within the flow of this tributary
may have occurred earlier than the fhidlocene. Assuming advection of the buckled englacial
layers at a current average velocity of 12 early Holocene buckles would still bespent in
Horseshoe Valley Trough. The ldt#®locene deceleration of flow acrodse Bungenstock Ice
Rise previously inferred bySiegert et al[2013], may therefore represent just one relatively
local component of wider regional changes to ice flow tiaate occurred acrogke IIS and
MIS catchments as the WAIBinnedafterthe LGM. Stagnation of Bungenstock Ice Rise is the
main hypothesis for the preseddy configuration of IISBingham et al.2015]. The resultant
reorgangation of flow and switckon of the main 1IS trunk would have -reuted and/or
switched off ice flow exiting the deep trough systems of the IIS upper catchment (e.g.
Independence Trough), and ledgmunding line migration and the diversion of flow acribes

FRIS, in an ice flow configuration akin to that we see today (Figure 6.14).
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Figure 6.14 Schematic model of ice sheet change with respect to the Bungenstock Ice Rise
(BIR). (&) The current glaciological situation with ice flow indicated byws: (b) Mid
Holocene ice sheet, where neghstward ice flow dominates the region, crosscutting the
presentday trunk of the Institute Ice Stream. (c¢) Late Holocene (as now) ice sheet flow
described bySiegert et al.[2013] in which ice flow over Bungenstock Ice Rise becomes
stagnant, thus leading to the presaay ice sheet configuration. (d) Last Glacial Maximum ice
sheet hypothesised I8jegert et al[2013]. The interpretation in Figure 6.14b refines flow paths
and their relative ages (midolocene instead of LGM), as well as indicating minimal flow from
Horseshoe Valley Trough towards the Bungenstock Ice Rise.
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6.4 Summary
This chapter defines the current configuration of the IIS and its tributaries and provides
evidence for former enhanced ice flow and ice flow reorganisation in the Weddell Sea Sector of
Antarctica.Airborne RES investigations of the internal stratigraphy of three tributaries of the
IIS sourced from and transecting the Ellsworth Subglacial Higld provide evidence for
heterogeneous ice stream behaviour and Holocene flow dynamics. It is likely that the
Independence and Ellswortinoughs acted as source areas for the- rtod lateHolocene
enhanced flow recorded ftow stripes acrosthe Bungenstck Ice Rise $iegert et al 2013].
The internal stratigraphy of ice flowing along Independence and Ellsworth troughs suggests that
they may have acted independently of one another, undergoing asynchronous enhanced ice flow
or a slowdown in ice streaminglhe earliest evidence for enhanced ice flow, believed to have
occurred ~4000 years ag8iggert et al 2013] is found in Horseshoe Valley Trough, where
buckled and discontinuous isochrones are surveyed beneath a 500 m thick sequence of parallel,
surfaceconformable isochrones. Evidence for changing ice flow velocities, possibly occurring
more than ~400 years before preseSiefert et al 2013], can be found within the
topographicallyconfined Independence and Ellsworth troughs where strateflyrmed
isochrones represent former enhanced ice flow through each trough, which would have allowed
ice to traverse the main trunk of the 1IS and flow over the region now covered by Bungenstock
Ice Rise.

Theseobservations are consistent with the hypothesis tellGM and Holocene
drainage pathways within the Weddell Sea sector of\MAdS were different from those of the
preseniday [Larter et al, 2012;Siegert et al 2013] and that they indicate dynamic changes in

ice flow velocity, which affected the interior parts of the Weddell Sea sector.
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CHAPTER 7

Radar detected englacial debris

In this chapter strong englacial reflectors identified in GPR, airborne RES and ground RES will
be mapped and analysed in 2D and 3D to constrain the location, form and approwionaite v

of englacial debrign and around Horseshoe Valléjransects will be compared to peristing

datasets to determine debris source areas as well as processes of debris entrainment.
Implications for englacial debris transportation in the Weddell Sea sector of West Antarctica

will also be discussed.

Radar detected englacial debris lbjective
Investigate debris entrainment mechanisms in the Weddell Sea sector of the West Antarctic Ice

Sheet

Research miestions
1) Cangeophysial methods detect debris in iiteand around Horseshoe Valley?
2) How much englacial debris éontained within Horseshoe Glacier?

3) What are the controls on debris entrainnaard transportation iAntarctica?

7.1Introduction

Although recent advances ice penetrating radatataacquisition and processing hageabled
englacial sedimentary structures to be identified in alpipe glaciers {zoodsell et al 2005;
Dunning et al, 2015] andsumgetype glaciers(characteristic of theSvalbard archipelago
[Boulton 197Q Woodward etal., 200& Hambrey et al 2005 Murray and Booth 2010;
Sevestre et §12015), very few studies have documentenglacialdebrisin Antarctica. Whilst

this is largely a function of radar resolution, and field site accessibility, a lack of detailed
surveyshassuppressed ouwinderstanding of debrurces and debrentrainment meanisms

beneath large ice sheets, as well as détasport pathways through the ice. As debris sources
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can alter frictional stress at the glacial bed and modify ice flow sp&slsdt al, 1998]
change ice flow direction through logrm erosive processedddrbor et al, 1988] and transfer
essentialnutrients from continental sources to the Southern Océ&srath et al, 2014;
Hawkings et al 2014] (Chapter 2) it is now critical to examine the controlsenglacial
sedimensin West Antarctica.

In order to analysenglacial debrigeflectorson both local and regional scaethis
chapter willexamineairborne and ground RES data, collected in and around Horseshoe Valley,
as well asdetailed stefandcollect modeGPR returns surveyedin front of Patriot and
Independencelills. Figure 7.1detaik the location of thessurvey lines where strong englacial
reflectorswithin RES transects have beamarked by blackcircles A further airborne RES
profile, collected across the Evans Ice Stream will also be examined to determine the wider
controls on debris sources, entrainmeméchanismsand debris transport pathwaysin the

Weddell Sea sector d¥est Antarctica

7.2 Results

7.2.1 Airborne mdio-echosoundingof Horseshoe Valley

Pulse and SAR processed radargrafosllected by Dr Neil Rossfrom the University of
Newcastleand collaboratorsluring a traverse of the 1IS and MIS in 2010/20displayed in
Figures 7.2, 7.3 and 7.4, detail a number diiris englacial reflectors abowmsal topographic
features Two of these highly reflective, upwards dipping englacial structuegmed R1 @ad
R2 are highlighted in Figure 7.2here each reflector wistinct from the largelyclo-free ice
thatsurrounds thenR1 denoteshte smalleiof the tworeflectois (which isonly visible in flight
line 14 asthe other flight lines did not extend across Horseshoe Valley), vherstrong
reflector extends over 500 through the ice column. Thisflector dips at an angle of 3%0°
from vertical, where the englacial structure stgpsrt of the glacier surface by ~39@.
Although R2 exhibitssimilar reflection characterist&cto R1,this second reflector represeiats
much lager englacial feate, where several steeply gipg diffractors (with aip angle o~60

- 65° from vertica) extend from the subglacial bemvardsthe ice surface, where the reflector
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Figure 7.2. Englacial reflectors @rded in pulsg@rocessed airborne REf&amsects across
Horseshoe ValleyR1 is situated in front of Patriot Hills, where the refle@gtendsfrom

the bed, but fails to reach the ice surface, whilst R2 is recorded in front of Independence
Hills, where reflectors can be traced from the bed up towards the BIA surface, where
moraine ridges elevate the surface topography.
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Figure 7.3.Englacial reflectors R3 and R4 recordedriont of Patriot Hills inthreeSAR-
processed airborne RES flight lineghere ice flows through Horseshoe Valley, towards the
local grounding lineNote that this processing technique fails to resolve the ui¥#r m

of the ice column and nunataks.
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Figure 7.4.Distinct englacial features BBAR processed airborne RES flight lines 19, 20 and 21
(location has been marked in Figure 7.1), where ice flow is into the page. Grey arrows indicate
processingrtefacts. R5 represents a distinct englacatie that extends from the bed in each
radargram
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intersects a 22 m high moraine ridgefront of Independence Hills (annotated in Figure 7.2b).
Whilst adjacent radargrams revélahtthe step angle ofR2 is preserved dowftow, Figure 7.2
also demonstrates hotlie reflector geometry varies with deptirough the ice columrand
with distance from the exposed nunataks that define IndepenHdisce

Although R1 and R2 documentpwards dipping englacial reflectors near the ice sheet
surface, Figure 7.3 reveals stroegglacialrefledors furtherdown the ice column;:-1.4 km
below the surface of Horseshoe Glaci@ndover 750 m below present day sea leWlthis
figure, a thid highly reflective englacial feature, termed R3, extends over 200 m from the
glacial bed; towards the centre of Horseshoe Glacier in three airborne RES transect lines
Although the reflector remains a similar shape and size down Rmure 7.3 shows hothe
reflector dip angle changes from ~65° to 75° (from vertical) over 4.5 km (between lines 16 and
17). In the last airborne RES flight, line 18, Rps at ~86° (from vertical), where R3 is now
disconnected from the ice/bed interface. A foulidtinctive englacial reflector is also recorded
in flight line 18 (Figure 7.3), where R4 extends over 300 m through the ice, at a dip angle of
~87° from vertical

Figure 7.4 details the last growb strong englacial reflector® be recordedvithin
airborneRES traversesf Horseshoe Valley Trough (Figure 7.These adargrams revea
fifth set of strong englacial reflectors, which extend from a subglacial bedrock, bowgrds
the centre of the ice flow at angles of 5%3° from vetical. Whilst Figure 7.4 documents the
dowrtice persistence dR5 (where the reflector varies in shape and size with distance down
valley), Figure 7.5 highlights the relationship between RS5, the subglacial bed and numerous
weak internal reflectors that represent isochronal layers and whirlwind featfinissfigure
shows how R5 extends beneath buckled and disrupted englacial stratigrgphscimaflight
lines 19b and 20b, where folded isochroaes recorded abouhe strong englacial reflector
Whilst these two radargrams reveal similar features, flight line 21b (traversed ~2500 m from the
first transect line+19b) records nearly straighthd parallel internal stratigraphic layers, which
are more conformable with the subglacial bed topogralphthis last flight line R5 appears to
bedisconnected from the ice/bed interface (Figures 7.5c and 7.5f).
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Figure 7.5.Detailed investigatios of englacial reflector R5 in 2D radargrams. Boxegeveal
SAR-processed airborne RES transects (visualised in full in Figure 7.4), which are digitised in
d-f to show prominent englacial features (black for observed, dashed for inferred and purple for
best estimate), the basal topography (brown), strong englacial reflector R5 (dark brown) and
englacial whirlwind features (green).
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7.2.2 Ground penetratingadar surveys oHorseshoe Valley

Detailed, high-resolution stepandcollect modeGPR transds, collected during the austral
summer of 2012/201Bave also revealed a number of distianglacial featurebeneath BIAs

and their associated moraine sequences in Horseshoe Valley. Figure 7.1 shows the geographic
location of these survey lines, where thdsBEKKO systen{detailed in Chapter 4jollected

radar returns withirPatriot Hills main embaymentnd alongthe moraine system in front of

Independence Hills.

Patriot Hills main embayment

Figure 7.6details a number dEPRIines, surveyedcross Patriot Hills main embaymemhese
transects reveal the surface of HorsesBtaier, and the sloping beédpography that extends
away fromPatriot Hills, as well a number of englacial stratigraphic features and hyperbolic
radar returnsAlthough stacked and inclined isochrones, représgnformer ice sheet surfaces
[Turney et al 2013]are visibleat the start okach transect linfFigure 7.9, where dip angles
record Bl flow trajectoriegsee Chapters 2 and, ) is difficult to traceenglacal stratigraphic
layers near the mountain frontyhere the surface is coveréy Bl moraine accumulations
(detailed in Chapter 3Hyperbolicradar returnglominate this section of the radargram, where
the returnsrepresent poinlike objects imaged by thedar at different angle®gniels 2004]
Figure 7. shows how theseesturnsare often grouped into near vertical bandghich extend
from the subglacial bed, all the wap to the surfacewhereBl moraine systems elevathe

local topography

Independence Hills moraine system

During the austral summer of 2012/2013 four GPR transects were also surveyed across the
distinctive hooked moraine systems which lie at the foot of Independence Hills (see Chapter 3,
section 3.6.2 for an introduction todependence Hills moraine system). Figure 7.8 documents
the subglacial topography and englacial stratigraphy of the largest transect line+(A&)ye

the PulseEKKO system was manually towed over the debvisred surface, in a survey line
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Figure 7.6. GPR transects collected in stepdcollect mode across Patriot Hills main
embayment. A glacially eroded ice/bed interface is recorded beneath moraine sequences in front
of Patriot Hills.
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Figure 7.7. GPR transect line P1, surveyed across Patriot Hills BIA and Patriot Hills Bl
moraine sequences (a), and annotated in (b) to highlight prominent feéthes
hyperbolic reflectors are coloured green, isochrones are coloured blackdandeflections

from surface wateare coloured blueBrown polygons define bedrock and unconsolidated
sediment whilsthie dashed line in a) and b) represents the junction between two radargrams.
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Figure 7.8. GPR transect IH3, collected along Bl moraine sequences in front of
Independence Hills (a), and annotated int(bhighlight prominent features, wheradar
returnsare coloured green if they are hyperbolic, black when they represatihuous
isochrones and orange when they reveal straight and parallel englacial structures. Grey
polygons reflect clean ice incursions, whilst bedrock is highlighted by a brown polygon.
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orientated approximately parallel to the main mountain ridgeKgpee 7.1). Hyperbolicadar
returnsand the point sources that they represent dominate this transect line, where these
distinctive subsurface features help to reveal straight and parallel englacial structures, that
extend from the ice/bed interface, tanis elevated Bl moraine sequences. Although it is
difficult to detect and trace englacial stratigraphic layers beneath the thick Bl moraine
accumulations, a set of straight and parallel isochronal layers are recorded just beneath the
surface, approximatgl100 m along transect IH3 (Figure 7.8b). As these layers are recorded
within a zone of clean ice, which is separafemin the main flow of ice (which contains a
number of steeply dipping structures and pdike reflectors), it is likely that this zond @e,

and indeed another region of clean (lmeated~350 m along the transect lineyidence exotic

ice flows.By analysing geomorphological features along Independence Hills it is suggested that
these ice flows are derived from hanging valleys nearnl@immons, where the local clean

ice flows cut across the main flow debrisrich ice, which is being driven towards tleteep

ridge of Independenddills by compressive Bl flow.

7.2.3 Other geophysical surveys

Horseshoe Valley ground and airborne RES

In order to understand the regional occurrence of strong englacial reflectors in Horseshoe
Valley, Figures 7.9 and 7.10 documegmbundRES surveys across Horseshoe Glacier, which
were originally collected by Dr. Andrés Rivera (Centro de Estudiestificog Chile) to detect

and image basal topographic features. Two strong internal reflectors are recorded near the
ice/bed interface in Profile Al (Figure 7.9), where the reflectors are located approximately 1180
m and 1690 m along the transect, at depths~@800m and ~1000 m below the ice sheet
surface. Just like the deep englacial features recorded in airborne RES transects, these strong
internal featureslso exhibit similar reflection strength® the bed, where the reflectors are
angled upwards, andwards the centre of Horseshoe Valley. In a similar manner to R3 (Figure
7.3), Figure 7.9 reveals that the reflector with the highest dip angle is connected to the bed
whilst the more horizontal reflector (detected further up the ice column) is not cahtette
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Figure 7.9. Ground RES transect Al, collected across Horseshoe Valley by Dr. Andrés
Rivera (Centro de Estudios Q@ifficos). The radargramiesolves the complex basal
topography as well as two distinct englacial reflectors ~14B890 malong the transect, at
depths of 130 £100 m below the ice surface, where ice flows through Horseshoe Valley

towards the local grounding line of the FRIS.
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Figure 7.10.Ground RES transect A2, collected in front of Patriot HiysDr. Andrés Rivera
(Centro de Estudios Cientificoshhis radargram records the basal interface near Patriot Hills
BIA, as well as a number of englacial reflectors. As the radar system failed twice during the
traverse, two sections of the radargram contairtidishor no data.
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bed. In this radargramumerous weak reflectors are also recorded in the toidower ice
column, where echoes cross cut internal stratigraphic features

The second ground RES profile, line A2, imaged in Figure 7.10, reveals a new
perspective of Horseshoe Glacias the transect line was surveyed down flow, rather than
across it. This radargram reveals a number of strong;hoeeontal englacial reflectsey which
exhibit similar reflections to the bed. Although these straight adliel englacial features can
be traced along the front of Patriot Hills for over 3 km, more diffuse and disturbed layers feature

when the survey line traverses the perimeter of Patriot Hills.

Airborne RES of thEvans Ice Stream

In order to appreciatéhe conthentwide occurrence oktrong englacial reflectoreear the
ice/bed interfaceDr. David Ashmore from the University of Aberystwyth has allowed this
thesis to examine an airborne RES transect across the Evans mma @tigure 7.11), where
datawerecollected by thesameBritish Antarctic Survey PASIN systedescribedin Chapter 4.
Although the radargram in Figure 7.11c reveals a number of subsurface features, related to
differential ice flow velocities between the fast flowing Evans Ice Str@anere isochronal
layers are disrupted and discontinugugind slowflowing upland catchment(where
stratigraphic layers are often conformable with the subglacial topogrépilgyye 7.11b), three
distinct reflectors (EE3) are also recorded at the icefleterface These reflectors extend into
gently folded basate, where the boundary of the basal ice zone changes shapecraase

in thicknessn conjunction with theccurrencef E1-E3.

7.3 Interpretation

7.3.1 Englacial reflectors

This chapter has documented a number of highly reflective englacial structures, in a variety of
ice penetrating radar surveys in and around Horseshoe Valley and the Evans Ice Stream. In each
case, the radar system has recorded englacial bands or hygddpslading on scale) near the
ice/bed interface; where the reflectors are recorded at a number of elevations (and depths below
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Figure 7.11.Airborne RES transedine across the Evans Ice Stredpnocessed by DiDavid
Ashmore from the University akberystwyth) a) shows the location of the Evans Ice Stream in
relation to the Institute Ice Stream and the Antarctic Peninsula (background imagery details
surface iceflow velocity from MEaSUREsRignot et al, 2011a). The black box marks the
location of b) which details the position tife airborne RES flight lie in more detail The
radargranin c) reveals continuous and parallel isochrones above the highland plateau and much
more disturbed and discontinuous laygnimithin the Evans Ice Stream. Three strong englacial
reflectors, E1+E3 are also highlighted, where the features record singfiaction strengths to

the bed. These strong reflectors areradent with englacial stratigraphic foldear the bed
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sea level); along transect lines of various orientations. Although the englacial features display
similar reflectioncharacteristic$o the bedtwo distinct formsexist; (1)reflectorsthattypically

extend up to Bl morainsequences, on the leewdategroundof nunataks and (2), strong
reflectors that i found at deptifbeneath a thickace sheet), where reflectod® not reach the

ice sheetsurface As all of the reflectors vary in size, shape and reflectivity with depth and
distance fromvalley side walls multiple eflection originsfrom the mountain frontan be
eliminated[Daniels 2004;Cuffey and Pattersqr2010]. These findinggeveal that the strong
englacialreflectorsdocumented throughout this chaptatst evidencedebris clastparticles

within the ice.

7.3.2Approximating englacial debris and around Horseshoe Valley

In order to approximate tharea,volume and mass of englacial debris in and around Horseshoe
Valley, polygons were used to defineethberimeter of debrigeflector bandswithin zones of
offline reflectors and hyperbolic radar returmsvarious airborne RES transec(see Figure

7.12. Approximate area calculations for each group of debris reflectors have been detailed in
Table 7.1, which reveals a totaltdis area ofipproximately 14 milliorm® within airborne RES
detected debris bandso Eonvert area to volume, known distances between trairsestvere

fed into equation 7,lwhich denotes a standard equation, developed to calculate the volume of a

frustum (M).

V; = (distance between transects/3) 3{A, + ¥ $ A)) (7.2

This calculation reveals over 18 billion*rof debrisrich icein and around Horseshoe Valley,
and overl4 billion m* in front of Independence Hills alone (between transect lines5).3By
converting volume to mass, using a standard high limestone density of 2560 kajham
2010], Table 7.1 shows howebris bandsn the upper IS catchment (in and around the
Ellsworth subglacial highlands) amount to ov8 teratonnes of debris. Wilst this total mass

assumes that deb#imnd reflectors evidence lardebris block within the ice, more realistic
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Figure 7.12. Airborne RES transect line 1annotatedn b) to show the perimeter of debris
reflector bands within zones of offline reflectors and hyperbolic radar ref@&)sn airborne
RES transects.
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estimates ofce/debris ratios have also beggmovidedin Table 7.1, where mass 10% documents
debrisrich ice with a ratio of 90% ice, and 10% debris within the reflectors, and mass 20%
details an ice/debris ratio of 80:20 ewhilst further investigations are required to determine
exact ice/debris ratios, a conservative estimate of dabhisce concentrations of mass 20%
revealsover 9 tera tonnesf debrisrich ice in Horseshoe Valley Trouglsing airborne RES
methods alone. Although thisale approximates the mass of o@& million Empire State
Buildings (each weighing 331,122 metric tonnesstimates in terms of Horsesh Valley

reveal thathis equates to a layer of less than 1 mm of sediment across the entirety of Horseshoe
Glacier surface. As this value is derived from a small number of surveyed lines, this low
coverage indicates thatd flows in the Weddell Sea sector of tWéAIS are capable of

entraining and transporting large volumes of debris.

7.4 Discussion

Following discussions of debris entrainment mechanisms in Chapter 2 (section 2.7.2) this
section will focus on the specificontrols that regulate debris entrainment processes in
Horseshoe Valley, where commentary on debris entrainment mechanisms in the Weddell Sea
sector of the WAIS will also be provided. As debris entrainment is governed by a variety of
processes including denent availability ice flow and ice temperature (see Chapter 2, section
2.7.3)- which are often associated with ice thickness, debris entrainment mechanisms will be
examined in terms of neaurface debris incorporation (in thin ice flows near nunatak)

then debris entrainment at depthr{bath thick ice accumulations).

7.4.1 Neassurface debris entrainment

Englacial layer folding, crevasse filling, thrust faulting and regelgtimeesscanall facilitate
nearsurface debris entrainment (section 2.78%).analysing the relationship between englacial
stratigraphic features and the hyperboliadar returnsthat represent englacial debris
clastgparticlesin thin ice flows near nunataks (e.jigures 7.6 and 7)8 it is possible to

eliminate twoof thesenearsurface debris entrainment mechanisms in Horseshoe Valley. As
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detailed stefandcollect mode radargrams reveal that isochronal layers beneath Bl moraine
deposits in front of Patriot ankhdependence Hills are continuous and parakédure 7.7,
where there is no evidence of englacial layer folding or basal crevassingunieae debris
entrainment through compressive folding or basal crevassing can be ruled out. Following
literature eviews in Chapter 2, these findings imply that clasts must be entrained through thrust
faulting and/or regelation processes at the ice/bed interface (FigureAth8ugh most studies
regard debris incorporation through regelatas a selfimiting process- asregelation into the
bed eventually slows itself as the debris layer thickgklkey et al., 1997, Bl flows will
suppresshis condition as compressive ice flowsith upwards trajectories will help televate
previously entrained clasts throudtetice column, and expose needimentst the glacial bed.
Theseprocesses can account feome ofthe hyperbolic radar returnaithin Patriot and
Independencelills BIA s, as well agxtensive surface moraine deposgieported byFogwill et
al. [2012] a Westoby et a[2015).

Whilst regelation processesinenhanceadebris entrainment mechanisms beneath BIAs
in Antarctica, it isalsoanticipatedthat the characteristically compressive flow regimes of BlIAs
associated with nunataks couldromote debris entrainment through the initiation and
development of thrust faults. In order to investigate #ssertion detailed stefandcollect
mode GPR returns have been examined beneath Independence Hills moraine system in Figure
7.8. Here, trange line IH3 reveals a series of stacked hyperbolic radar returns which frequently
reveal one dominant limb which tends to vertical when migrated (although the complex 3
nature of the features, recorded withilb 2ransect lines prevents full migratiofhe crests of
these hyperbolic features and their steepened limbs help to reveal seven linear features that
crosscut dipping isochrones as they extend from the subglacial bed, to the moraine surface.
These features are interpreted as faults, which mugi@®in response to compression as Bl
flows are driven towards the ~14 km long mountain front of Independence Hills, which stands
at a maximum elevation df670 m above sea levéInconsolidated sediments will be entrained

near the glacial beds as thelseust faults open and slip, which will allow the debrah ice to
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Figure 7.13. Possible debris entrainment mechanisms in ice sl{egteat of Figure 2.17).
Supraglacial debris can be incorporated into ice flows through successive snow deposition in the
accumulation zone, through crevasse filling or supraglacial stream incision. Basal debris can be
entrained through a variety of processes linked to interrealdeformation. This includes
folding, thrusting, freezen and crevassiling.
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be transported through the ice column, towards surface moraine defptsitdrey and
Glasser,2011]

Overall, these findings reveal that nearface debris entrainmermrocessesn the
vicinity of nunataks are facilitated ke regelation of ice around debrisasts at the ice/bed
interfaceand throughthrust faulting mechanisms, where favourable conditions beneath BIAs
allow large volumes of sediment to be entrainad &ransportedowards the glacier surface
Spatial variations in debris entrainment mechanisms in Horseshoe Valley suggests that near
surface debris incorporation throughout the EAIS and WAIS mugbberned byocalice flow
conditions €.g.flow direction, velocity and internal stresses), debris availability at the ice/bed
interface and ice thickness, where the point of entrainment will depend on ice temperature (and

therefore the local thermal regime).

7.4.2 Debris entrainment at depth

Debris refletors deep within the ice column are very different from the stacked hyperbolic
radar returngdescribed aboverigures 7.3+7.4 describe how debris reflectors at depth are
always angled away from the mountain front, rather than towards it, where steigpiyng
debris bands are often -0acident with elevated basal topography and englacial stratigraphic
folds. In Horseshoe Valley, airborne RES transects reveal a number of englacial debris bands
that extend from valley side walts bedrock obstacles. Thelationship between these debris
bands and stratigraphic folds iseveral radargrams ifrigure 7.5 indicates that debris
entrainment at depth must be facilitated by englacial layer foldindiefswork by Boulton
[1979] and many others havevealed thafolds associated with compressive stress regimes
around bedrock obstacles ceamainstationary over time, this method of debris entrainment
can account for the large volume of englacial debris clasiisainedat depthin this study
where sedimentustbe sourced from erosion alortge ice stream margiollowing reviews

by Stokes and ClarR002] it is expected thatationaryfolds are maintained by stable ice flow
conditions, where fastgland warmer) ice flow around a bedrochkstacle and slower rfd
colder) ice fow abovethe obstacle can creatempressive conditionsear the interfaceThis
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compressive environmebetweerwarm and cold ice can account for the shearing and folding

of ice near the ice/bed interface in trandews 19b21b, wheresediment is entrained at the
exact point at which the thermal boundary intersects the bedrock obfdtiatkmarsh and
Stokes 2008] Given that ice stream shear margins are highly dynamic featuresarthat
susceptible to migratiofdacobel et al 1996;Snith et al, 2007, Figure 7.14schematically
represents the sensitivity of debris entrainment through englacial layer folding beneath thick ice
sheets, where it is evident that debris incorporatitbdepth must relypon debris availability,

ice flow canditions, basal topography and ice temperature.

7.4.3 Debris transport

Processes of englacial debris transport beneath thick ice sheets are recorded by successive ice
penetrating radar transects in and around Horseshoe Valley. These radargrams document the
persistence and development of englacial debris bands, as ice fbowsiffand areas towards

the local grounding line, where ice sheet conditions, sediment availability and bedrock
conditions change spatially and temporally. At the point of entrainment, debris clasts beneath
thick ice sheets can be moved vertically throdigé ice column as englacial layers fold in
response to changes in the local thermal regime, and by successive debris entrainment at the
ice/bed interfacewhere newly entrained clastdevate previously incorporatediasts through

the icecolumn As Stokesand Clark > @ GLVFRYHUHG WKDW VHGLPHQW .
the downstream direction by passive transport when conditions are no longer met for
entrainment€.g. R3 in transect line 18 aRd in transect line 21b), compression and extension
regimes must govern sediment transportation in Antarctica. Figure 7.15 demonstrates this
assertionby showing how debris is actively transported through compressive ice flows near
bedrock obstacles, and passively transporteénwitce flows past the obstaclehere ice
experiences extensional flpwThese processes allow debris to be entrained and transported
through theWAIS, where sediment can be efficiently transported from continental sources to

the local grounding line, and ultimately the Southern Ocean.
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Figure 7.14.Investigations of debris entrainment at the glacial thermal boundary. In a)
debris is excavated at the thermal boundary, at the junction between fast flowl{ased

ice) and slow flow (colébased ice). This process will continue until sediment sourees ar
exhausted at the interface e.g. in b), when previously entrained clasts are passively
transported down flow, through the ice. If the thermal boundary were to move in response to
ice thickness changes (e.g. in c¢), new sediment sources could be expaissiely
transported clasts could still be present in the regional ice flow in this scenario.
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Figure 7.15.Extension and compression of ice layers and associated debris sequences, as
ice flows past a bedrock obstacle like a nunatak. Active erosion and transportation will
occur under compressive flow regimes near the mountain front, whilst more passive debris

transport will dominate under extensional flow.
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Whilst many studies also recognise the importance of-swéace debris transportation
through BIA systems, particularly because of their rare ability to bring old ice and meteorite
deposits to the glaciadurface Whillans and Cassidyl983; Bintanja, 1999], traditional ice
penetrating radar surveys have failed to resolve the detailed internal stratigraphy, and
distribution of debris clasts within BIAs. Although this has hindered our understanding of near
surface debris entrainment and transportapoocesseauntil now, detailed stepndcollect
mode radar surveys across Patriot Hills BIA aheé Bl moraine sequences in front of
Independence Hillavealloweddebris clastdo be tracedhrough the ice caimn, where it is
evident that clasts are transported by compressive ice flow and thrust faulting. These
mechanismé$aveallowed over 3.7 + 3teratonnes of material (assuming an ice/debris ratio of
approximately80:20)to be transported from theilzglacial bed to Bl moraine surfaces in front
of Independence Hill-However,Westoby et al[2016] stresgthat transportation does not cease
once clasts are deposited at the surfasd3l flow beneath the moraine continues to elevate
exposed sedimentsné@ push them in towards the mountain front (see Chapter 3, section 3.6.1
and Figure 3.9). At the same time, sublimation from katabatic winds will also elevate moraine

clasts relative to the exposed ice surfatle$toby et al 2016].

7.5 Summary

Ice penetrating radargrams reveal that airborne RES, ground RES and detaibttistafect

mode GPR surveys can be used to image and trace englacial debris accumulations in Antarctica
at a variety of scales, depths and orientations. By investigatingc@dglebris reflectors in and
around Horseshoe Valley and the Evans Ice Stream this study has revealed that debris sources
are abundant in the Weddell Sea sector of West Antarctica, wheré® avértera tonnesof

englacial debris clasts (assuming an/deéris ratio of 80:20) have been approxiedain

airborne RES traverses acrodsrseshoe Valley Trouglalone Although theseclasts and
particlesare entrained at a variety of elevations and ltepieneath the ice surface, @dbris
entrainment mechanisrely upon sediment availability and ice flow, where ice temperatures
regulate the exact point of entrainment. In Horseshoe Valley debris is frequently excavated
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when the thermal boundary intersects bedrock obstacles. This allows available debramdlasts
particlesto be entrained through regelation processes and compressive faulting and folding,
wheresuccessive debrisntrainment at the ice/bed interface and debris transportation through
the icecolumnis encouraged by local ice flow conditions.

As debris sources, entrainment mechanisms and transportation routes are sensitive to a
number of controls related to sediment availability, ice flow and ice temperature, englacial
debris accumulations in Antarctieeill be spatially variable, and subject tartporal changes
associated with both internal and external forcings. This findingaiticularly importantor
predictive forecasting, as surface warming in Antarctica couldudieess rock walls and alter
glacial thermal regimes through ice elevatamdtopographicchangesThese modifications to
ice temperatures or debris availability would alter frictional stress at the glacial bed, which
could modify ice flow speedsHell et al, 1998], change ice flow direction through letegm
erosive processesifirbor et al, 1988] and influence thebundancef essential nutrientiike
BioFe in the Southern OceafDeath et al, 2014;Hawkings et al 2014]. This work suggests
thatit is now critical to assess continental debsmurcesrom theextraglacial andubglacial

environment.
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CHAPTER 8

Snowdrift modelling for Blue Ice Areas

As BIAs have the ability to bring large quantities of ice and sediment to the glacial surface,
numerous studies have used BIAs to infer the history of the Antarctic Ice Sheet, where
cosmogenic nuclide and climatevestigationgypically assune stability in katabatic winds and
BlAs. In order to determine the conditions necessary to initiate and maintain BIAs in H@&sesh
Valley, this chapter will utilisea rule-based snovdrift model, termedSnow_Blowwhich was
recently coded by Dr. Stephanie Mills from Plymouth University and collabor#taariety of

model runs will be presented and analysed to vali®siew_Blowand simulate conditions

acrosghe Southm Heritage Rangel10 ka ago.

Snowdrift modelling objective
Model the transport of snow by wind in Horseshoe Valley and compile a sensitivity analysis to
determine the conditions necessary to initiate araintain Blue Ice Areain front of the

Patriot,Independence and Marble Hills.

Research miestions
1) Can theSnow_Blownodel define theurrentspatial variability and extent ahow
accumulatiorgrosion patterns in Horseshoe Valley?
2) How sensitive are BIA® changesn wind direction?
3) How doSnow_Blowmodel outputs respond to changes in ice surface elevation?
4) What was the spatidistribution of BIAsin Horseshoe Vallethrough the Holocene?

5) What arethe implications for debris/Bhoraines?

8.1 Introduction
The uplift and horizontal transport of snday wind, hencefth referred to adrifting snow,is

an important process in Antarctica, doghe nature of topographwind flow (Figure 8.1)and
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Figure 8.1. Surface airflow over Antarctiz marked by black arrowsddgwnloaded from
Bromwich etal. [1994]). Thin solid lines show ice surface elevation contours in 100 m
incrementqafter Parish and Bromwicifil987]).
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snow accumulation patterns (Figure 8.Rjefvold et al, 1998]. Drifting snow represents a
coupled system between the cryosghand the atmosphere, where snow has shaped the
topography in Antarctica, and consequently altered the wind field, which modifies drifting snow
[Frezzotti et al 2002]. As such, snow drift has important hydrological implications, related to
differential dstribution across catchments. Whilst snow accumulation in Antarctica is generally
regarded as quite low, snow falls over the entire ice surface, at a mean accumulation rate of
approximately 15 cm™a(water equivalent)Genthon et aJ 2007] (although Figre 8.2shows

how many areas experience much lower accumulation rates). The net surface accumulation is
the sum of precipitation, surface sublimation, accumulation or erosidrifbgg snowand melt

with associated runoffilthough typically ice surfaces greater than 1000 m a.s.l. do not
experience melt in Antarctic&intanja, 1999] These processes can result in either a positive o
negative surface mass balance. Howewer mean ablation does not always result in a regio
negative mass balance, as compensating ice fflom surrounding areas can often counteract
ablation and creata relatively stable mean surface elevation. Areas such as these tend to exist
at high elevations (up to 2500 m a.Hirftanja, 1999]) wkere orographic features favour strong

and persistent katabatic wind flow. These winds evolve highhemntarctic plateau (Figure

8.2 where net longvave radiation losses cool the nasarface air Nylen et al, 2004]. This

allows the cold dense air téofv downslope to replace the less dense air at lower elevations
[Hoinkes 1960;Ishkawa et al 1982]. The resultantind scour and surface ablation favour
compressive ice flovand produceBlAs, which cover0.8 £1.6 % of the Antarctic continent
[Winther ¢ al., 2001] (section 2.5.6, Chapter. Zhese BIAs, typically in the lee of nunataks
have the ability to bring large quantities of ice and debris to the subfagempressive,
upwards ice flow(Chapters 5 and)7BIAs havethereforebeen used to infer ¢hhistory of the
Antarctic Ice Shest where horizontal isotopmimate record interprations (e.gTurney et al.
[2013]) and studieswgh as that bydein et al.[2016a]have inferred stability in katabatic winds

in order to suggest unbroken ice sheetdittons in West Antarctica for 1.4 million yeais.

order to determine the sensitivity of BIAs in Horseshoe Valley to changes in ice sheet elevation
and prevailing katabatic wind direction this chapter will use a novel snow drift model, termed
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Figure 8.2. Antarctic snow accumulation mapped using polarisation of 4.3 cm wavelength
microwave emission. Image downloaded frAnthern[2006].
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Snow_Blow to assess theain controls orBIA formation and preservation in front of the

Patriot, Independexe and Marble Hills (Figure 8.3)

8.2 Methodology

A simple qualitative snow drift modeBSfiow_Blow developed byills et al. [Submitted] has

been employed to derive spatial variations in tedistribution of snow over irregular
topographyin and aroundhe Southern Heritage Range. Témow drift model requires two
primary inputs to determine the local wind vector field: wind data (speed and direction) and a

high resolution Digital Elevation Model (DEM) of the study site.

8.2.1 Snow_Blownodel specificationgeveloped biills et al. [Submitted].

In order to create a local wind vector field (to derive the spatial variations in the relative
DFFXPXODWLRQ RI VQRZ DW YDULRXV ORFDWLRQV WKH LQ
the wind is coming from) and average wind spdedffom the field site were used to calculate

the deflection of wind around the topography (Figure 8.4) using an empirical equation

developed byRryan[1977] (equation 8.1).

(x L FratwU0s, Uecet #F #;; (8.1)

Where: F4 is the wind diversion factor (°)&; is the slope to the horizon in the downwind

direction (%), ALV WKH VORSH DVSHFW f DQG , LV WRUHes @LWLDC

al., 1999b].

Using this vector field, the sheltering effect of the terrain was computed for every cell

using the slope indexSj) (equation 8.2) and shelter indek)((equation 8.3), to produce a

modified wind speedH,) (equation 8.4).
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Figure 8.3 Landsat Image Mosaic of Antarctica showing the location of Patriot, Marble and
Independence Hillf2anelb) highlightswind drift tails, Blmoraine sequences aBtiAs in front

of nunataks in the Southern Heritage Range. The rose diagram (projected in polar stereographic)
in ¢) shows persistent katabatic winds from the southwest, recorded hourly from an AWS at
Patriot Hills blueice aircraft unway throughout 2009.
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Figure 8.4 Schematic diagram, adapted frdPurves et al [1998] to show modified wind
deflection E4) for each individual cell, based upon slope aspAtrtafd slope to the horizon
downwind &) relative to the initialZLQG GLUHFWLRQ ,
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17?9

E’ULI - (8.2)
gla
WhereS, s is the maximum slope angle.
6;L #yU5; (8.3)
(a L ( F:( Usy (8.4)

Once the wind direction and speed have been modified, snow transport from cell to cell

is calculated befre the full movement of snow is modelled. The amount of material eroded

from a cell by the wind factor within a cell is calculated using equaisrwhich ultimately

controls the number of model iterations required. This equation is based on an empirically

derived relationship byPomeroy [1993]. Depositional distance is then calculated using

equations8.6 and8.7.

3L GU(7F (J; (85)

WhereQ is the amount of snow eroded from a cklk a constant: is the wind velocity and,
is the threshold wind velocity.

L= (8.6)

ax

524& =

IT@L HKE (87)

Where L is Lambamndis the mean depositional distance amxtlis the maximum depositional
distance.

The final model component involves moving snow from cell to cell relative to the wind

direction. The cells which can contribute to snow transport are selected basedlanbtiten
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[1997] multipleflow direction routing algorithmwhich shows the least gisrsioncompared to
other multipleflow direction routing algorithmslle Brocq et al 2006] (Figure 8.5. As a
result, the model can determine the locations most likely to experience erosion and
accumulation. More specific details on tBaow_Blowmodel @n be found inMills et al.

[Submitted.

8.2.2 Digital elevation model selection

Due to the complex mountainous topography in Horseshoe Valley only two DEMs contained
suitable resolutions and time stamps for 8r@w_Blowmodel; these included an Advaxce
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) 30 m resolution DEM
(collected in 2011 and available to download fréarth Explore) and a Satellite Pour

O fs&Bvation (SPOT) 40 m resolution DEM (collected by SPOIRS images in 2008
[Korona et al, 2009] and available to download from thieeia Land Data Centje Although

the ASTER DEM possesses the greater resolution, false spikes in the dataset (most likely caused
by scattering from clouds above nunatakgKert et al.,2005]) have esulted in unrealistic
surface topography in Horseshoe Valley (Figure 8.6a, 8.6b). Methods to remove these spikes
were explored using 3D Structdimm-Motion software packages such as Quick Terrain
Modeller (QTM) where a sitecale and peakcale smoothig algorithm were applied to the

DEM (Figure 8.6¢c +£8.6f) and MeshLab softwaréMeshlaly 2014], where applications were
employed to remove spikes in the data by gridding the entire surface topography (Figure 8.6g,
8.6h). As none of these methods could aataly replicate theurface topography in and around
Horseshoe Valley, particularly behind Patriot and Independence Hills, a second DEM, this time
a SPOT 40 m resolution DEM, was explored. A vist@inparison between these DEMs has
beenprovided in FigureB.7. This figure shows that the false spikes recorded in the ASTER 30
m resolution DEM do not exist in the SPOT 40 m resolution DEM, which accurately depicts the
surfacetopography of Horseshoe Valley. As a result, all model simulations in this chapger hav

been run on the SPOT DEM.
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Figure 8.5 Comparisons between three widely used mukHifde routing methods; Warner,
Quinn and Tarboton. In each case influence maps for 1 unit of accumulafign {rscale 1
(black) to O (white)) have been addddtee top of a planar surface orientated at various angles
to the grid (x, y and z are arbitrary units and represent the number of cells). The Tarboton
method shows the least dispien of the three algorithms. THigure has beermodified from

Le Brocget al [2006].
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Figure 8.6 Various methods applied to remosgpikesin a 30 m resolution ASTER DEM
across Horseshoe Valley. a) and b) show fapéesin the DEM behind Patriot and
Independence Hills. The entire DEM surface was smootheghmels c) ad d) to try and
remove thespikesin Quick Terrain Modeller (QTM)but this resulted in large data gaps.
Smoothing of thespikesonly in e) to f) was much more effective, but still produced an un
representative topographyarticularly behind Independencelills. MeshLab software was
employed in g) and h) to grid the entire surfat¢éhe study siteThis smoothed falsgpikesbut

did not eradicate them.
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Figure 8.7. Comparisons between an ASTER 30 m resolution DEM and a SPOT 40 m
resolution DEM collectedacross Patriot and Independence Hills, Horseshoe Vali@yerous

false spikesare recordedbehind the Patriot and Independence Hills and towards the centre of
Horseshoe valley ina) and b)which detail the ASTER DEM. These large areas of
unrepraentative topography are not recorded in the SPOT DEMnelsc) and d).
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8.2.3 Site specific inputs

Once the DEM was selected, ttf@now_Blowmodel was initialised assuming an equal
distribution of snow over the whole topography, although a constant flux was set at the
boundaries, so that the ratesnirface snow driferosion equalled the rate siowaccumulation

at the boundary of the SPOD 4n resolution DEM. This condition allows material to drift into
the model in subsequent iterations, so long as conditions fomgriénow are met at the
boundaries. An initial windlirection of 135° (polar stereographic) and wind speed of 15 m s
wereused for most model runs (unless specified), based on average \neather statiomlata
from Patriot Hills blueice aircraft runway in 2009 (displayed as a rose diagnaRigure 8.8).
Threshold wind speed to initiate snow drift was defined as 5 fiol®wing Frezzotti et al
[2004] and references therein, whilst the mean depositihsi@nce of snow was set to 180
with a maximum depositional distance @0 m (further details on the derivation of these
values can be found iMills et al. [Submited). Each model was run foa sample of20
iterations (see Figure8.8) to simulate therepetition, and therefore thevolution of snow
transportover time It should benoted that the qualitativenow_Blowmodel does not take into
account any feedbackethanisms to stop the transportation of sieer subsequent iteratigns
such as the further state of metamorphism in the snow, pabkmationor complex ice sheet

flow.

8.3Results

8.3.1 Modebalidation

Initial model runs displayed in Figuré.9), using the SPOT 40 m resolution DEM and locally
derived wind data from Patriot Hills Bleveal consistently stromgurface snow driferosion

on thedownwind side of Patrigt Independence and Marble Hills, where the locdkyived
wind vector field appmimates katabatic wind flow over theumataks and down gullies.
Moderate surface snow drifterosion is simulated in the cells behind outcrops with less
topographicelief, for example, at theasterrendof Independence Trough. The exacisition

of snowaccumulation varies throughout subsequent iterations. During initial modsel
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Figure 8.8 lterative path applied to tignow_Blowmodel.
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Figure 8.9 Snow_Blowmodel outputs from the SPOT 40 m resolatidEM. a) original DEM,

b) Snow_Blowun over 5 iterations, §now_Blowun overl5iterations, d) Lima tiff on SPOT
DEM to compare current Blue Ice Area extent v@ttow_Blowterations, to show that the %0
iteration, modelled in e) provides the most representative snow drift outpatlyFii) shows

the output of th&now_Blowmodel run over 20 iterations.
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(1-5 iterations) snow accumulates surfaces which are upwind of obstacles which have low
to-high topographic relief. These includedividual massifs and rock outcrops as wellaas
distinct 10 m high moraine ridge in front of Independence HHigure 8.9b). However, as
snow transportation evolves throughubsequent iterations (2D iterations), snow
accumulationbecomesrestricted to cells with more moderate to high topograpéiief, as
surface snow driferosion begins to dominate areas of lower relief, such as the moraine ridge on
the leeward side of Independence Hills. Moving away from the nunataks of the Heritage Range,
there is very little modification teurface snow redfribution overthe relatively flat ice surface
that extends acrogsorseshoe Valley and Independence Trough during the 20 model iterations,
representing a constant flux into and out of the ¢Eitgure 8.9)

In order to determine thmost representativeumber of iterations required simulate
the current spatial extent afurface snow drifterosion in front of Patrip Marble and
Independence Hillseach model iteration was compared to LIMA satellite imagery, collected in
2008 fFigure 8.9). This assesment revealed that theodelled surface snow drift erosional
extent in the 10 iteration best reproduced the current, observed BIA extentur@ig.e),
where qualitative analysis reveals that 93% of the area is correctly mo@fétiede 8.9. This
demamstrateghat the present day prelag wind direction of135° polar stereographiallows
contemporary snow drift conditions to be simulagéiéctively. As theSnow_Blowmodeldoes
not contain any feedback mechanisms to stop the progressive expansion of snow drift erosion
and accumulation througbubsequent iterations, athodel runsare analysed on the 10

iteration.

8.3.2 Changingprevailing wind direction

In order to detenine the impact that wind direction has on the areal extent of surface snow drift
erosion, and therefore the location and extent of BIAs in Horseshoe Valley, slight changes in the
prevailing wind direction were corded in three furtlsgrow_Blowmodel runsBy altering the

current prevailing wind direction of 13t 10° increments, t®5°, 15° and 155{to simulate
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wind flow forced by morphological changes in the ice sheet) Figure 8.10 shows the modelled
output for each hypothetical wind directioNithough theseverity of surfacenow drift erosion
remains similar in all model runs tegactposition,orientation and extent of snow drift erosion
differs in each simulation (Figure 8.10b, 8.10c and 8.10d). The least extent of surface snow drift
erosin is simulated when winds approach Horseshoe Valley from 95° polar stereographic,
when the model only predicts 36% of the eroded BI surface. A general increase in surface snow
drift erosional extent is recorded when the dominant wind direction is simudtated115°

(63% success rate) and thigom 155° when the model predicts 74% of the eroded BI surface.

Subtlechanges in the snow accumulation figle recordedver each model runas

snow continues taccumulaten the upwindside of exposed outcrops

8.3.3 Historic ice surface elevation

To determine snow drift conditions in Horseshoe Valley through the Holocene, a variety of
former ice surface elevations were also simuldtecccordancewith recently published
cosmogeniawuclide exposure age dationg glacial debris on mountain slopes within the
field site Hein et al, 2016b]. Dateckrratics suggest that during the LGM and until 10

ka ago the icesheet surface was ~400 m thicker than present. Thus, the ofdtal

40 m resolution DEM was modifieid simulate conditions 10 ka agbhe new DEMs,
representinghicker ice VKHHW VXUIDFHVY ZHUH JHQHUDWHG XVLQJ (6
which was employed to increase the present ice surface elevation by 100 m increments (whilst
preserving the currértopography), without altering the elevation of theeth nunataks and
Morris Cliffs. A simple horizontal extrapolation was used to fill any voids between the raised
ice sheet surface and the unmodified rock outcrops. These new DEMs dawedin Figure

8.11, where the approximate extent of exposed bedrock is highlighted, along with a cross

sectional profile through Patriot and Independence Hills.
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Figure 8.10 Wind-driven snow erosion simulations, a) extent of erosion in front of Patriot,
Independence and Marble Hills under a variety of modelled polar stereographic wind directions:
95°, 115°, 135° and 155°, as indied by the wind rose. THgnow_Blowmodel outputs from

115°, 135° and 155° are shown in 3D in figures. b
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Figure 8.11 Original and modified SPOT 40 m resolution DEMs to show a) the present ice
surface elevation as well as modified DEMs, where the ice elevation was increased by b) 200 m
and c) 400 m. Black lines indicate the approximate extent of exposeckedy@hows a cross
section (A$YT WKURXJIK 3DWULRW DQG ,QGHSHQGHQFH +LOOV
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Direct comparisons from eacBnow_Blowsimulation, run over former ice surface
elevations can be seen in Figures 8.12 and 8.13, where each model was ruitefiatibs,
with a prevailing wind direction of 135° polatereographicPanel A documents thdifference
between surface snow drift erosion, modelled on present day ice sheet surfaces, and snow drift
conditions simulated on the DEM modified to represenice surface elevation increase of 100
m. Although these panels reflect minimal changesuriace snow driferosion close to Patriot
Hills, the spatial extent of surface snow drift erosion decreases as the nunatak relief is
effectively lowered by the ice elevation increaskang the leeward slopes of Independence and
Marble Hills there is an overall decrease in erosion batwée two model runs. However,
some areas witlower topographic relief do experience considerably fessv drift erosion
when the ice surface is raised, relative to the height of the nunataks. Panels 8.12a and 8.13a also
show an increase in snow accumulation on each of the massifs when the i isudised by
100 m.

A comparison betweeBnow_Blowmodel outputs from DEMs modified to represent
increased ice sheet elevations of 200 m and 100 m above present (Figure 8.13b) reveals very
little change in thepatialextent and intensity cfurface sne drift erosion across the study site,
although a slight increase in accumulation is still recordethemupwind side of majaslopes.
However, Panel 8.13c reflects another important shift irstieenv_Blownodel output when the
initial ice level is raisedby 300 m, causing Patriot Hills and a number of other, previously
exposed outcrops behind Independence and Marble Hills to be effectively buried (this can also
be seen in Figure 8.12c, where tBrow_Blowmodel records significantly less erosion than
previous model runs). This burial dramatically reduces wind scour in front of Patriot Hills,
causing model outputs to simulate coesably less snow drift erosiolVhen the ice surface is
raised by 300 m snow accumulation is also more spatially variablefifdepanel, Figure
8.13d, shows a result much more similar to 8.13b than 8.13c, representing another shift in ice
surface conditions, amow drifterosion rates begin to stabilise betwé&smSnow_Blowmodel
run on an ice sheet elevation of 300 m and #0QAgain, more snow accumulation is simulated
on theupwind side ofareas with high relief, which include thew buried PatrioHills aswell
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Figure 8.12. Quantified changedsn snow drift conditionsas the ice elevation is raised to
simulate pasice sheet conditiondgEach model was run over I@rations with an incoming
wind direction of 135°. Simulated outputs for each new DEM, raised by a) 100m, b) 200 m, c)
300 m and d) 400 m have been subtrdtem the originalSnow_Blowmodel output, which

was run on an ice surface elevation representative of present day conditions.
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Figure 8.13. Quantified changes in snaavift conditionsas the ice elevation is raised100 m
incrementsto simulate past ice sheet conditiofsch Snow_Blowsimulation (run over 10
iterations, with an incoming wind direction of T3%as been dracted from the previous
Snow_Blowmodeloutput (vhich was run on a DEM with an ice surface 100 m [Qwer
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asremaining outcrops, which largely comprise of the high elevation peaks of Independence and

Marble Hills (Figure 8.11c).

8.4 Discussion

8.4.1 Modelvalidation

By comparing snowdrift features identified in satellite imagery, such as wind drift tails and
BlAs in Figure 8.3o0 initial model outptsin Figure 8.9it is evident that th&now_Blowmodel
(which utilises basic meteorological parameters and a 40 m resolution B&Maccuraly
identify shelteredsnow accumulation zones and areas soirfacesnow drift erosionin the
southernmost Heritage Rangethe nortkeasern flankof Horseshoe ValleyOutputs from the
simple, qualitative model mimic ¢hirregular surface topograplegptured by satellite imagery
and DEMs. Nunataks and their upwinslopes are regions capalié capturing snowwhilst
surfacesnow drift erosion issimulatedwhen the modelled wind vector field approximates
katabatic wind flow on thelownwind side ofuplards where the modelled wind vector field
simulateskatabatic wind flow. BIAs are located in such leeside locations andsaatunique
form of model validation Comparisons between modelled and observed BIA extent ssthaal
the Snow_Blowmodel can simulte surfacesnow drift erosion in areas with complex
topography Indeed,model simulations reveal thdid location of BIAs and theirrientation is
governed by théocal wind vector fieldwhich isinfluencedby topography(Figure 8.10. These
findings confirm results from numerical model simulatiofussing meteorological data and a
finite element code in Elmer) in Scharffenbergbotnen BDXpnning Maud Land, East
Antarctica byBintanja and Reijmef200] andZwinger et al [2015], whichfind that katabdic
winds are required to initiate and maintain BlAsd associated moraine sequenaes
Antarctica.

Although the large BIAs in Horseshoe Valley reflect persistent windrsicofront of
nunataks in theasithern Heritage Range it ¥orth notng that the snow drift model ialso
capable of capturing realorld processes actingnohourlyto-daily timescales.nitial model
simulations reflect the gradual builgh of snow on topographic ridgkke the Bl moraine ridge
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in front of Independence Hs (Figure 8.3b) beforeerosion begins to dominate subsequent
iterations without theadditional input of snowThese processes, combined with other factors
not considered by th&énow_Bow model,such adocal ice flow(see chapters 2 and &dsnow
metamorphism control a variety of feedback mechanisms which regulate BIA sextent

Antarctica[Bintanja and Reijmer2001]

8.4.2 Changing meteorological conditions

Althoughrelatively consistent wind directiorimve been recorded at Patriot Hills BIA on short
timescales by AWS data and on longer timesoafesveral thousand yeatsough analysis of
GPRtransectgsee chapter 5 and resultant payénter et al [2016), Snow_Blowsimulations
reveal that any fure change in thprevailingwind direction wouldreduce surface snow drift
erosion in Horseshoe Valldfrigure 810). Eachof the hypothetical wind directian simulated

in Figure 8.10show areduction inthe arealextent ofsurface snow driferosionin front of the
nunatak when compared wimulationsrun under presertonditions. These findings revehht
even a slight change in wind directioaused, for example by a change in the morphology of
the ice sheetvould reduce theize of BIAs in Horseshoe Valley. In turn thigould alter local
ice-flow dynamicsand sediment transfar BIAs as well aghe hydrological regime.

Although theSnow_Blownodel shows that the current prevailing wind direction across
Horseshoe Valley persi the greatesturface snow driferosion, and threfore thegreatest BIA
extentsthis study has also discovered tha orientation of thenountain rangerelative to the
prevailing wind diretion plays an important role e location and size of BIAs. For example,
the BIA in front of Morris Cliffs is nearly twice as large as the BIA in front of nloethern
extremity of Patriot Hills. As the prevailing wind direction is nearly perpendicular to Morris
Cliffs, katabatic windflow can easily stream over the long, thin mountetain and erode a
large area in the leeln comparisonthe katabatic winds flowing over Patriot Hills, where the
wind fetch is limitedby the complex topography of Independence Hills, is less exterigiise

has important implications face flow anddebris transporin Horseshoe Valley, as the larger
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BIAsin front of Independence Hills, Morris Cliffs and Marble Hitlsn encouragmore ice and

debristo reach the surfadban the neighbouring, and shealPatriot Hills BIA.

8.4.3Pastsnowdrift conditions

By simulating former ice sheet conditions in Horseshoe Valley, patterns of surface snow drift
have been explored under a variety of former ice sheet elevaBamslating a thicker ice
sheet, akirto ~10 kaagq has revealed that the height of an outcrop, relative to the ice surface
elevation, has a strong influence on the intensityandlextent ofsurfacesnowdrift erosion,
transportation and accumulation. For example, an ice elevation joish Xficker than present
simulatedless surface snow drifterosion on thedownwind slopes of the Heritage Range
(Figures8.12 and 8.13 than models run on current ice sheet elevations. This finding can be
accounted for by weakened air turbulence; a diesatlt of reduced nunatak to ice surface relief
[Bintanja, 1999](e.g.Figure 8.14). Whilst sublimation is not accounted for in tSaow_Blow
model it is worth noting that this weakened air turbulence will also reduce rates of sublimation,
which will promote apositive feedback loop thatill encouragdahe ice sheet to thickefsee
Bintanja[1999).

Although Figure 8.13 reveals the influendbatice surface elevation has on snow drift
conditions, further simulations (run on increasindficker ice) reveal that there is not a linear
relationship between ice elevation changes and snow drift erosion/accumaatiba ice
surface By comparing Figur®.13a to other paneldin the same figuré is evident thasurface
snow drift erosionrmust sometimes surpass thresholds that initiate system reorganisation. In
Horseshoe Valley thresholds are reached when the ice sheet surface is raised by 100 m and then
by 300 m.When the present day i@heetsurface is increased by 300 m, Patriot Hills and
numerous other lower elevation nunataks and outcrops are buried. This allows snow to drift
over the now raised ice sheet surfaediich impactssimulated snow drift conditions in
Horseshoe Valley. Althoughtigdies, such as that Bwinger et al [2015], have documented
similar reductions m katabatic windandsurfacesnow drifterosion under thicker ice shegdtse
continued snow accumulation above Patriot Hill§igures8.13c and 8.1@represent DEM
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Figure 8.14 Schematic illustration of BIA decline during periods of increasing ice thickness
(adapted fronBintanja[1999]). When mountains are exposed above an ice sheet (like Stage 1)
increased turbulence from katabatic wind flow will promote sublimation of the ice surface and
contribute to the surface lowering of the BIA. If meteorological or ice flow conditionsgeha

and the mountains become less exposikd, Stage 2, there will ba lower icesurface to
mountain top relief, which will reduce air turbulence, limitswgface erosion and sublimation.
This will act to decreasehe size and extent of BIAs associat@dh nunataks. Once the
mountain is buried by ice, leeward wind erosion will redd@Ematically (e.g. Stage 3), thet

point at whichwind will flow freely over thesmooth, slopingurface topography (Stage 4).
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modifications, rather than rewalorld proceses, as the original ice sheet surface was raised
without accounting for any glaciological changes in ice surface morphology or ice flow
modifications,which would smooth the surfac®er Patriot Hillsand limit snow accumulation

As Independence and MéebHills protrude up to 50@n above the preserte sheet
surface,the tops of these mountains would have beenfrem when the ice sheet was
approximately 400 m thicker, during the LGM and up to 10 ka[Bigin et al, 2016b](Figure
8.11). The consequence of this is reflected in $hew_Blowoutput, as surfacenow drift
erosion still dominates thdownwindslopes of thenassifs albeit at a reducespatial coverage
and intensity. Whilst the modified DEMs cannot emulate ekace surface conditionat the
LGM and ~10 ka ago, theSnow_Blowmodel outputs suggest that BIAs in front of
Independence and Marble Hills, and indeed BIAs in front of other local mountain ranges at
similar elevations (including Liberty Hills) have etad for at leasthe last glacial cycle and
that lower elevation nunataks, like Patriot Hills only emerged from a thinning ice sheet ~6.5 ka
ago. These findings capture spatial changes in BIA formation and evolution, where the shape
and form of individual BAs will have varied as the ice sheet elevation fluctuated in response to
internal and externdbrcings.

Theseresults helpexplain elevated glacial trimliseand Bl moraine deposits the
Southern Heritage Range and substantiate work publishétbioyetal. [2016b], as katabatic
wind flow has been stable for long periods of time. Sigiceulationsalso reveal that BIAs
would haveexisted in front of the highestunataks in Horseshoe Vallejring the LGM and
until 10 ka agozones ofpreviously scoure@®l must have been transportatbng the length of
Horseshoe Glacier for thousands of yeafihese results agree wilbcal GPR investigations
detailed in Chapter 5 and the resultant papeiVbyter et al [2014, by confirming thathe two
unconformitiesin Patriot Hills BIA sequencean indeed be attributed to paleo katabatic wind
scour further up valley, as ice flowed through BlAdromt of Liberty and Marble Hill§Figure
5.10)

Snow_Blowinvestigationsalso highlight the sensitivity of katabatic wdnscour (and
therefore BIA erosion) to ice sheet elevation changes. Findings have revealed that snow
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transport, erosion and deposition in Antarctica can experience dramatic changes as a result of
small adjustments in ice sheet thicknessprevailing winddirections. Thisallows BIAs to

initiate, grow, shrink, migrate, stagnate andnitate over both short and long time periods. As
simulations of recent ice sheet surface lowering in Horseshoe Valley and Scharffenbergbotnen
Valley [Zwinger et al, 2015] lave documented the initiation and growth of BIAs in recent years

it is expected that the number (aside) of BIAs in Antarctica couldncrease as feedbacks
associated with warmer surface temperatures lower ice sheet elevations further (see Chapter 2,

secion 2.4).

8.5 Summary

Snow_Blowmodel runs accurately identiurfaces of accumulation and snow drift erosion in
Horseshoe ValleywWest AntarcticaThe location and extent of B&and snow drift tails help to
validate the simple qualitative model, showhmgv theSnow_Blowmodel can simulatareas of
surface snow drift erosion and accumulation using basic AWS measurements and a local DEM.
The snow drift simulations showhat BIAs n Horseshoe Valley are currently maintained by
stable meteorological conditionswhere surface winds arénfluenced by the complex
topography to createpatially variablesurfacesnow drift erosionand accumulation patterns.
These investigationsupport pevious viewsof persistent katabatic wind flowm Horseshoe
Valley by Hein et al [2016b] andthe assertiorthat Bl moraineformation requires these
unrelenting winds. By simulating a variety of prevailing wind directions and ipassheet
elevationsuse ofthe Snow_Blowmodel hasliscoveredhat even modest changesprevailing
katabatic wind flow or ice thickness wireatly alter the location andize of BIAs. Model
outputs suggeshat thresholdso initiate system reorganisation must exist iea@r of complex
topography, in mountainous regions. In Horseshoe Valleygreatest change the extent of
surfacesnow drifterosionis simulated when Patriot Hills wéargelyburied by an ice sheet 300

m thicker than presenivhen katabatic wind stretigis reducedThese findings have profound
implications for the understanding of ice flow in Horseshoe Valley, as taller nunataks, including
the Independence, Marble and Liberty Hills would have retained their Bi&s ka ago,
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allowing older packets of eand entrained debrisind indeed previously scoured Blttavel
through Horseshoe Glacier, and associated BIA syst@nasong time As Patriot Hills BIA is

much younger, and smaller as a result of nunatak orientatidrelevation (relative to the ice
sheet surface)pld packages of ice are just emerging at the ice surface, and as such, they
represent considerable opportunity for investigating historic ice sheet flow and past climatic
conditions (through isotope analg) in West Antarcticads BIAs help tobring sediment up to

the surfacdChapter 7)these findings also provide support for blue ice morainestigations

in Horseshoe ValleyCritically, the Snow_Blowmodel outputs reveal that snow drift conditions

in Horseshoe Valley have transformed otrere andthat present snow accumulation ambw

drift erosion patterns would be affected by any future changes in ice sheet elevation or
prevailing wind direction. Thistudy therefore highlightshe sensitivity ofBIAs to changing
meteorological conditions, whilst revealing that nunatak elevation (relative to the ice surface)
and nunatak orientation (relative to the prevailing wind direction) are critical to BIA stability

and subsequent ice flow phenomenon.
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CHAPTER 9

Discussion

9.1 Introduction

This thesis has useide penetrating radato investigate englacial stratigraphy in order to
determine BIA stability(Chapter 5) Holocene flow reconfigurationsf the IIS catchment
(Chapter 6)and debris entrainment mechanismslorseshoe Valley anthewider Weddell Sea
sector of the WAIFChapter 7) Show drift simulations havalsobeen employed to investigate
past and preserkatabatic wind scour and snow accumulation patté@isapter 8) In this
chapterthese findings will be combinetd review historicice flow conditions in Horseshoe
Valley (section 9.2and to discuss the stabilitf the upperllS catchment, in and around the
Ellsworth Mountains (section 9.3pection 9.4 will then alfess the sigjficance of detecting
englacial debris by geophysical means, as well as the importance of tracing debris
accumulations frontontinentalsource to Southern Ocean deliverfinally, section 9.5 will
review the advantages and disadvantaggsusing the novel snow drift mod&now_Blow

(detailed in Chapter 8) and suggest considerations for future model simulations.

9.2Historic ice flow conditions inand around Horseshoe Valley

Although advances in satellite technology haseentlyallowed the current ice flow trajectory
and velocity ofremote areas of the WAIS, such lderseshoe Glacier to be determin@dg.
Rignot et al[2011a]) the geophysical investigations documented inttiésis provide the first
accountof former ice flow conditions itHorseshoe Valleyn the Southern Heritage Rande
order to approximately date surface and subsurfeatires a number of published datasets
have been consulted. These local datasets inelgddepth modelling calculains at the BIR
[Siegert et al 2013], deuterium isotope climate reconstructions from Patriot Blils[ Turney

et al, 2013] and cosmogenic nuclide dating of boulders alongSthehernHeritage Range
[Hein et al, 2016a, 2016bJAs a resulbf these inestigationsa time line of ice flow changes in

and around Horstoe Valley has been compiled to prodtieele 9.1.
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Date Horseshoe BIAs in Horseshoe Independence Ellsworth Trough

Glacier Valley Trough ice flow ice flow

Present x Ice flowing  x Large BlAs in front of x Ice flowing at 35 x Ice flowing at 70+
conditons <16 ma* Liberty, Marble, m a’* 130 ma*

x Stable mass  Patriot and x No BlAs along x No BIAs as no
balance Independence Hills trough as nunatak: exposed nunataks
conditions  x Stable BIA extents only exposed on

x Active BIA moraine stoss side
systems
~400 x Ice flowing  x Large BlAs in front of x Ice flowing at >35 x Ice flowing >70 m
years <30ma'* Liberty, Marble, m a** at*
before x Stable mass  Patriot and x No BIlAs along x No BlAs as no
present balance Independence Hills trough as nunataks exposed nunataks
conditions  x Stable BIA extents only exposed on
x Active BIA moraine stoss side
systems
~4,000 x lce flowing  x BIAs in front of x Conditions x Conditions
years . PP Liberty, Marble, unknown as old ice  unknown as old
before x lce sheet Patriot and has been advected ice has been
present elevations Independence Hills out of tough and advected out of
similar to x Each BIA was smaller there are no dating trough and there
presentday  than present day controls for former  are no dating
conditions’ extents ice sheet elevation:  controls for
x Active BIA moraine former ice sheet
systems elevations
~10,000 x Ice flowing  x BIAs in front of x Conditions x Conditions
years >30ma* Liberty, Marble and unknown as old ice  unknown as old
before x Ice sheet Independence Hills has been advected ice has been
present ~400 m x Each BIA was smaller outof trough and advected out of
thicker than than present there are no dating trough and there
present x Patriot Hills was controls for former  are no dating

buried, so BIA in

ice sheet elevation:

controls for
former ice sheet

leeward foreground

became stagnant elevations

Table 9.1. A summary of ice flow conditions in and around Horseshoe Valley during the
Holocene from work pertained in this thesis, and acknowledged literature scGRigest et al
[2011a], Casassa et a[2004], ‘Rivera et al [2014] Westoby et a[2016], *Hein et al.[2016b].
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In Chapters 5 and 6 ice penetrating radar rettemsaledthat ice inHorseshoe Valley
has been relatively slow flowing and isolated far least the last ~4&a. Continuous,
conformableand paralld englacial stratigraphic featurés the upper ice columaof Horseshoe
Glacierindicate thatayers of snow and ice hagéeadily accumulated at the head of Horsesho
Valley during this timewherePISM perturbationsuggesthatice has continuouslyigrated
through the ovedeepened troughiowardsthe local grounding line of the FRIS at Hercules
Inlet. Although the majority of icdlow in Horseshoe Valleyrough has followed this well
established routeray, GPR investigations and snow drift simulaticeseal thatsome of the
ice in Horseshoe Valleyas been deflected upwards tompensate for katabatic wind erosion
and sublimation of the ice surface the leeward side of nunatalk®ecent dating of ice along
Patriot Hills BIA has revealed th#tis stea¢ upwards flowphenomenomasencouraged ice as
old as 3kato emerge athe surfacgTurney et al 2013]. As thild ice reachethefreshBIA
surface,previouslyentrained debsi clasts are releasédrough sublimationThis processhas
allowedthick Bl moraine toaccumiate along the leeward slop@$ nunataks which define the
Southern Heritage Ran@eogwill et al, 2012;Westoby et al 2015, 201p

Whilst airborne RES transects reveantinuous internal stratigraphy in the upper ice
column of Horseshoe Glacier (representativestdfady sne accumulations and ice flow
conditionsover the past ~4 Ka discontinuous and buckled layers were found to dominate the
lower ice column gee @aper 6). These layers would have been deforndeding a period of
HQKDQFHG LFHRIQRZ QWAHWSERQVH WBR redieWint) Ue@xalitdrRturés L Q J V
it is suggested that thisnhanced ice flowoccurring more than 4 kagd could have been
promotedby increasedce surface elevations in Horseshoe Vabeyween-3.5ka agoand~10
ka ago whenice was approximateld00 m thicker than presefitein et al, 20168. This
increased ice thickness wouldve amplifiedthe gravitational acceleration of the ice floand
altered basal conditions, which would hagenporarily modified the internaldw dynamics of
Horseshoe GlacieDue to the topographic confinement of Horseshoe Glacier (which has been
revealed by longa@smogenic nuclide exposure da#dsng nunatakfHein et al, 2016a, 2016b],
and thick basal ice units along highland plateatidocumented in Chapter),6it is now

200



understood that Horseshoe Glaaeust havepyVZLWFKHG RQY DQG pRIIE LQ UH
accumulation changes (instigated by external forcings) during the Holocene.

Even whenice in Horseshoe Valley was thicker, dtalving much fasteraround10 ka
agq snow drift simulations on former ice surface elevatie®loredin Chapter 8yevealthat
upwards ice flow in the vicinity of nunataks would have continued to maintain several BIAs in
Horseshoe Valleythroughout the Holocenésee Table 9.1)Although BIAs in front of the
Liberty, Marble and Independence Hills would have beechsmallerduring thisperiod(as a
result of areducedice surface to nunatak elevation rasiod therefore limited katabatic wind
scour on the leeward slopesnglacial debris wouldave continuously beaeleasedn front of
the exposed mountain chairiBhe continual exposuref the tallestnunataks in Horseshoe
Valley throughout the Holocene would therefore have contributed to-téwng debris
availability, entrainmenttransportation and depositigmocessedn the Weddell Sea sector of
the WAIS However, vhilst BIAs and associated Bl mong sequencesere sustainedn front
of the tallest nunataks during the Holocene, it is important to recognise that smaller mountain
chains like Patriot Hills would have been buriedtbg thicker ice accumulations10 ka aga
This would have altered local ice flow dynamics, as ice emdaineddebris accumulations
would have traversed thHeont of theburied mountain chain, on route to thecal grounding
line, and eventually thBouthern Ocearaé opposed to fleing uptowards aBIA surface)

To conclude this sectigrthis thesis has found thatei in Horseshoe Valley has been
topographically confined, and therefore relatively isolated tinout the Holocene, at least.
This has bowed +RUVHVKRH *ODFLHQGWRR iV ZIL VG K SBHQIBrAgioE O\ R (
flows, aseach tributary flowadaps to external forcings and internal ice dynamical changes
independently These findings showtermittentice streaming in Horseshoe Valley, as well as
the relative stability oBIAs and Bl moraine systems in front of the tallest nunatales long

periods of time.
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9.3 Stability of the upper Institute Ice Stream @tchment
Throughout this studygeophysical investigations and snow drift simulations have been
employed to bettaunderstand the nature of ice flow in and around the Southern Heritage Ra
in the Ellsworth Mountaingn order to determine the stéty of the upper IS catchmerand
the Weddell Sea sector of the WAIS. By analysing the complex subglacial topogragigy in
around Horseshoe Valley, this study hamnfirmed that tributary flowssourced near the
Ellsworth Mountains rest on bedrock well below sea level, where geophysical returns have
revealed even lower bed elevations tttawse publisheth Bedmap2by Fretwell et al [2013]
This low basal topographgreatly increases thpossibility of futureunstable retreat of the
grounding line in the Weddell Sea sector of the WAIS, should the grounding line position
change in response to predicted climatic and/or oceanic fof@etgiled in Chapter 2\Whilst
these fears havalreadybeenhypothesised by number of authors who have investigated the
main ice flows draining into the FRIS (eS$jegert et al[2013; Ross et al[2014]; Bingham et
al. [2019), this thesigrovides the first conclusive evidence former ice flow reorganisation
of the upperllS catchment when ice flowsdramatically changedspeed anddirection in
response to external forcings.

Complete reorganisation of the main IS trunkd00 years agis now understood to
have resulted from enhanced ice flow through the Independencéllandrth roughs when
thick, topograghically confined ice flowsegan to spillout of their deep chmmelisedsystems
andstreamacrossthe region now covered by the B(Rable 9.1) As geophysical analysis has
revealed slow and stable ice flow in Horseshoe Valley during this iiriseevidentthat each
tributary flow in the upper IIS ast largelyindependently of one another. This exemplifies
theoretical assumptions detailed in Cles2, which stress thahternal flow contradin each ice
streamwill allow similar external forcings to beddresseth a number of ways.

,Q WKH :HGGHOO 6HD 6HFWRU RI WKH :$,6 WKH H[DFW
RQT DQ Ganpb attfibued to a number dbcal factors, including, but not limited to ice
sheet dynamics, bashldrology, sediment availability and trough morpholo®g far, this
discussion has shown how ice in Horseshoe Vallérgely protected from the main WAI&e
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flow by high nunataks on three sides. This makes Horseshoe Glacier much more stable than
neighbouring ice flows, as ice can slowly accumulate orithithe wide troughin response to
external forcingswithout draining large proportions of thaland ice sheebr influencing
neighbouringtributary flows. However, aadjacenttroughs areonly confined on two sides
often by subglacial highlandmnd basal ice sequenaegher than nunatakg, is expected that
external forcings will have a greater impact onitteeflows supported by thindependence and
Ellsworth TroughsAlthough the Independen@and Ellsworth Troughs amore similar to one
anothe, than to Horseshoe Valleige in the Ellsworth Trough currently flows at a much faster
rate. By reviewing relevantliterature, it is suggested thathe fast ice flow speeds ithe
Ellsworth Trough could be promoted by enhanbadal lubrication, resulting fromubglacial
drainageinto and out of the upstream Subglacial Lake Ellswgiaughan et B, 2007]
(introduced inChapter 2, section 2.6Combined with reduced frictional resistarateng valley
side wallsfrom the buried highland plateaus which define the Ellsworth Trough,sthiy
concludes that ice igllsworth Troughwill be the first b react to changes in internal or external
forcings. This makes ice in Ellsworth Trough the maoestable of allllS tributary flows
(sourcedn and around the Ellsworth Mounta)ns

These findings suggeshat ice flows in the WeddelBea Sector of Antarctica are
acutely sensitiveo both external forcings and changes in internal ice sheet dynamics. Whilst
external forcings (e.g. atmospheric and oceanic) are known to trigger and pace changes in ice
sheet dynamics, this thesis has shdkat a multitude of factors govern the location and flow
regime of ice streams ithis area ofAntarctica, as well as the precise rate and timiofys
changes in ice flow dynamic¥hese differencebaveallowed ice streams in the upper IIS to
HVZLWFIQRQRID] LOGHSHQGHQWO\ RI RQH D GhRWK Heep ZKHU
trough systems hdsicilitated complete rerganisation of the main IS trunk hese findings
suggest that periods of enhanced ice flow, in conjunction with mass chaagelsave been
regular during the Holocene arttat recent ice stream switching inetfSiple Coast and

Amundsen Seaestorsare not unique ilntarcticg and couldn fact characterise the decline of
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the WAIS. As a result, these discussioare particularlyrelevant tothe ice sheet modelling,

climate and sea level communities.

9.4 Significance of englacial debris detection

Although englacial debris clasts have been detected in a number of alpine glacier
systems, Chapter 7 provides the first detailed aucofilarge debris concentrations within the
WAIS, whereover 9 + 5teratonnesof debrishasbeen approximated ihlorseshoe Valley
Trough (assuming an ice/debris ration of 80:20), through airborne RES analysis. This study
exemplifies recent successes in ice penetrating radar data acquisition and processing, where
debris clastaand particlesn compressive BIAs and thick ice flows have bemtected by a
number of ice penetrating radar systems. Whilst this study has focussed on debris sources, and
methods of debris entrainment in the Weddell Sea sector of the WAd®xpected thadebris
sources and englacial sediment incorporation ieragineas of Antarctica will also vary spatially
and temporally as a result of ice flow conditions, ice temperature, ice thickness, sediment
availability and basal topography.

As glaciers adjust to a changing climate, thesmtrols will impact sediment
availability, debris entrainment and debris transport rothesugh the glacial system. Should
extraglacial debris volumes increase, as exposedwatlk are debuttressed by a thinning ice
sheet, increased sediment availability and trangdatd alter frictional stress at the glacial bed
and modify ice flow speedBEll et al, 1998], change ice flow direction through letegm
erosive processesifrbor et al, 1988] andenhance sediment flux from continental sources to
Southern Ocean deliver{pgath et &, 2014;Hawkings et al 2014]. This would increase the
abundance of sedimederived nutrients like biavailable iron (BioFe) in the Southern Ocean,
which could enhance primary productivity and ultimately result in the drawdown of
atmospheric C@n the southern hemispheihilst coastal sediment3 @gliabue et al 2009],
dust Pickells et al, 2005], sea iceHdwards and Sedwick001] and iceberg rafted debris
[Raiswell and Canfield 2012] are all welkstablished sources of BioFe (Figure 9.the
transportation and deposition BioFe-rich sediments from the Antarctic continent have yet to
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Figure 9.1. Known sources and modelled spatial variability of Fe delivery to the Southern
Ocean through a) iceberg inpu§ddley et al 2014], b) sediments (shelfjladley et al 2014]

and c) aeolian and subglacial meltwater altered primary productdiath etal., 2014].In

each casegd colouration represents high Fe, while blue represents low Fe.
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be considered in scientific literature or IPCC repofis.englacial debris transportation could

play an important role in the negatigltmate feedback loop kno®@ DV WKH )( KISRWKH\
imperative that continental debris sources in Antardiea betterunderstood and quantified.

This is particularly important when other sources of BioFe are known to be decreasing, global
temperatures are warming, and Ll@vels are rising at glacial terminationd&/dtson et aJ

2000]. Whilst these investigations are beyond the scope of this PhD it is suggested that future
studies should use recent advancements in Terrestrial Laser Scanning and Stamture
Motion DEM differencing to quantify hillslope processes in Antarctica (é/gstoby et al

[2012, 2015]). This will improg magnitude/frequency curvesrotk failuresin Antarctica, and

allow debris flux to be calculated from continental sources. Ice penetrating eataiques
should then be employed to detect and trace sediments through the glacial system, from

continental source areastte coastal she(e.g.Figure 9.2).

9.5 Reviewing theSnow_Blowmodel

As Mills et al. [Submitted] have recently cod&how_Blowthe discussion chapter of this thesis
poses an appropriate location to assess the merits and pitfalls &ntve Blowmodel,
particularly when simulations are run over complex mountainous topography. The main
advantages and disadvantage$onbw_Blowwill be presented before considerations for future

investigations are discussed.

9.5.1 Advantages of the Snow_Blow model
X Userfriendly interface+the model can run through an ArcGIS toolbox
x The model requires limited data input (a DEM and local meteoxabdata)
X Once the code has been modified in Python to include model inputs and user
specifications simulations are quick to run
x Outputs are automatically saved after each iteration

x Katabatic wind erosion can be simulated over complex topography
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Figure 9.2. Schematic diagram depicting how GPR systems could detect and trace sediments
(as well as associated nutrients like BioFe) froontinental sources to Southern Ocean
delivery.
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X The model can simulate accumulation on, and behind a vafiédpographic features,
including low elevation moraine ridges and boulders resting on the ice surface

X Outputs define variations in the erosive strength of snow drift over the study site

9.5.2Disadvantages of the Snow_Blavwedel

x Metamorphism of the snopack is not included in the model

X No feedback mechanisms are included, to stop the progressive erasion of BIA surfaces

X The number of iterations required will vary depending on the study site. This will be
difficult to determine in areas where snow accuatiagh and erosional extengse not
known

X As Snow_Blow simulations mimic the usetefined wind direction and surface
topographyfrom the DEM it is difficult to accuratelysimulate historic snow drift,
and/or predict futurenow driftconditions

X Surface &evation changes as a result of progressive snow drift accumulation or erosion

are not accounted for in the model

9.5.3 Considerations for future investigations

Chapter 8 has detailed how tBeow_Blowmodel, initially designed to interpret historic snow
drift condtions in the Scottish Highland®.g. Purves et al[1999a, 199b] andMills et al.
[Submitted) has been successfully employed to determine the controls on katabatic wind
erosion and snow accumulation in Horseshoe Valley, West Antarctica. The simple, qualitative
Snow_Blowmodel has lghlighted the relatively simplistigrocesses behind BIA formati@md
evolution without the need for numerousserinputs or complex andime-consuming
algorithms It is therefore suggested that future studies use the outputs fro8ndive Blow
model as a guide, to explaiocal glaciological features kie BIA moraine éposits and paleo

BIA wind scour events. More compldlow models,like those developed b@rinsted et al
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[2003] can then be employed to quantify ratesupfvards ice flow or Bimoraine depsition.

This limits the need to make tkanple, qualitative model more complex.

9.6 Summary

This thesis has combined a number of ice penetrating radar surveys and BIA simulations to
review historic ice flow conditions in Horseshoe Valley, and other upper IIS tributary flows. By
comparing radareturns to published data sets, this thesis has refinegstigeates for ice
streaming, tributary flow stagnation, ice stream reconfiguration, BIA formation and BIA
evolution in the upper IIS catchment, in and around the Ellsworth MounEamamic changes

in ice flow velocity havealso been recorded within three distinct tributaries of the IIS, where
results are consistent with thgpothesis that the LGM and Holocene drainage pathways within
the Weddell Sea sector of the WAIS were difféfeom those of the presedhy [Larter et al,
2012;Siegert et al 2013, and that ice streams in this area suisceptible to changes associated
with both internal and external forcings. These findiagggesthat ice steam switching and

mass changea the Siple Coast and Amundsen Sea sediofgtarcticaare not unigue to these
sectors, and that the dynamic nature of ice flow in the IIS and its tributaries may have been
regular during the Holocene and may characterise the decline of the WAIS.

During these investigations, innovative snow drift simulations have refined the controls
on BIA formation and evolution and stressed the importance of analysing the detailed internal
straigraphy of BIAswhen assessintpe continuity othorizontal climate reads. Improvements
in ice penetrating radar acquisitiand processing have also improved our understanding of ice
flow processes in West Antarctica, as well as the controls on debris entramesmnisms
within the Weddell Sea sector of the WAIS. Theiselihgs have opened up new possibilities
for investigating potentiallyich sources of BioFe withiglacial systems, andltimately CO,

drawdown in the Southern Ocean.
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CHAPTER 10

Conclusions

10.1 Introduction

This concluding chaptewill document the mairfindings from the thesiésection 10.2)before
outlining how each of the objectives iotluced in Chapter 1, section h@ve been mdsection
10.2) A brief summary of ice flow and ice sheet stability in and around Horseshoe Valley will
then beprovided in section 18, whilst sction 10.5will detail inherent limitations of the
project. Finally, suggestions for future work, beyond the scope of this PhDenduthined in

section 10.5.

10.2 Main findings

This thesis has used a number of techniques to investigate the past and present behaviour of the
West Antarctic Ice Sheet in and around Horseshoe Valley and the upper Institute Ice Stream
catchmentin orderto determine changes due to grounding line migration, ice streaming and ice

accumiation under a changing climate tipigoject has:

1) Investigated the internal annual layers of Patriot Hills BIA, where it maied that
stable ice sheet flow and accumuwatihasbeeninterrupted by two periods @frosion,

indicative of paleo katabatiwind scour.

2) Utilised numerical i@ sheet models, ILCI plots amgtophysical datetsto establish

paleoice flow direction in Horseshoe Valley.

3) Examined airborne REBansectdo establistihat ice in Horseshoe Valley has remained

slowflowing and isolated for at least the past 4000 years.

4) Analysed airborne RE8ansectsrom the Independence and Ellsworth Troughs, where

buckled layers throughout the ice coluamcunentenhanced ice flow ~400 years ago
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revealing the sourcef paleoice streaming over theegion now covered by the

Bungenstock Ice Rise.

5) Recreated Holocene flow trajectes in the upper IIS catchmetd reveal thaice in
topographicalf confinedtributaries hasgwitched on fland pff fin respose to external

forcings associated with climate change.

6) Usedairborne RES0 locate and trace oved * 5 teratonnesof englacial debris in

Horseshoe Valleyrough(assuming an ice/debris ratio of 80:20)

7) Establiskedthat debris in the Weddell Sea sectbthe WAIS is entrained into locate
flows by folding, shearing,faulting and regelatiorprocesseswhich are ultimately

controlled by debris availability, ice flow, ice temperature and basal topograph

8) Determinal the sensitivity of katabatic wind driven snow erosion and acaitioal to

changes in ice sheet thickness and the prevailing wind diractingSnow_Blow

9) Outlinedthe controls on BIA formation and evolutionHorseshoe Valley.

10.3Reviewing objectives introduced in Chapter 1

Objective 1:Analyse englacial stratigraphy within the Blue Ice Area at Patriot Hills to

determine historic changes in ice flow and/or accumulation

High resolution stefandcollect mode GPR data, collected by the Northumbria PulseEKKO
system in 2013/2014 was used to determine the englacial stratigraphy of Patriot Hills BIA and
to assess the continuity of a local BIA horizontal climate record (calldoyelTurneyet al

[2013] in 2012).All radargrams were pcessed in Reflexvdnd examined in MATLAB and
Opendtectto highlight prominent internal GPReftectors within the BIA in2D and 3D.
Digitisation of the main transecik revealed numerow®ntinuous anadonformable dipping
isochrones separated by twaliscontinuities in the isochrone layers, where internal layers
displayed divergence and truncation. By comparing geophysical returns to cosmogenic nuclide

derived ice thickness measurementtSNP perturbations, surface velocity measurements and
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ILCI plots it was evident that these discontinuitiemust represent unconformities in the
stratigraphic record, caused by paleo katabatic wind scour in front of the Liberty and Marble
Hills. Combined wih more rgional GPR returns these findings reveahat the ice flow
direction in Horseshoe Valley has remained unchanged since the LGM, even as the ice sheet

thickness fluctuateth responséo external ércingsassociated with climate change

Objective 2: Determine the internal structure of the West Antarctic Ice Sheet in the upper
Institute Ice Stream catchment to establish historic changes in regional ice streaming

Airborne RES data collected in and around the Ellsworth Mountains byNBif. Ross
(Newcastle Universityand collaboratorgluring an aero geophysical investigationtiof 11S

and MIS in 2011/2012 was kated to investigate the subsurface structure of the WAIS in the
upper IIS catchment. Radargrams waregedin 2D and 3D @ MATLAB and Opendtect
respectively) before internal layers werenanually digitised in Adobe lllustrator and
automatically classified, using an ILCI developed Kgrlsson et al.[2009]. Internal layer
buckling within the topographically confined Independe and Ellsworth troughs provided the
first evidence fordrmer enhanced ice flow in the upper IIS tributartkging the mid to late
Holocene. These enhanced ice flavamatically altered the configuration of the main IIS trunk
by sourcing ice flows which streamed acrtiss region now covered by theuBgenstock Ice
Rise Although buckled layersvere also detectedithin the slowflowing ice of Horseshoe
Valley Trough,a thicksequence of surfagmnformable layers the upper ice columrevealed
slowdown more than ~400@ears ago and as suatnhanced flow switcloff here wa not
attributed to late Holocene ice flow reorganisatidihe dynamic naturef the 1IS and its
WULEXWDULHYV VXJIJHVWY WKDW nhaly Have \WdgigyElical dwvizgLiléeF K R Q ¢
Holocene as a result of ice thickness changes, and that these fluctusipiebaracteres the

decline of the WAISN this area.
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Objective 3:iInvestigate debris entrainment mechanisms in the Weddell Sea sector of the West
Antarctic Ice Sheet

In order to investigate debris entrainment mechanisms in Horseshoe Valley, highly reflective,
steeply dipping englacial debrisands and hyperbolic radagturns- detectedin previously
analysed GPR and airborRé&ES transects (collected to fulfil objectives 1 anav8je imaged in

2D and 3D using Reflexw and Opendtect respectiVv8iyilar features inground RES profiles
acrossHorseshoe Valley (collected/tAndrés Riverdrom the Centro de Estudios Cientificos)
and an airborne RES survegf the Evans Ice Stream (and proximal upland catchment)
(processed by Dr. David Ashmore from the University of Aberystwyidme also analysed to
investigatethe spatialvariability of debris sources and debris entrainment mecharirsiie
Weddell Sea sector of the WAIBY comparing radar detected debris reflectors to the
subglacial bed and internal stratigrapfaatures this thesis has recognisachumber of daris
ertrainment mechanismgVhilst thin and compressive Bl floves the leeward side of nunataks
promote debrisentrainment through regelation processes at the ice/bed interface and thrust
faulting, more regionadurveysevidencedebris entrainmerdt depthalong englacial layer folds

at the glacial marginThis latter debris entrainment mechanism alladebris clastdo be
incorporatedat thelocal thermal boundarpy shearing and englacial layer folding, which occurs
in response to the compressive condgigmposed at the interfadetween fagr and warmer

ice flow aroundbedrock obstack andslower, colder ice flow abovebstacls. As regelation
processes, faulting and folding are all controlled by ice flioe,temperatre, ice thickness,
sediment avéability and bedrock topography, internal and external forcimgslulate these
controls, where changes can alter ice flow routesvahatcitiesas well asdebris entrainment
mechanismsind sediment transpditixesfrom continental sources to South@nean delivery
These findingsndicatethat it is now critical to detect and trace Emipl sediments through the

Antarctic Ice Sheetss ice flows and topographic features respond to a changing climate.
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Objective 4:Model the transport of snow by windHorseshoe Valley and compile a sensitivity
analysis to determine the conditions resay to initiate and maintain Blue Ice Areas in front
of the Patriot, Independence and Marble Hills.

Dr. Steplanie Mills (Plymouth University)and collaborators novebnow_Blowmodel was
employed to improve the understandingsoffacesnow driftconditionsandblue ice eosionin
Horseshoe Valley, using a 40nesolution SPODEM, and local wind datadm an automatic
weather station situated Ratriot Hills BIA. Initial simulations validated th&mple, qualitative
model, where results showed thanow_Blowcould accurately identifysheltered zones and
areas of surface erosion Horseshoe ValleyThe Snow_Blowmodel revealed that BIAs in
Horseshoe Valley areurrently maintained by stable conditiornghere strong and persistent
katabatic wind flows are moutedover the surfacdy the complex topography, resulting in
spatially variable snow erosion and accumulation patterns. By simulating a variety ofipgevai
hypothetical wind directions and past ice sheet elevations (constrained by cosmogenic nuclide
dating of exposed nunatalgiein et al, 2016bJand deuterium isotope analysis mdleoice
surface [Turney et al 2013), theSnow_Blowmodel has revealdtiat even modest changes in
the prevailing wind direction or ice sheet elevatiwould greatly alter the location, size and
orientation of BIAs. Model outputs suggest thilaitker ice accumulations <10 ko would
have resulted irsteppedchanges in the spatial extent of BIAs in Horseshoe Valley, where
simulations reveal that only the tallest nunataks could have supported~-B0Asaagg when

ice in Horseshoe Valleyvas approximately 400 m thicker than present. This investightisn
highlighted the sensitivity of BIAs to changes in ice sheet elevations thedprevailing wind
direction whilst discovering that BIAs accompanying the highest nunataks are the most stable
and that mountain orientation, relative to the prevailing wind diredias a strong control on

the location, orientation and extentwihd-driven snowerosion, and therefore BIAS.

104 Ice flow and ice sheet stability in and around Horseshoe Valley
This thesis has established that ice flow in Horseshoe Valley has remalatdely slow
flowing andstablefor at leastthe kst~4000 yearsThe topographic confinement of Horseshoe
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Valley has largely suppressed the ingress ofntlaén WAIS flow during this time, allowing

local snow and ice accumulatiofend associated englacial debitig)be directed through the
over deepened valleypwards the local grounding liref the FRISat Hercules InletAlthough

the majority of ice in Horseshoe Vallépws towards the Weddell Sea, some @&l debriss
deflected upwards, to compensate for shiblimationand erosion of théce surfaceat BIAs.

This ice flow phenomenorhas enabled s« DOOHG pKRUL]JRQWDO FOLPDWH U
across Patriot Hs BIA, where paleo katabatic wind scdsom BIAs further up valleyhas
resulted in unconformities ithe paleo climate record. pvardice flow has alsaallowed debris
clasts to beentrained and transportélarough the ice antbwardsthe BIA surfacegenerating
extensivedebris accumulationsifront of the nunataksthat delimit Horseshoe ValleyThe
existence of thick moraine sequendaedront of the tallest nunataks, combined with katabatic
wind simulations over paleo ice surfaddsfined by Hein et al, 2016b])reveal that BIAs have
beenrelatively consistent features in Horseshoe Valley, although BIAs accompanying smaller
nunatakslike Patriot Hills would have been buried ~10 kgq when the ice in Horseshoe
Valley was ~400 m thickeHein etal., 2016b].

Although ice flow in Horseshoe Valley has remained relatively stable over the past
~4000 years, the occurrence of buckled ice lageep within Horseshoe Glacier has revealed
former, enhanced ice streamimghich would have occurred in respme tochanges in the
climate.Similar HQKDQFHG LFH IORZ UHKQHM VRHIQ,WEL /U WEOHW DA LMD A
found in neighbouring Independence aBd#lsworth Troughs, where buckled ice layers
throughout the icealumn reveal the source féfolocene ice flow reconfigurations of the main
IIS trunk. Combined, these findings reveal that fleevs draining into the FRIS arsensitive to
changes in the climatevhere gophysical investigations have revealed #djustments irthe
position of thegrounding line, ice accumulatiandbr ice streamindpaveallowed ice fows to
LV ZLWFEFK R Qidepepdenilyrof bfie anothdrhis has permitted resultant changes in ice
flow patternsin the Weldell Sea Sectoof West Antarctica Although the topogrphically
confined tributarie®f the upper lISargely prevent flow switching and water piracy, typical of
ice flows in the Ross sea sectortiodé WAIS[Anandakrishnan and Alleyl997, there is now a
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growing concern that enhanced ice floauld quickly tansformtributary flowsof the 1ISinto
discrete ice stream outetAs the subglacial topographiy the upper lISies well below sea
level, enhanced ice flowould greatlyincrease the potential for more widespread and possibly
irreversible ice sheetrawdown(aspreviouslysuggested bjross et al[2014). The findings of

this thesis are thereforsignificant for the ice sheet modelling, mlite and sea level
communitiesasresults and discussioganinform users abouytaleo ice flow configurationsnd

former icesheetconditionsin the Weddell Sea sector of West Antarctica.

10.5 Limitations of this research

Although geophysical methods have allowed the englacial stratigeapmhinternal structuref
Horseshoe Valley and the upper IS catchment to be determined there are some inherent
limitationsrelatedto geophysical data tlection and analysiandsnow drift model simulations

As these restrictions are common in remote areas of Antarctica,omtbst limitations listed

below could be remedied yrther reseatt

1. As areas suitable folanding aircraftare limited in the vicinity of the Ellsworth
Mountains, aircraft equipped with RES systems often had to take off and/or land in
front of PatriotHills, and consequently some internal features cannot be discerned from
radargrams traverseid this area. Toeliminate this concerin the future, fly overs
should be made across aircraft runways when the RES system is warm and fully

operational.

2. Although this study has provided a unique insight into Holocene ice flow
configurationsthe exact timing of evenis restricted by dack of precise dating in the
[IS catchmentIn order to constrain the timings efventsa wider variety of dating
methodge.g. tephrochronologyjeed to beperformed on the horizontal climate record
which wassampled acrosBatriot Hills BIAin 2012 Deep, vertical brehole extraction

and analysief the Bungenstock Ice Riseould also be helpful.
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3. Asairborne geophysicalurveys wer@ot designed to source and detect englacial debris
at depth there are only a few locations where englacial debris can be imaged in 3D. In
order to fully understand the souraed entrainment mechanisms of debris entrainment
in Antarctica moe radar survey linesieed to be collected and analysadross the

continent.

4. Although theSnow_Blowmodel can determine areas which are susceptible to surface
erosion and accumulatioim areas of complex surface topograplityis difficult to
recreateformer ice surface conditiorso caremust be taken whemodel outputs are
used to investigate past ice sheet configuratidriack of feedback mechanisms in the

model also limitsts use for understanding the evolution of BIAs.

10.6 Suggestions for further work
Recent advances in ice penetrating radar data acquisition and processireniaveed our
ability to detect englacideaturesand understandce sheet stability. As a direct result this

increased resolution and efficienaynumber of suggestions can be made for further work;

1. More BIAs should be examined with st@mdcollect mode GPR as traditional

continuous surveyingpeedsannot capture the detailed internal stratigraphslas.

2. More radargrams need to be collected and analysedghout the WAIS and EAI®

determine the regional controls on debris availability and entrainment in Antarctica.

Although bothof these suggestioraeimportant, thdast point provides the greatescope for
further work. In order to quantifyenglacial debris accumulationsand fully appreciate the
controls on debris entrainmeint Antarctica it is critical to investigatithe movement of debris
through the glacial systein more detail. It igherefore suggested that future studies quantif
landslide hillslope processessing novel Structurfom-Motion photographic surveying

[Westoby et al 2012] or more conventional terrestrial laser scann{agy. Westoby et al.,
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[2015]) to allow DEM differencing of surfacesGPR in steg@ndcollect mode shoulthenbe
employed tdnvestigate englacial debris entrainmargchanismén othermountainous areasf
Antarctica, whilst continuous GPR surveying or RES should be used to detect and trace the
transpotation ofdebristhrough the glacial systerfrom continental sources to the coastal shelf.
Resultswill improve magnituddrequency curves of rock failures in Antarctica and increase
understanding of landscape developmemd evolutionin Antarctica It will also allow debris
transport routes through the Antarctic glacier system to be quantified. This is particularly
relevantunder a changing climatahereit is expected that surface warming could alter glacial
thermal regimes and trigger slope inglibin Antarctica, allowing more debris to mo¥@m
continental sources to the coastal shelf, and ultimately the Southern Ocean. As continental
sediments aresleasednto the Southern Ocean, essential nutrients will also be deposited, where
it is antidpated thatessentialnutrients likeBioFe could enhance primary productivity in the
ocean and, ultimately, improve the drawdown of atmospheric,.C& englacialsediment
transportation could play an important role in the negative climate feedbgrknown as the

)( K\SRWKHVLVYT LW LV LPSHUDWLYH WKDW FRQWLQHQWI
quantified, particularly as othesources of BioFe are decreasing, global temperatures are

warming, and C@levels are rising at glacial terminations
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