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FOREWORD D 

Fromm a philosophical viewpoint there are two key lessons that I have learnt from 
undertakingg this PhD study. The first is that the 'journey' of the PhD experience has 
maintainedd a far deeper impression upon me than the 'arrivaT or PhD completion. 
Despitee discovering a lot about Antarctic glacial geology and geomorphology I have 
probablyy learnt more about myself throughout these unique and exhilarating years. 
Thee second lesson is that in all my travels the raw beauty of Antarctica continues to 
hauntt me, and I doubt I will ever again encounter such unique splendour in this life. 

Priorityy of acknowledgement goes to my great-grandfather David Lloyd Davies, 
whomm four generations ago, awoke to the immense worth of education and took the 
firstfirst step in our family to be educated to University level. My great-7iH/cw, many 
thankss in laying such significant foundations. 

II  would also like to thank Professor Jim Rose of Royal Holloway, University of 
Londonn for being so inspirational throughout my BSc., and in particular my 
dissertation.. Your enthusiasm and interest in my undergraduate research ignited my 
desiree to do a PhD. 

Inn this respect I must thank Professor Jaap van der Meer my supervisor. Jaap your 
intelligentt thinking either in the field or down the microscope has helped 'fine-tune' 
myy brain and for this I am enormously grateful. I also want to thank you for taking a 
personall  interest in me, to an extent and depth, which exceeded the PhD itself. 
Moreover,, I must also thank Wiesje, for all your sympathy and humour during the 
moree demanding times of my thesis. 

II  would like to acknowledge my official 'promotor' Professor Anton Imeson as well as 
Professorr Koos Verstraten for his help in overseeing the particle size analysis and 
clayy mineralogy results. Thanks are also due to Dr Harry Seijmonsbergen for 
providingg advice and input to my stereoscope and geomorphological map work. 

II  would like to acknowledge numerous people from the wider academic community 
whomm have contributed in one way or another to this PhD study. Firstly, I would like 
too thank Professor Peter Barrett, Dr Cliff Atkins and Dr Warren Dickinson from 
Victoriaa University of Wellington for interesting academic debate as well as congenial 
hospitalityy down-under. Recognition is also due to Phil Holme, Jeremy Mitchell and 
Joee Prebble for their prolonged support and companionship in the Antarctic field. 
Theree are many fond memories that we shared together out there in the 'great white 
south'' that I will never forget. I would also like to acknowledge the corporation and 
supportt of Dr Sean Fitzsimons (University of Otago, New Zealand), Dr Wendy 
Lawsonn (University of Canterbury, New Zealand), Dr Steve Hicock (University of 
Westernn Ontario, Canada), and Dr Sandra Passchier (Dutch National Geological 
Survey),, for their interest and contribution towards this PhD venture. The RHBNCA 
aree also thanked for their financial contribution towards the printing of this PhD thesis. 

Eenn groot deel van het project zou niet mogelijk zijn geweest zonder de hulp van 
Franss Backer. Ome Frans, ik wil je heel erg bedanke datje me bent blijven steunen, 
ondankss alle vervelende *werk-gerelateerde' omstandigheden die je tijdens mijn 
promotiee hebt meegemaakt. Ook wil ik je bedanken voor al die uitstekende 
slijpplatenn die je voor mijn project hebt gemaakt en die je mij ook zelf hebt leren 
maken.. Daarnaast wil ik je speciaal bedanken datje me onder je hoede hebt 
genomenn wat betreft mijn eerste kennismaking met de Amsterdamse cultuur! Ome 
Frans-nogmaalss heel erg bedankt: ik zal jou en je familie en watje allemaal voor me 
gedaann hebt nooit vergeten. 
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Theree are a number of other laboratory staff I would like to also thank. Leo Hoitinga 
andd Leen de Lange for all their work on the particle size analysis as well as Bert de 
Leeuww for the clay mineralogy work (especially at such short notice)-many thanks! 
Alsoo the Vrije Universiteit 'dream team' of Wyanda, Bouke and Leonie-thank you for 
beingg so supportive and I very much enjoyed our Monday morning coffees together. 
AA huge acknowledgement and thank you is due to Ed Oliver at Queen Mary, 
Universityy of London, for all his amazing help in drafting various figures for 
publicationn and undertaking the challenge of laying out this thesis in its final format. 

II  would also like to acknowledge Dr John Hiemstra, Dr Kamil Zaniewski and Marcel 
Bakkerr for their companionship and interest in the progress of my PhD. Thanks is 
alsoo due to Marcel Bakker for allowing me to stay with him and his family during my 
firstt month in The Netherlands-your warm welcome is keenly remembered. 

II  would also like to thank all of my PhD colleagues and all members of staff at the 
FG-IBEDD of the Universiteit van Amsterdam for their friendliness and support. I 
wouldd especially like to mention Mieke Shani-Veels, Tanya Noorlander and Deanna 
Tijnn for their administrative help. I am also grateful to Marijke Duyvendak and 
Stephenn Vandenbijlaard for all their consistent and efficient service in the library. Of 
speciall  note among my PhD colleagues are Dr Boris Jansen, Klaasjan Raat, Maartje 
vann Meeteren and Ulrich Leopold for your fantastic friendship and our special time 
togetherr in running the pioneering 'first international postgraduate 
palaeoenvironmentss symposium'. Klaasjan and Boris I also really enjoy our political 
andd spiritual discussions and long may they continue! Boris, many thanks also for 
yourr help in the final 'administrative aspects of this PhD'! I must also acknowledge 
myy friend Dr Luuk Dorren for his eager interest in my research. Thanks also for 
introducingg me to Paint Shop Pro and the 'Limburg way of life' as experienced in 
Carnival!!  I would also like to thank Oscar Bloetjes forr our friendship and wonderful 
timee sharing an office together: there was never a dull moment. 

Thankss are also due to Dr Boris Jansen and Oscar Bloetjes for their translation of my 
summaryy into Dutch as well as Dr Hannes Kleineke and Dr Luuk Dorren for their 
translationn into German. I am gratefully indebted to all of you for your laboured 
efforts.. Hannes, many thanks also for your guidance and championing of my PhD. I 
wouldd also like to thank Dominic Getting for his moral support back in the UK; it is a 
greatt privilege to have such a good friend undertake a PhD alongside me (albeit in 
anotherr country) so to facilitate mutual support and edification-you're a top friend. 

Penultimately,, I would like to thank all those friends of mine in The Netherlands for 
makingg me feel so at home, in such a special country. This especially includes all 
thosee at Crossroads International Church and ASCRUM rugby club. There are so 
manyy of you to mention, I don't know where to begin, but here's an embracing thank 
youu to: Nick and family, Lammert and Conny, Arjan, Olivier, Gerinda, Linda, Lourie, 
Justin,, Peter, Brian, Geertruyt and Anouk. 

Finally,, I would like to thank deeply my brother Luke, my 'sister-in-law to be' Julie, 
andd my parents John and Carolyn for their unconditional love, support and belief in 
mee throughout my PhD. It is to you that I dedicate this 'family milestone'-with all my 
lovee and thanks. 

"Al ll  for one and one for all." 
Markk T. Lloyd Davies 

Oxford d 
Februaryy 2004. 
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"Heree [in Antarctica] nobody has to 
goo shopping, nobody has to pay any 
bills,, nobody has to deal with the 
lawyer.. Everybody works 54 hours a 
weekk and nobody complains." 
QuoteQuote of the Week, McMurdo 
Scientist,Scientist, if1 December2000, 
TheThe Antarctic Sun 





Introduction Introduction 

CHAPTERR 1: INTRODUCTIO N 

1.11.1 Terra Incognita 

Antarcticaa is unique among continents, being the world's most windy, cold, 
aridd and high land-mass and the last pristine environment on Earth. 
However,, it is rarely in the forefront of people's minds, and few popular 
mapss illustrate its full extent. Despite this, Antarctica is a significant 
componentt of the global climate system (Fig. 1) as recognised in general 
circulationn models (Sloan et al., 1996). The massive East Antarctic Ice 
Sheett (EAIS) holds approximately 70m of sea level equivalent and 
influencess sea ice formation and oceanic-atmospheric circulation far 
beyondd its land mass. 

Antarcticaa acts as a major heat sink for the Earth, with transfer of heat 
fromm the tropics to the poles. For example, Taylor Valley and the Allan 
Hill ss (Fig. 2) receive approximately 40% less radiation per year than 
equatoriall  regions. As a result the polar regions are highly sensitive to 
globall  climate change and it remains critical that we continue to improve 
ourr understanding of Antarctica due to the inevitability of climate change 
(Alley,, 2000). 

1.21.2 Global climate change and Antarctica 

Thee third assessment from the Intergovernmental Panel on Climate Change 
(IPCC)) at the turn of this century, announced that latest modelling results 
projectt a rise in average global temperature from C02 emissions of 
betweenn i.4°C and 5.8°C by the end of this century (Barrett, 2001). The 
degreee to which humans are to blame for climate change and increases in 
C022 remains open to speculation, because climate change is a natural 
phenomenonn well established in the geologic record. Therefore, to 
understandd how the global climate system works, an understanding of the 
polarr regions in general, and Antarctica in particular, is crucial. 

Onee aspect of obtaining this knowledge is through the use of ice-cores that 
providee a detailed record of temperature, precipitation and composition of 
thee atmosphere. Records in central Antarctica go back as far as 400,000 
years,, but this is a relatively short time geologically speaking because 
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ChapterChapter l 

Fig.. l Planet Earth demonstrating the polar position of the Antarctic. Antarctica 
significantlyy contributes to the global climate system, acting as a crucial heat sink 
forr excess radiation received in equatorial regions. 

 Taylor  Valley 
 Allan Hill s 

Fig.. 2 The Antarctic Continent. Note the position of South Victoria Land, and the two 
keyy study sites referred to in the thesis: Taylor Valley and the Allan Hills. Note 
alsoo the flight path to and from Antarctica and New Zealand. 
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Introduction Introduction 

globall  climate in 50 years time might be warmer than anything Earth has 
experiencedd in the last 12 million years (Barrett, 2001). The second avenue 
off  investigation lies in the layers of sediment eroded over millions of years 
fromfrom the Antarctic continent, which have then been deposited in 
sedimentaryy basins off its coast line. This has lead to numerous drilling 
operationss along the Antarctic continental margin, which most notably 
includedd the highly ambitious and successful Cape Roberts Project. A 
summaryy of the results from this project are shown in Fig. 3 and essentially 
demonstratee a steady decline in climate towards colder conditions over the 
lastlast 34 million years. The relevance that this has to the 'man on the street' 
iss that Earth's climate is predicted to be 3 to 4 degrees warmer in one 
hundredd years time; and the last occasion the planet experienced 
temperaturess as warm as this, was 20 to 30 million years ago (Fig. 3). 

1.31.3 Glaciers and Glaciation 

Appreciationn of glaciers and glaciation is also of wider significance because 
EarthEarth could be viewed essentially as a Glacial Planet, which occasionally 
experiencess conditions similar to the warmer periods of today (Menzies, 
2002).. Almost all aspects of life on Earth have been affected by previous 
glaciations,, from the distribution of early humans and animals through to 
biodiversityy and landscape fertility. In January 2001 the Economist 
publishedd an article titled The Great Ice-Age Division' where they even 
correlatedd American political demographics to the distribution of glacial 
depositss and former ice-masses. The understanding of past glaciers and 
glaciationn becomes more potent in relation to potential global sea level rise 
ass a result of climatic warming and ice sheet deterioration. However, the 
causall  links between these two processes remains the subject of 
considerablee controversy (Kasting, 1993). 

Inn many respects all glaciers could be viewed as filters which translate a 
complexx climate signal into a relatively simple landform record (Kirkbride 
andd Brazier, 1998). So in examining Antarctic glacial landscapes and 
sedimentss considerable knowledge may be gleaned from both past glacial 
eventss and the environments and climates that shaped them. In this way, 
andd by looking through the 'glacial lens', we gain a perspective on 
Antarctica'ss natural history. 

13 3 
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Photoo 1: Coastal Victoria Land today, Cape Roberts drilling rig in foreground. 
Averagee Summer monthly temperature -5 degrees C. 
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Photoo 2: Herb moss tundra on Mount Wellington. Tasmania inferred for coastal 
Victoriaa Land between 17-26 million years ago. Estimated average summer 
monthlyy temperature; +5 to +7 degrees C. (Photo R. AsJdft} 

< --
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Photoo 3: Low woodland vegetation with ice calving inlo open water, southern Chle. 
Infettedd far coastal Victoria Land between 25 to 34 mBfiort years ago. Estimated 
averagee summer mortthry temperature; +10 to*12 degrees C. (Photo: H-MorgantJ 

m m 
Fig.. 3 The log of the 1500m of strata cored by the Cape Roberts Project, showing their 

agess and main features (from Barrett, 2001; printed with author's permission). 
Thee photographs on the right compare the present day cold and frozen Antarctic 
landscapee of coastal Victoria Land, with how it would have appeared 17-25 
millionn years ago (herb-tundra vegetation) and 25 to 34 million years ago (low 
woodlandd vegetationn and ice calving into open water). The global temperatures 
thatt created this environment are projected to return by 2100 (Barrett, 2001; 2003). 
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Introduction Introduction 

However,, one perspective that has been relatively neglected, in our quest 
too discover the 'ground truth' of Antarctica's natural history, is a terrestrial 
recordd reflecting the character of Antarctic glaciation over time. This is 
partiallyy because much time and energy have been invested into the 
mentionedd ice-core records, continental shelf drilling campaigns and the 
'Siriuss debate' (Miller and Mabin, 1998 and references therein), which 
arguess for and against mid-Pliocene EAIS collapse. 

1.41.4 Glaciation ofAntarctica-the big picture 

Thee glaciation of Antarctica spans a long period as best illustrated in Fig. 3. 
Continentall  glaciation began as early as the Oligocene-34 million years 
ago,, while mountain glaciation must have existed earlier at some point 
fromm the early Tertiary onwards. This sudden, widespread glaciation of 
Antarcticaa is one of the most fundamental reorganizations of global 
climatee found in the geologic record (DeConto and Pollard, 2003). The 
reasonss for this have been attributed to the thermal isolation of Antarctica 
withh the tectonic opening up of the southern ocean and formation of the 
Antarcticc Circumpolar Current (Kennett, 1977). However, DeConto and 
Pollardd (2003) recently published a model indicating that the decline in 
atmosphericc C02 was the primary stimulant for Antarctic wide glaciation. 
Furthermore,, despite the current stability of the Antarctic ice sheets, 
glacigenicc evidence points towards a more dynamic and temperate past 
overr the Palaeogene (Barrett et al., 1987) where Antarctic ice sheets were 
pacedd by Milankovitch orbital parameters (Naish et al., 2001; Grützner et 
al.,, 2003). Still, when trying to understand the character of Antarctic 
terrestriall  glaciation, the recognition of a set of features indicating glacial 
depositionn at a particular place and point in time might be relatively 
straightt forward, whereas the actual employment of glacial deposits to 
reconstructt a history for the nature of continental ice cover is more 
challengingg (Barrett, 1997). 

However,, by use of micromorphology this project attempts to use a tool 
thatt will help reveal aspects of Antarctic glacial character and history on 
thee local scale of South Victoria Land. Micromorphology has quietly 
revolutionizedd glacial sedimentology and has proved effective in 
differentiatingg between diamictons of different origin from many locations 
acrosss the globe including Antarctica (van der Meer and Hiemstra, 1998; 
Hiemstra,, 2001; van der Meer et al., 2003a). 

15 5 
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1.51.5 Glaciation of South Victoria Land, its nature and history 

Thiss thesis aims to report on aspects of Antarctic glaciation in South 
Victoriaa Land (Fig. 2), which inevitably has wider implications for 
Antarctica'ss glacial nature and record. In turn this adds to the bigger 
picturee of Antarctica's natural history and thus contributes to our 
understandingg of how global environmental change operates. 

Chapterr 2 and 3 are brief methodological chapters. Chapter 2 provides an 
overvieww of the various techniques used. The primary technique is of 
coursee micromorphology, even though this involved extensive field work in 
thee Transantarctic Mountains (TAMs) in order to collect the diamictic 
material.. Moreover, micromorphology is supported by textural and (clay-) 
mineralogicall  analysis and these are described. The reason for 
supplementaryy support is that clay and carbonate content, as well as clay 
mineralogy,, are of importance when interpreting micro-structures (van 
derr Meer, 1996). 

Chapterr 3 reports the pre-impregnation of friable, diamictic material in the 
polarfield,, a cheap, straightforward and effective method easily employed 
inn other climates. Indeed, rate of induration appears related to ambient 
temperature,, so its effectiveness is likely to be increased in lower latitudes. 

Chapterr 4 provides an introduction to the issue of cold-based glacial 
(in)activity.. Conventional wisdom states that cold-based glaciers are 
basallyy inert, whereas recent developments in glaciology, followed by the 
threee case studies from South Victoria Land provide evidence to the 
contrary.. This chapter also 'paves the way' for chapter 5. 

Chapterr 5 documents first hand evidence for cold-based glacial erosion, 
depositionn and glacitectonism in the Allan Hills, South Victoria Land, 
duringg the Last Glacial Maximum (LGM). Additionally, these features are 
discussedd in terms of their preservation potential and perceived absence in 
thee Quaternary record. A map documenting the complete range of features 
hithertoo attributed to cold-based glacial activity in the Allan Hills, is the 
centrall  linchpin of the chapter. 

Chapterr 6 is a micromorphological analysis of a cold-based til l deposited in 
thee Allan Hills, which we informally propose to be the Manhaul tectomict. 
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Thee study of thin sections allowed 'in situ' analysis regarding the style of 
cold-basedd subglacial tectomict formation as well as diagenetic alteration. 

Chapterr 7 is another micromorphological study, but this time at the lower 
elevationn of Taylor Glacier in the Dry Valleys. The study investigates 
glacigenicc processes and sediments at the glacier terminus and evaluates 
itss status as a classic site for sublimation till . 

Chapterr 8 returns to the Allan Hill s and discusses evidence for a warmer 
andd more dynamic glacial regime in the distant past. This is reflected by 
impressivee glacitectonised bedrock structures and their role in local til l 
formation. . 

Chapterr 9 continues along the theme of chapter 8, and takes a 
micromorphologicall  view of subglacial clastic dykes and a tillit e wedge 
pertainingg to a wetter and equally dynamic glacial past. The identification 
off  several micro-WESs within the clastic dykes themselves provide a 
uniquee perspective into the mode of their formation, and thus by 
deduction,, the nature of the ice masses that created them. 

Chapterr 10 is the conclusion that recapitulates this thesis. 

Finally,, this thesis is part of the wider N.W.O (The Netherlands 
Organisationn for Scientific Research) funded Antarctic project on the 
micromorphologyy of Antarctic glacigenic deposits and their bearing upon 
Antarcticc glaciation. The project comprises present day glacimarine 
sedimentss (Hiemstra, 2001), older glacial events such as that investigated 
byy the CIROS core (Hiemstra, 1999) and Cape Roberts Project (van der 
Meerr and Hiemstra, 1998; van der Meer, 2000). Both these drilling 
campaignss were situated off coastal Victoria Land. Finally, there is this 
project,, with its contribution of studies covering present day terrestrial and 
Latee Tertiary glacigenic deposits. In the future, further research will 
continuee into the Sirius Group and older sequences of the Cape Roberts 
Projectt core. 
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"II  do not know what I may appear to 
thee world; but to myself I seem to 
havee been only like a boy playing on 
thee seashore, and diverting myself in 
noww and then finding a smoother 
pebblee or a prettier shell than 
ordinary,, whilst the great ocean of 
truthh lay all undiscovered before me." 
SirSir Isaac Newton, 1643-1727 





Methodology Methodology 

CHAPTERR 2: METHODOLOG Y 

Thee majority of methods in this thesis are described in each 'case study' 
chapterr or reference is given to the appropriate authors. However, a brief 
summaryy is provided below, with particular attention paid to use of the 
StihlStihl TS400© and its effectiveness in the Antarctic field. 

22 J Field work 

Thee approach to preparing for the unique conditions of working in the 
Antarcticc field of South Victoria Land is described in Lloyd Davies and van 
derr Meer (2001,2002) and follows procedures of Antarctic New Zealand 
inn their annual Field Manual. 

Micromorphologyy samples were collected in the Antarctic field in three 
ways.. The first was through use of the conventional mammoth (15x8x5cm) 
andd Kubiena (8x6x4cm) sampling tins as described by van der Meer et al., 
(2003b).. Here non-coherent materials such as the sediments flanking the 
terminuss of Taylor Glacier (chapter 7) were sampled. 

Secondly,, loose, clast rich and friable diamicts were sampled by extracting 
aa mammoth tin sized lump of sediment with a geological hammer and 
chisel.. This was a delicate operation and needed to be done slowly and 
carefullyy as, very often, sampling had to be done with protection from the 
wind.. The sample's orientation was then recorded, wrapped in a sample bag, 
securedd with duck tape, labeled and returned to the camp site for immediate 
pre-impregnationn following the procedure described in chapter 3. 

Thirdly,, semi-lithified material was rapidly extracted using a Stihl TS 
400©400© angle grinder (Fig. 1). In contrast the use of a Stihl handheld drill 
coree did not work in sampling semi-lithified diamicts, as there was no way 
itt could remove the gouge as it drilled. The Stihl TS'400© proved effective 
inn ambient temperatures as low as -30°C (Mount Feather) andd wind chill 
factorss of -25°C (Allan Hills). The machine itself weighs 8.9kg, is 80cm in 
lengthh and no more than 30cm wide. A sling helps in carrying it over the 
shoulder,, but for safety reasons it was more convenient to work without 
usee of the sling. The Stihl TS400© is designed to be used as a concrete 
cutterr on building sites and is therefore ideal for use on semi-lithified 
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Fig.. l The use of the StihlTS400© angle grinder in collecting semi-lithified tillit e from 
Antarctica. . 

tillites;; large igneous boulders, however, are more troublesome to cut 
through.. The cutting implement is a 300mm diameter diamond studded 
steell  blade. In general, no components of the machine froze and it always 
startedd quickly. The only relatively inefficient part of the machine was the 
steell  blades as these were found to wear thin more rapidly than 
anticipated.. Having spoken with an employee of Stihl B.V., Utrecht, The 
Netherlands,, a possible reason for the rapid wear of the blades could be 
thee amount of dust generated from the tillites during sampling (see Fig. 1). 
Thiss is because the dust (and not the cold temperatures) rapidly dislodges 
thee diamond studs within the steel blade, hence accelerating their overall 
wear.. Therefore, for future use of the Stihl TS400© it is recommended 
thatt either 'Asphalt' or 'A' grade 'standard' blades or 'Asphalt', 'A' grade 
'special'' blades should be used, as they are less susceptible to dust 
dislodgingg of the diamonds. The machine was powered by 2-stroke 1:50 
fuell  available from most mechanics or Stihl TS400© dealers. A bottle of 
etherr spray was also kept to hand, as well as a spare spark plug; the ether 
sprayy being so volatile that one squirt into the fuel container is all that was 
requiredd to start the engine in such cold conditions. It was generally found 
whenn using the Stihl TS 400© on semi-lithified sandy matrix supported 
glaciall  tillite, in a dry, permafrost environment, that one 'B' grade blade 
wouldd be good for approximately ten mammoth sized micromorphology 
samples.. This included cutting into the tillit e so to get beneath the 
weatheringg layer. The depth varied, but the samples were taken from on 
averagee between 4-i3cm behind the working surface. 
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Thee actual extraction process involved making deep cuts into the semi-
lithifiedd material to create the desired block. A chisel and geological 
hammerr were then used to detach the back of the sample block away from 
thee main body of outcrop. The sample's orientation was then recorded, 
wrappedd in a sample bag, secured with duck tape, labeled and returned to 
thee camp site. 

AA 'hand full' sized amount of bulk texture was taken alongside most 
micromorphologyy samples for particle size and clay mineralogy analysis. 

2.22.2 Laboratory work 

Micromorphologyy is the microscopic examination of the composition and 
constituentt structural elements of lithified and unlithified earth materials 
(vann der Meer, 1987; van der Meer et al., 2003b). The method for the 
preparationn of thin sections in the Physical Geography and Soil Science 
departmentt of the University of Amsterdam is largely based on the 
techniquee of Jongerius and Heintzberger (1975) and is detailed by van der 
Meerr (1993) and van der Meer et al., 2003b. In the laboratory the above 
fieldd samples were oriented according to their cardinal points in the field 
andd then slowly dried, cut and mounted following the above procedures. 
Thee majority of thin sections were cut for vertical-longitudinal (V-L) 
analysiss as illustrated in Fig. 2 (Fuller and Murray, 2000). Other samples 
weree also cut at the horizontal-longitudinal (H-L) and vertical-transverse 
(V-T)) orientations to examine any structural relationship between the 

Thinn sections cut as: 

VL L 

HL L 

Diagramm illustrating the orientation 
off  thin sections relative to ice flow 
directionn (from Fuller and Murray, 
2000).. V-L, vertical and longitudinal; 
H-L,, horizontal and longitudinal; V-
T,, vertical and transverse. 

Fig.. 2 

Ice e 
Flow w 
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differentt orientations or gain a three-dimensional perspective of certain 
micro-structuree geometries (e.g. micro-WESs; chapter 9). The final thin 
sectionss produced are large in size (15 x 8cm) with some smaller (8 x 6cm; 
88 x 3cm) thin sections also produced. 

Thee particle size analysis conducted in the Physical Geography and Soil 
Sciencee department of the University of Amsterdam followed the methods 
off  Gee and Bauder (1986). This included the dispersal of cemented 
particless and use of decalcification. The determination of the carbonate 
methodd followed that of van Wesemael (1955)- This method is based on the 
expulsionn of air from an Erlenmeyer flask by liberated carbon dioxide 
followingg addition of hydrochloric acid solution to the sediment. The loss 
off  weight is a measure for the calcium carbonate present. 

Thee clay mineralogy was again conducted in the Physical Geography and 
Soill  Science department of the University of Amsterdam using a Philips 
diffractometerdiffractometer PW1050© and Cu Ka + monochromator in accordance 
withh the method outlined by Wilson (1987). All samples were pre-treated 
andd diffractograms visually analysed so to determine the clay 
mineralogicall  content. 

Differentiall  Thermal Analysis (D.TA.) was also employed in the Physical 
Geographyy and Soil Science department of the University of Amsterdam 
followingg the method of Tan et al., (1986). This was done on a few samples 
thatt demonstrated extremely high organic carbon (this being determined 
byy standard practice at the University of Amsterdam following the 
proceduree of Allison, i960). The outcome of the D.T.A. in many respects 
confirmedd the 'hunch' from noting the sample's location in the field: that 
thee very high carbon readings were a result of the presence of coal. 

2.32.3 Thin section analysis 

Thee thin sections produced were analysed with a Petroscope and the Wild 
M400©\owM400©\ow magnification penological microscope. Photomicrographs 
weree taken using a DC100 digital camera© mounted on the M420 Leica 
Microscope©.Microscope©. The micromorphology descriptions followed the 
classificationss of Brewer (1976), van der Meer (1993,1997)> Menzies 
(2000)) and Stoops (2003). 
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CHAPTERR 3: MAKIN G THE SOFT HARD: INDURATIO N OF 
FRIABL EE DIAMICT SS IN THE POLARFIELD 1 

Abstract t 

Materialss and methods used to pre-impregnate friable diamicts in the polarfield are 
describedd within the context of typical field conditions from the Allan Hills, South 
Victoriaa Land, Antarctica. The limitations of logistical and environmental practice are 
highlighted. . 

1.. INTRODUCTIO N 

Whenn sampling for micromorphology the samples are to remain 
undisturbedd until impregnated, which maybe difficult for friable 
materials.. The obvious solution to the problem is pre-impregnation in the 
field.field. Although pre-impregnation of friable sediments in the field is at 
timess necessary and has been previously performed for soils and 
unconsolidatedd sediments (Goldberg, 1976; Fitzpatrick, 1984; Fitzpatrick 
ett al., 1985; Murphy, 1986; van der Meer et al., 2003b), no attempt has 
beenn reported from polar regions. 

Fieldd sampling, induration and transport of friable material is difficult. 
Thiss is exacerbated when working under polarfield conditions, with a 
limitedd work surface, strict environmental protocol and severe weather 
conditionss (e.g. wind speeds >40 kmhrl and temperatures <-25°C). 

Materialss and methods used to pre-impregnate friable diamicts in the 
polarfieldd are described within the context of typical field conditions in the 
Allann Hills, South Victoria Land, Antarctica. The method is simple, 
economicall  and effective, accommodating logistical and environmental 
limitations.. However, there is a safety concern when working with toxic 
andd flammable chemicals in often isolated and dry areas. 

'' To be submitted to Journal of Sedimentary Research 
LloydDavies,LloydDavies, M.T. 
InstituteInstitute for Biodiversity and Ecosystem Dynamics-Physical Geography, Universiteit van Amsterdam, 
NieuweNieuwe Achtergracht 166,1018 WVAmsterdam, The Netherlands 
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2.. CONTEXT, REGIONAL SETTING AND LIMITATION S 

Thee Allan Hill s (76°43' S, 159°40' E) are a low lying nunatak located high 
inn the Transantarctic Mountains (TAMS) of South Victoria Land, 
Antarcticaa (1600-2100 metres above sea level or masl; Fig. 1). The region is 
cold,, windy and dry. Mean annual air temperature (MAAT) is -30°C 
(Robin,, 1983), the average summer wind-speeds are 30 km1""' (Holme, 
2001)) and local glacial ice is stagnant, ablating at a rate of 4-5 ems'" 
(Annexstadd and Schultz, 1982). 

SS East 
(Antarct ica a 

180

--Thee Allan Hills 

W W 

Fig.. 1 Location of the Allan Hills, within 
Southh Victoria Land, Antarctica. 

Whenn conducting field work in polar regions, environmental 'codes of 
conduct'' are far stricter than at lower latitudes. For example, in situ pre-
impregnationn of loose material or use of chemical-based fluids on or near 
glaciall  ice is normally prohibited. Moreover, logistically one is limited by 
weight,, and safety regulations pertaining to the transport of chemical 
substances.. Therefore, the materials described below are light and 
compactt enough for most polar research field parties and logistically 
permittedd in South Victoria Land, Antarctica. 

EQUIPMEN T T 

Apparatuss required is outlined in Table 1, and all materials are usually 
availablee from polar base-stations. It was found that a one-man tent was a 
sufficientt size for one person to work in a make-shift 'field-laboratory' (Fig. 
2).. The most desirable tent is double skinned and joined as a whole, so 
theree is no separation between thee ground sheet and main canvass. This 
providess an additional air-layer and frequently raised internal tent 
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Tablee l 
Materialss required for induration of friable diamicts in the polarfield. 

Materials Materials 

One-mann tent with ground mat 

Cardboardd boxes (40cm x 30cm x 15cm) and sheets 

Industriall  strength bin bags 

Elasticc bands 

Duckk tape 

Samplee bags 

Bubblee wrap 

Scissors s 

Beakerr or tin can 

Stirrer r 

Indeliblee pen 

Markerr points (cocktail sticks etc.) 

Chemicals Chemicals 

Acetonee (225ml per sample; 75ml per dose and ~3 doses in total) 

Polyuremanee varnish (as acetone) 

temperaturess above external ambient air temperatures. It is essential to 
havee a tent with two exits to allow adequate ventilation, because one is 
alreadyy working in confined and close quarters to toxic chemicals. 
Secondly,, other types of tape (sellotape, brown tape, medical tape) did not 
workk in polar temperatures because the glue froze and the tape became 
brittle.. However, duck tape proved effective. Finally, matches could not be 
usedd as marker points because of the danger of working with flammable 
chemicalss in a very dry environment. 

4.. PROCEDURE 

AA one-man tent (the field-laboratory) was erected away from the main 
fieldfield camp-site and in a position so to receive as much insolation as 
possible.. Friable samples attributed to a local glacial advance (Atkins et al., 
2002),, were gently extracted in the field using a field knife and geological 
hammer.. Their orientation, top and location were recorded as outlined by 
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Fig.. 2 Inside of the one-man tent 'field laboratory' used to indurate friable diamicts in 
thee polarfield. 

Industriall strength 
plasticc bag, lining 
cardboardd box 

g%% ^^J^ 

^^f ll  V ^Ê 

Sampless with 
whitee labels, 

"/>"/> ready for 
induration n 

Fig.. 3 Two labelled samples ready for induration inside a cardboard box lined with an 
industriall  strength plastic bag. Box is ~40cm long. 

standardd field procedures (Murphy, 1986; Lee and Kemp, 1993; van der 
Meerr et al., 2003b). Each sample was then placed in a sample bag and 
securedd with duck tape. Each sample was ~20cm long, 10cm wide and 
thickk and hand-carried back to the field-laboratory, unwrapped and placed 
intoo a cardboard box (Fig. 3). One cardboard box accommodated two 
mammothh sized (15 x 8cm) samples. The box was lined with an industrial 
strengthh bin-bag, thick enough to avoid corrosion by the pre-impregnation 
mixture,, and an elastic band secured the plastic bag in place at the top of 
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thee box. The sample tops were then marked with a small stick and labeled 
(Fig.. 3). 

Aridd conditions mean that sample drying is rarely required, and pre-
impregnationn may begin immediately. In the beaker a 50:50 mixture of 
acetonee and polyurethane varnish was stirred and gently poured onto the 
twoo samples. Enough fluid to coat the samples until glistening was applied. 
Airr temperatures inside the tent ranged from -5°C to -12°C depending on 
windd speed and cloud cover. It was found that three separate doses were 
requiredd to achieve complete hardening, and this took a minimum of four 
andd maximum often days per box (i.e. two samples) depending on 
temperature.. The samples were considered pre-impregnated once the 
outerr surface was dry and rigid, and a cohesive sample achieved. The 
sampless were then removed from the cardboard box and wrapped in 
bubblee wrap and a sample bag, secured with duck tape and labelled 
accordingly.. The samples were then ready for transport without the need 
forr individual hand-carry as was the case before pre-impregnation. The 
abovee method is also applicable to samples taken with Kubiëna and 
Mammothh tins. Here one may either remove the tin lid and gently apply 
thee mixture or very carefully remove the entire tin one side at a time, with 
supportivee cardboard or disposable props to maintain sample steadiness 
beforee and during mixture application. 

5.. DISCUSSION 

Ratee of induration appears related to ambient temperature: the colder the 
conditionss the slower the rate of hardening. Similar friable sediments were 
alsoo pre-impregnated in the same 'field-laboratory' from the nearby Taylor 
Valley,, which is at only 6omasl and therefore warmer. Here air 
temperaturess inside the tent ranged from 13°C to 19°C, with sample 
indurationn occurring within 24 hours and requiring just one dose (Lloyd 
Daviess and van der Meer, 2002). Reasons for this temperature dependent 
relationshipp are beyond the scope of this report, although it is well 
establishedd that rates of chemical reaction increase with temperature. 

Thee laboratory procedure used for subsequent sample thin section 
productionn follows Jongerius and Heintzberger, 1975 and was unaffected 
byy this method. The quality of thin sections remained high and clean, with 
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Fig.. 4 Detail of C.902 from the nearby Taylor Valley, plane light, field of view 4.5mm 
andd top is above image. Typical examples of acicular 'resin fracturing' along 
fissuress or adjacent to a vugh (white arrows) and associated 'dirty grey' 
precipitatee (black arrow). The sample is interpreted to be from glacifluvial 
sedimentss (Lloyd Davies and van der Meer, 2002). 

birefringentt clay domains, porosity and clay skins all undisturbed (Lloyd 
Daviess and van der Meer, chapter 6). However, two potential side effects 
weree observed. The first was that fractures and large vughs at times 
containedd a type of acicular 'resin fracture'. Occasionally associated with 
thiss was a 'dirty gre/ precipitate that appeared to have reacted with opaque 
colouredd nodules in the sample's matrix (Fig. 4). However, neither side-
effectt disrupted thin section analysis under plane or cross-polarised light. 

Ass the above method effectively indurates the outer 'shell' of friable 
diamictss under polarfield conditions, it is most likely applicable to other 
environmentss where rate of hardening would be more rapid. 
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CHAPTERR 4: SELECTED CASE STUDIES OF COLD-BASED 
GLACIERS,, SOUTH VICTORI A LAND, ANTARCTIC A > 

Abstract t 

Recentt developments in glaciology and three case studies of cold-based glacial activity in 
Southh Victoria Land, Antarctica are reviewed. This is intended to challenge the 
conventionall  view that cold-based glaciers are basally inactive because basal sliding does 
nott occur. The three case studies differ in several respects, such as the scale of cold-based 
activity,, the environmental context and type of overridden substrate. 

1.. INTRODUCTIO N 

Conventionall  thinking among glaciologists and geomorphologists is that 
cold-basedd glaciers are basally inactive because basal sliding does not 
occurr (Boutlon, 1972; Drewry, 1986; Paterson, 1994). However, as research 
intoo modern cold-based glaciers gathers momentum, there is a developing 
tensionn between glaciologists, modellers and geomorphologists. On the 
onee hand glaciologists and modellers maintain that cold-based glaciers are 
incapablee of basal activity and preserve the landscape (Paterson, 1994; 
Dowdeswelll  and Siegert, 1999; Naslund et al., 2003) whereas a recent 
numberr of geologists and geomorphologists have begun to report cases of 
cold-basedd glacial erosion, deposition and tectonism (Atkins et al., 2002; 
Bennettt et al., 2003; Waller, 2003). 

Cold-basedd glaciers are defined as a glacier inn which basal temperatures 
aree permanently below the pressure melting point (Paterson, 1994; van der 
Veen,, 1999). The lack of net basal melting justifies the assumption that no 
basall  sliding, erosion, bed deformation and debris entrainment takes 
place.. Instead the glacier is frozen to its substrate (Boulton, 1972) and 
movess only by slow internal deformation (Paterson, 1994), having minimal 
orr no influence on the landscape. 

'' To be submitted to Quaternary Newsletter. 
LloydLloyd Davies, M.T. 
InstituteInstitute forBiodiversityand'Ecosystem Dynamics-Physical'Geography, Universiteit van Amsterdam, 
NieuweNieuwe Achtergracht 166,1018 WVAmsterdam, The Netherlands 
Fitzshnons,Fitzshnons, SJ. 
DepartmentDepartment of Geography, University ofOtago, P.O. Box 56, Dunedm, New Zealand 
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Thee premise of landscape preservation by cold-based glaciers has resulted 
inn the concept of 'relict landscapes'. These are landscapes that have been 
geomorphologicallyy unaffected despite glacial overriding, with examples 
reportedd from Scandinavia (Clarhall and Kleman, 1999; Kleman et al., 
1999)) and North America (Clarhall and Jansson 2002). This bought about 
thee term 'palimpsest landforms' (Kleman, 1992; Stea, 1994), which are 
landformss that are identifiable despite later overprinting by younger 
glaciall  landforms. This school of thought plays a foundational role when 
consideringg the interpretation of lithostratigraphy and glacial 
geomorphologyy in formerly glaciated terrain. For example, a binary 
approachh is commonly adopted where a recognisable preglacial landscape 
meanss it has been covered by cold-based ice, but a modified landscape 
equatess to temperate-based glacial activity. 

Thiss chapter aims to contest the above assumptions associated with a 
binaryy approach, by briefly reviewing glaciological developments that 
relatee to cold-based glacial activity. This is followed by three cases studies 
reportingg cold-based glacial activity in South Victoria Land, Antarctica. 

2.. DEVELOPMENT S IN GLACIOLOG Y 

Speculationn as to whether rock fragments or sediment could be entrained 
intoo cold ice began in the 1970s. In 1971 Mercer reported that the cold-
basedd McCarthy Glacier in the central Transantarctic Mountains (TAMS) 
containedd "granitic fragments from gravel through to boulders 3m in 
diameter...(that)) must have been quarried beneath the glacier". He also 
observedd striated clasts in ice-cored moraines on the east side of Buckley 
Islandd nunatak in upper Beardmore Glacier (Mercer, 1971). Holdsworth's 
(1974)) landmark paper regarding observations of the basal zone of the 
cold-basedd (-i7°C) Meserve Glacier, Antarctica triggeredd interest when he 
describedd a basal 'pavement' of large boulders cemented together by ice, 
clayy and silt. These field observations were later accompanied by 
theoreticall  proposals that liquid water might exist between ice and foreign 
bodiess at sub-freezing temperatures (Gilpin, 1979). 

Sincee the mid 1980's research into processes operating within the 
subglaciall  and marginal environments of cold-based glaciers has been on 
thee increase. Shreve (1984) followed by Fowler (1986) postulated that 
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basall  sliding was theoretically possible at sub-freezing temperatures. This 
wass accompanied by actual field observations of basal sliding and 
subglaciall  deformation at sub-freezing temperatures in the cold-based 
Urumqii  Glacier No.i in China (Echelmeyer and Zhongxiang Wang, 1987). 
Despitee Echelmeyer and Zhongxiang Wangs' (1987), significant findings of 
directt basal sliding and deformation at sub-freezing temperatures, it is 
importantt to appreciate that their measured temperatures of -4°C to -5°C 
aree far higher than Holdsworth's (1974) measured temperature of -vfC for 
thee Meserve Glacier debris-rich basal ice. 

Inn the last eight years, three different glaciers and/or their forefields have 
beenn investigated in South Victoria Land, Antarctica. Even though, South 
Victoriaa Land has remained cold, dry and stable throughout the 
Quaternaryy (Denton et al., 1993; Barrett, 1999) each glacier demonstrates 
directt or indirect evidence for cold-based glacial activity. The first case 
studyy is a revisit of the cold-based Meserve Glacier, Wright Valley where 
Cuffeyy et al., (1999,2000) published evidence for cold-based glacial sliding 
andd entrainment at the nanometre scale, which is manifested at the metre 
scalee in terms of entrained debris. The second case study is from the Suess 
Glacier,, Taylor Valley, where Fitzsimons (1996a) and Fitzsimons et al., 
(1999;; 2001) report subglacial deformation at the cm-scale as well as 
thrust-blockk moraines dm long. The third case study (Atkins et al., 2002) 
documentss erosional striae on bedrock and relatively large-scale 
depositionall  features (>iom2) in the forefield of the cold-based Manhaul 
Bayy Glacier (informal name), Allan Hills. 

3.. THE MESERVE GLACIER , WRIGH TT VALLEY , 
ANTARCTIC A A 

Thee Meserve Glacier (Fig. 1) is an alpine glacier, flowing northward from 
ann elongated cirque in the Asgard range. The glacier is about 8km in length 
andd terminates at an elevation of -400 metres above sea level (masl). 

Cuffeyy et al., (1999) built upon the field work and observations of 
Holdsworthh (1974), theoretical work of Shreve (1984) and Fowler (1986) 
andd laboratory work of Dash et al., (1995) by observing glacier sliding and 
icee segregation beneath Meserve Glacier and attributing this to the role of 
thinn brine films. The brine films (Fig. 2) are thought to occur at the ice-

37 7 



ChapterChapter 4 

Fig.. 1 Meserve Glacier on the south flank of Wright Valley. The glacier is ~8km long and 
itss terminus is marked by 15 to 20m high cliffs (Holdsworth, 1974). 

rockk interface, and vary between 20-40/zm in thickness depending on 
pressure,, rock type, surface morphology and ice solute content (Hooker et 
al.,, 1999). They argue that these brine films play an important role in ice 
deformationn processes at the base of the Meserve Glacier and facilitate 
slidingg and entrainment of basal fine-grained sediments. Their proposed 
mechanismm is that interfacial films affect the bulk mechanical properties of 
icee (Cuffey et al., 1999) thereby inducing particle entrainment (Cuffey et 

Fig.. 2 A simple cartoon illustrating the model of 20 to 4077m thick films of brine sur-
roundingg particles embedded in solid ice (from Gilpin, 1979; Dash et al., 1995; 
Cuffeyy et al., 1999). 
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al.,, 2000). This is achieved by supercooled liquid occurring between ice 
andd immersed particles, which is 'allowed' to exist because of the 
interfaciall  free energy afforded by separating of the two solid interfaces 
(Wertlauferr et al., 1996). The supercooled liquid or brine films then permit 
slipp at the ice-rock interface and subsequent entrainment (Cuffey et al., 
2000)) of silt and sand explaining their occurrence in the basal layers of the 
Mersevee Glacier (Holdsworth, 1974). 

Itt is appreciated that this case study is not a perfect analogue for large ice 
sheets,, but it does provide an excellent first hand account of cold-based 
glaciall  erosion and particle entrainment, which over the time scale of 
millenniaa has the potential to considerably alter the landscape. For 
example,, ice thickness measurements by radar along the middle portion of 
thee Meserve Glacier revealed a U-shaped trough (Cuffey et al., 2000), 
suggestingg significant landscape modification. 

4..  SUESS GLACIER,  TAYLOR VALLEY,  ANTARCTICA 

Suesss Glacier descends from 1750m on the Asgard Range, terminating 
withinn Taylor Valley, which is part of the McMurdo Dry Valleys, a 
relativelyy ice free, polar desert in South Victoria Land, Antarctica (Fig. 3). 
Thee climatic conditions of the Dry Valleys are unique with summer 
temperaturess rarely above o°C and the mean annual air temperature 
(MAAT)) ~ -17°C (Keys, 1980). Snowfall is between 5-10 mm "̂1 on the 
valleyy floors (Lewis et al., 1998), rainfall unknown and most of the area 

Fig.. 3 Location map of Suess Glacier in Taylor Valley. 'L' as in 'L Chad' stands for lake. 
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experiencess a moisture deficit (Hooker et al., 1999). Suess Glacier itself is 
ann alpine glacier with a basal temperature of -vfC, hence its classification 
ass cold-based (Fitzsimons et al., 1999, 2001). 

Duringg the Antarctic summer season in 1996 a tunnel (2m x 1.50m x 25m) 
wass excavated through part of the Suess glacier basal zone using chainsaws 
andd a demolition hammer. The tunnel was extended in 1997 and a vertical 
shaftt 4.5m high was cut at the end of the tunnel to expose the entire debris 
zonee underneath the glacier (Fig. 4). 

Fig.. 4 Position of the subglacial tunnel within Suess Glacier, Taylor Valley. 

Forr further information on the methodology see Fitzsimons et al., (1999, 
2001).. Key observations of the basal ice debris zone in the tunnel made by 
Fitzsimonss et al., (1999) were that parts of the basal substrate had been 
entrainedd into the ice and that in many cases this occurred without 
disaggregation.. This observation supports Cuffey et al.,'s (2000) concept of 
cold-basedd sediment entrainment, but is further elaborated because 
deformationn of the entrained sediment was also noted. Fitzsimons et al., 
(1999)) observed two styles: (1) the more common ductile structures 
associatedd with basal ice having low debris concentrations, such as folds 
andd boudinage (Fig. 5A-B) and (2) brittle deformation within areas of high 
debriss concentration owed to broken blocks of frozen sediment (Fig. 5C). 

Directt shear tests also conducted within the basal ice revealed that the 
amberr ice (salt-rich basal ice; Holdsworth, 1974) was significantly weaker 
thann the englacial ice, basal stratified ice and the substrate. This 
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Fig.. 5 The Suess Glacier tunnel. 
A.. Ductile deformation: entrained 

andd folded sediment in the debris-
richh basal ice layer of the cold-
basedd Suess Glacier. 

B.. Ductile deformation: Boudinaging 
off  entrained sediment (arrows) in 
thee debris-rich basal ice layer of 
thee cold-based Suess Glacier. The 
boudinagingg points towards 
extensionall  deformation. 

C.. Brittle deformation: Note the 
tensionn cracks (arrows) in the 
debris-richh portions of the basal 
ice.. The knife is -12.5cm long. 

observationn is consistent with the behaviour of amber ice in other Dry 
Valleyy glaciers (Fitzsimons et al., 2001). However, at this stage the direct 
shearr tests were unable to provide a clear explanation as to the subglacial 
processs of erosion and entrainment by Suess Glacier as the results showed 
thatt the substrate had almost double the average peak shear strength (2.53 
Mpa)) of the basal ice (1.28 Mpa) and glacial ice (1.39 Mpa) samples 
(Fitzsimonss et al., 2001). Despite this, spatial and temporal variation in the 
structurall  strength of the basal ice and its substrate cannot be discounted; 
forr at times peak shear strength readings for basal ice and the substrate 
weree closely matched (Fitzsimons et al., 2001). 

Fitzsimonss (1996a) also observed well developed (thrust-block) moraines 
(Fig.. 6) at the margins of Suess Glacier, which have important implications 
whenn considering the ability of cold-based ice in modifying ice-marginal 
landscapess (Ehlers, 1996). Moreover, the processes responsible for such 
featuress should be considered, as conventional explanations such as an 
elevatedd pore-water pressure or Weertman's (1961) ice-debris accretion 
hypothesiss require abundant subglacial meltwater. Three proposals made 
byy Fitzsimons (1996a) for the formation of these thrust-block moraines 
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Fig.. 6 Part of the north-east snout of the cold-based Suess Glacier. The smaller 
morainess in front of far larger ones are low sandy ridges (highest is approx. 20 m 
high)) consisting of blocks of planar-bedded sand inferred to be thrust-blocks of 
fine-grainedd deltaic sediment (Fitzsimons, 1996a). 

include:: (1) sediment block entrainment linked to frozen-bed deformation, 
(2)) entrainment by over-riding and accretion of debris aprons and 
marginall  ice and, (3) temporary wet-based conditions as Suess Glacier 
flowedd into one of its ice-marginal lakes. Certainly, the two former 
conclusionss are significant when considering the fact that cold-based ice 
massess may in themselves (without an external input such as water from a 
lake)) entrain, deform and deposit their substrate, which in turn alters their 
ice-marginall  geomorphology. 

5.. THE ALLA N HILLS , ANTARCTIC A 

Thee Allan Hill s are a low lying nunatak located high in the TAMS of South 
Victoriaa Land (1600-2100 masl; Fig. 7A-C). The centre of the nunatak is 
occupiedd by the cold-based Manhaul Bay Glacier (informal name), which is 
approximatelyy 6km long and 200m thick. It flows into the centre of the 
Allann Hill s from the north and exposed areas of its snout are bubble rich 
andd fractured. This points towards former glacial advance by ice block 
apronn overriding (Shaw, 1977a); a common observation for some cold-
basedd glaciers in South Victoria Land (Chinn, 1985,1989,1991). 
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Fig.. 7 The Allan Hills. 
A.. Location of the Allan Hills, within South Victoria Land, Antarctica. 
B.. The shape of the Allan Hills, showing the respective positions of Mount Watters 

(highestt point in the Allan Hills, 2123 masl), the Manhaul Bay and Odell Glaciers 
ass well as contemporary ice flow direction (black arrowheads). 

C.. The Allan Hill s and Manhaul Bay Glacier flow direction (black arrow) from the 
north.. Note the position of the Odell Glacier. 

Atkinss et al., (2002) reported four types of erosional and depositional 
features,, which they attributed to an advance of the Manhaul Bay Glacier 
att the Last Glacial Maximum (LGM). 'Type I broad scrapes' occurring on 
sedimentaryy bedrock, are up to 500mm wide, 40mm deep and 1200mm 
longg (Fig. 8). They are unweathered and consist of many smaller striae cms 
andd mms in width. On several occasions the abrading tool is also observed 
att the striae terminal wall, and cm-scale levees occur along the sides of the 
abrasionn marks. 'Type II individual striae and grooves' are linear, often 
isolatedd and typically cms in width and dm long. Some have a 'nailhead' 
morphologyy or maintain a more tapered form with veneers of crushed 
sandstonee on local bedrock surfaces. 'Type III are unweathered scrapes' 
foundd on the stoss side of lodged, weathered dolerite boulders within or 
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Ann example of the broad, shallow type I 
erosionall  striae reported by Atkins et al., 
(2002).. The thick black arrow indicates 
inferredd LGM ice flow direction. Rock 
hammerr is 33cm long. 

uponn the Sirius Group tillite. The scrapes are thin, but a striking contrast 
too the ventifacted varnish of the weathered boulder. 'Type IV ridge and 
groovee lineations' are fine parallel lineations displaying a sheen similar to 
slickensidess and are found in carbonaceous layers of sedimentary bedrock. 
Typee I and II erosional features are only found close to the snout of the 
Manhaull  Bay Glacier, whereas types III and IV are more widespread 
throughoutt the Allan Hills. 

Thee depositional landforms are more varied in form and distribution than 
thee erosional structures. 'Type I' are 'sandstone and siltstone breccia' that 
aree unlithified, friable deposits <30cm thick and <3m across and are 
recognisablyy composed of the immediate sedimentary bedrock (sandstone 
andd siltstone). The deposits are usually found on up-glacier escarpments 
orr vertical walls, and occasionally have a linear form tapering away from 
thee glacier snout. 'Type II isolated boulders' are up to 3m in diameter and 
dispersedd throughout the Allan Hills, up to >2km away from the Manhaul 
Bayy Glacier. On the lee side of several promontories the boulders form a 
train.. 'Type III ice-cored debris cones' have been observed as far as lkm 
inlandd from the Manhaul Bay Glacier and range in size from 3m high to 
7mm in diameter. In each instance, the ice-cored cone is covered in loose 
bedrockk debris (ranging in size from sand to boulders). The 'type IV 
sandstonee debris on lee slopes' (Fig. 9) is crushed and toppling bedrock on 
thee lee side of bedrock promontories or northern face of depressions. The 
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scalee of the features range from <im through to iom2+, and are 
characterisedd by extensional fractures sub-parallel to the margin of the 
Manhaull  Bay Glacier. 

thee extensional fracturing followed by fractured, crashed and in places tilting 
bedrockk towards the south (lee-end) of the bedrock ridge. Ice-axe is 8ocm long. 

Atkinss et al., (2002) followed the principal of Drewry (1986) and inferred 
thatt the type I and II striae are the result of glacial ice dragging debris over 
orr upon the bedrock as a result of basal slip or forward movement. The 
abradingg particles were observed to be the same lithology as the bedrock, 
withh littl e contrast in hardness explaining the broad shallow form of the 
striaee and presence of broken, crushed fines that are likely to be sheared 
remnantss of the former striating tool. These have survived because no 
meltwaterr has washed them away. A similar process was inferred for the 
typee III forms where basal debris came into contact with wind-polished 
boulderss lodged in tillit e and projecting upglacier. The fastened status of 
thee boulders meant they were not entrained, but nonetheless abraded and 
occasionallyy overturned. Fourthly, the type IV were interpreted by Atkins 
ett al., (2002) to be a glacitectonic structure formed by differential slip on 
thee thin and weaker carbonaceous siltstone layers within the bedrock in 
responsee to increased shear stresses on the lee side of bedrock 
promontories.. The type I depositional debris, is local failure and crushing 
off  up-ice bedrock promontories, which is proposed to constitute a form of 
glacitectonitee (Pedersen, 1988; Benn and Evans, 1998). The type II 
scatteredd boulders are the result of glacial plucking and passive englacial 
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transport,, because no abrasive marks are associated with the boulders, as 
mightt be expected if they were basally transported. The type II I ice-cored 
coness are interpreted to be passive deposition features formed by 
retreatingg glacial ice being covered in loose debris that have subsequently 
beenn preserved in the cold and hyper-arid climate in the Allan Hills. The 
finalfinal type IV depositional structure is interpreted to be glacitectonic in 
origin,, where cavities on the lee side of bedrock promontories facilitated 
tensionall  fracturing and toppling of bedrock knobs or promontories 
downslopee and down-glacier. 

6.. SUMMARY 

Thiss chapter has reviewed three Antarctic case studies which illustrate 
cold-basedd glacial sliding, entrainment, erosion and deformation at 
increasingg scales of impact. The smallest scale is demonstrated by Cuffey 
ett al.,'s study (1999,2000) where brine films 20 and up to 40/zm thick are 
responsiblee for particle by particle entrainment of silt and sand fines into 
basall  ice. On a marginally larger scale, Fitzsimons et al., (1999) provide a 
firstt hand account for ductile and brittle deformation of such entrained 
basall  debris, even though the mechanism for this remains elusive, because 
off  the substrate's higher shear strength when compared to basal or clean 
glaciall  ice (Fitzsimons et al., 2001). At a larger scale, mechanisms for 
thrust-blockthrust-block moraine formation by the Suess Glacier were proposed by 
Fitzsimonss (1996a) and the geomorphological potential for cold-based 
glacierss realised. The largest scale, and one that involves lithified bedrock 
ass opposed to soft sediment substrate, is illustrated by Atkins et al., 2002. 
Heree mm and cm scale striae are found in conjunction with depositional 
landformss >iom2 in size. 

Inn an oral presentation to the Antarctic Earth Science community, Lloyd 
Daviess et al., (2003) stated that the preservation potential of the above 
cold-basedd glacial features is very low beyond polar climates, such as 
Antarctica,, because of the rapid weathering in sub-polar and temperate 
regimes.. They argued that this explains the perceived absence of cold-
basedd glacial activity in the Pleistocene record of today's temperate regions 
whichh most likely experienced cold-based glaciation during past glacial 
maxima.. Examples include the apparently palimpsest landscapes of 
Scandinaviaa and North America. 
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Thee vast majority of research and theories to date concerning the 
subglaciall  environment are derived from observations and measurements 
madee from temperate-based glaciers (Hart and Rose, 2001). However, it is 
hopedd that this paper will prompt other earth scientists to shift attention 
towardss the cold-based subglacial environment, especially as its character 
appearss to differ significantly from temperate-based glaciers. 

7.. CONCLUSION 

Inn conclusion: 

 There is a developing tension between glaciologists, modellers and 
geomorphologistss regarding the ability of cold-based glaciers to 
interactt with their substrate and ice-marginal environment, so to 
resultt in landscape modification. 

 There is a momentum of evidence pointing towards cold-based 
glaciall  erosion, entrainment, deformation and deposition on both 
softt substrate and lithifed bedrock. Therefore, any glacial geological 
record,, however inconspicuous, might be attributed to cold-based 
glaciall  ice (keeping in mind all other variables such as the 
sedimentologyy and environmental context). 

 We accept that many landscapes may experience significant periods 
off  cold-based coverage with no or minor modification. However, the 
assumptionn that cold-based glaciers are utterly inert and their 
landscapess completely unscathed should be abandoned. This, in 
particular,, has implications for modelling ice sheet dynamics (cf 
Naslundd et al., 2000, 2003) or automatically equating glacially 
modifiedd landscapes to temperate-based glaciers only. 
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CHAPTERR 5: COLD-BASED GLACIE R ADVANCE IN THE ALLA N 
HILLS ,, SOUTH VICTORI A LAND , ANTARCTICA : EVIDENCE 
ANDD PRESERVATION POTENTIAL 1 

Abstract t 

Neww evidence is presented from the Allan Huls, South Victoria Land, Antarctica that 
confirmss cold-based glaciers are capable of erosion, substrate deformation and 
deposition.. Four types of erosion, three types of deposition and three scales of 
glacitectonismm resulting from cold-based glacial advance are described, and a model 
derivedd from these observations and those of advancing cold-based glaciers elsewhere. 
Thee model entails: (i) ice block apron overriding and entrainment and (if) ice-bed 
separationn leading to the formation of a cavity on the down-glacier side of escarpments. 
Thee model is most effective for a horizontally stratified, lithified sedimentary bedrock 
substrate.. The preservation potential for cold-based glacial features is high in polar 
climatess (e.g. Antarctica) but is very low beyond on account of the more rapid weathering 
inn sub-polar or temperate climates. This explains the perceived absence of cold-based 
glaciall  features in the Pleistocene record of today's temperate regions that most likely 
experiencedd cold-based glaciation during past glacial maxima. 

1.. INTRODUCTIO N 

Thee interface between glacier ice and the underlying substrate has 
attractedd considerable interest over recent years, following general 
acceptancee that processes operating at the base of glaciers and ice sheets 
affectt their behaviour (Boulton and Jones, 1979; Engelhardt and Kamb, 
1998;; Hooke et al., 1992). However, the vast majority of these studies have 
focusedd on warm, wet-based ice masses, in particular the 'deformable bed' 
(e.g.. Hart and Rose, 2001). Very few studies have addressed the behaviour 
off  cold-based glaciers and ice sheets. This is because of the universally held 
assumptionn that basal sliding, abrasion and bed deformation do not take 
placee beneath cold-based ice (Boulton, 1972; Hubbard and Sharp, 1989; 
Holmlundd and Naslund, 1994; Naslund, 1997) and that consequently, 
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relictt features (and therefore 'older' landscapes) are actually protected 
beneathh cold ice. (Falconer, 1966; Bergsma et al., 1984; Sugden et al., 1991; 
Kleman,, 1994; Stroeven and Kleman, 1999; Kleman and Hattestrand, 
1999;; Clarhall, 2002; Naslund et al., 2003). 

Ass Waller (2001) states, "a growing body of field evidence suggests that 
basall  processes may remain active beneath cold-based, ice masses". Such 
evidencee is cold-based glacier basal sliding at —5°C (Echelmeyer and 
Zhongxiangg Wang, 1987) and -vfC (Cuffey et al., 1999), as well as 
entrainmentt (Cuffey et al., 2000) and cold-based glacier ductile and brittle 
deformationn of entrained debris (Fitzsimons, 1996a; Fitzsimons et al., 
1999;; Bennett et al., 2003). Additionally, evidence from Quaternary, 
glaciall  environments (Broster and Claque, 1987) such as ductile 
deformationn in permafrost of Pleistocene age (Astakhov et al., 1996) have 
beenn reported. 

Thee purpose of this chapter is to develop further the model outlined in 
Atkinss et al., (2002) and provide more comprehensive documentation of 
cold-basedd features found in central Allan Hills, Antarctica (Fig. lA-C). We 
alsoo discuss the preservation potential of these features, so as to provide 
criteriaa for the recognition of cold-based glaciation elsewhere. 

2.. THE ALLA N HILL S 

Thee Allan Hill s (76°43' S, 159°40* E) are a low lying nunatak located high 
inn the Transantarctic Mountains (TAMS) of South Victoria Land (1600-
21000 metres above sea level or masl; Fig. lA-C). The annual ablation rate 
forr ice in the Allan Hill s is 4-5 cms5*"1 and much of the surrounding ice is 
stagnantt (Annexstad and Schultz, 1982). Mean annual air temperature 
(MAAT)) of the region is -30°C (Robin, 1983). 

Thee centre of the nunatak is occupied by the Manhaul Bay Glacier 
(informall  name), which is approximately 6km long and 200m thick, with 
basall  temperatures of ~-24°C (Atkins et al., 2002), and which flows into 
thee centre of the Allan Hill s from the north. Currently, the Manhaul Bay 
Glacierr is retreating by sublimation (Atkins et al., 2002) and exposed areas 
off  its snout are bubble rich and fractured (Fig. 2; Lloyd Davies and van der 
Meer,, 2001) suggesting former glacier advance by ice block apron 
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Fig.. l The Allan Hills. 
A.. Location of the Allan Hills, within South Victoria Land, Antarctica. 
B.. The shape of the Allan Hills, showing the respective positions of Mount Watters 

(highestt point in the Allan Hills, 2123 masl), the Manhaul Bay and Odell Glaciers 
ass well as contemporary ice flow direction (black arrowheads). 

C.. View of Allan Hill s from the south-east. Ice from the South Polar Plateau (left) is 
heree deflected north before flowing east toward the Ross Sea (right).. Thick arrows 
indicatee contemporary ice flow direction for the Manhaul Bay and Odell Glaciers. 

overridingg (Shaw, 1977a). Bordering the eastern Allan Hill s is the Odell 
Glacier,, which flows from south-west to north-east, between the Allan and 
Coombss Hills. It is about 20km long and also estimated at around 200m 
thick,, from which we conclude that it too is cold-based. 

Thee geology of the Allan Hill s largely comprises sub-horizontal Permian 
andd Triassic sandstones, carbonaceous siltstones and coal measures of the 
Beaconn Supergroup. These are intruded by sills and thin dykes of Jurassic 
Ferrarr Dolerite (Ballance and Watters, 1971), as well as bodies of a co-eval 
Mawsonn Formation, a volcanic explosion breccia, in the west and southern 
partss of the nunatak. Central Allan Hill s also includes several thin (>iom 
thick)) patches of Sirius Group tillit e totalling around 2km2 in area (Atkins 
andd Barrett, 2001; Holme, 2001). These deposits record extensive wet-
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Fig.. 2 Basal ice at the snout of the Manhaul Bay Glacier (see also Fig. 3 for photograph 
location).. Note the fractures, large bubble size and their density. Lens cap (circled 
inn white) for scale. 

basedd glaciation at least 2 million years ago, based on cosmogenic dating 
off  boulder surfaces in the Sirius (Tschudi, 2000), but more likely at least 
155 million years ago, based on the studies of landscape evolution of the Dry 
Valleyss regionn (Summerfield et al., 1999). Strike and dip measurements of 
glacitectonisedd bedrock (thick arrows in Fig. 3) demonstrate that flow 
directionss of the older glacial event which deposited the Sirius tillit e were 
quitee different from the flow directions of the Manhaul Bay and Odell 
Glacierss today. 

Thee shape of the Allan Hill s and details of many recent glacial features are 
shownn in a geomorphological map (Fig. 3) based on spot observations 
fromm four field seasons (1997-2001). They were described and 
photographedd in the field, the locations being recorded by GPS or compass 
triangulation.. Aerial photographs and a Topcon© stereoscope were also 
usedd to confirm sight lines to certain features such as isolated boulders or 
boulderr trains. The dominating feature is the stepped relief decreasing in 
elevationn towards the lobes of the Manhaul Bay and Odell Glaciers. Other 
significantt features include Trudge Valley in central eastern Allan Hills, 
whichh is over lkm long and nearly lkm wide, its eastern end terminating at 
thee Odell Glacier. Minor but locally significant features are two dolerite 
dykes,, one aligned north-west to south-east across central Allan Hills, and 
thee other, north-south (Fig. 3). Two canyons, containing 'dry' fluvial 
channels,, mark the ends of Trudge Valley on the south side (Lloyd Davies 
andd van der Meer, 2002). Parallel crested ridges of possible aeolian origin 
coverr large areas of floors and sides of valleys within Allan Hill s and are 
foundd in clusters oriented east-west. They range from a few metres long 
andd centimetres high, to over 200 metres long and nearly 4 metres in height. 
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Fig.. 3 Geomorphological map documenting the full range of cold-based erosional, 
depositionall  and glacitectonic features observed in the Allan Hill s to date. (See 
enlargedd colour version of map on pages 280-281 for a clearer viewing.) 
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3.. COLD-BASED FEATURES AT ALLA N HILL S 

Erosional,, depositional and especially deformational features attributed to 
thee presence of cold-based glacier flow are found most commonly on 
exposedd platforms of Beacon bedrock, but are also found superimposed 
uponn Sirius tillites or Beacon bedrock thought to be initially tectonised by 
Siriuss glacial event(s). The main erosional and depositional features have 
beenn described by Atkins et al., (2002), and are summarised in Tables 1 
andd 2. These are briefly reviewed and additional observations are 
presented,, with an emphasis on the glacitectonic evidence, as these 
structuress are particularly common and well-preserved. 

3.13.1 Erosion 

Thee four types of cold-based glacial erosional features (Table 1) are 
primarilyy the result of abrasion of the Beacon bedrock surface and the 
upperr surface of Sirius tillite. All have a 'fresh' appearance, whether 
exposed,, protected beneath debris or superimposed upon older material. 
Thosee directly exposed on bedrock (see Fig. 4A-B for types I and II 
respectively)) are only found close to the current snouts of the Manhaul Bay 
andd Odell Glaciers, whereas types III and IV (Fig. 4C-D respectively) are 
foundd more widely throughout the Allan Hills. For example, type III has 
beenn observed as thin fresh scratches oriented north-south on weathered 
doleritee boulders embedded within Sirius tillit e (Fig. 4C). Furthermore, 
severall  dolerite boulders have been overturned to expose unweathered 
facetss (Fig. 4E). One example is a considerable distance from the present 
marginss of either the Manhaul Bay or the Odell Glacier (1.6km and 2.2km 
respectively)) and over 100m higher in elevation (1725 masl), and records the 
minimumm extent of the most recent advance of the local ice margin. The age of 
thee advance is uncertain, but the fresh and unweathered appearance of all 
thesee features led Atkins et al., (2002) to conclude that they were acquired 
duringg an advance corresponding to the Last Glacial Maximum (LGM). 

3.23.2 Deposition 

Fourr types of cold-based depositional features have been described by 
Atkinss et al., (2002), three of which are outlined in Table 2. As with the 
erosionall  features, these occur on Beacon bedrock surfaces and the upper 
surfacee of Sirius tillit e (Fig. 3). The fourth type ('Sandstone Debris on Lee 
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Tablee l 
Cold-basedd erosional features at Allan Hill s (modified from Atkins et al., 2002). 

Type e 

I I 

II I 

II I I 

rv v 

Name e 

Broad d 
scrapes s 

Individual l 
striaee and 
grooves s 

Scraped d 
boulders s 

Ridge-and--
groove e 
lineations s 

Distributio nn in Allan 
Hill s s 

<50mm to Manhaul Bay 
andd Odell Glacier snouts 

<50mm to Manhaul Bay 
andd Odell Glacier snouts. 
Occasionallyy inland 
beneathh protected 
brecciatedd sandstone 

Widee distribution 
throughoutt Allan Hills, 
upp to 1.8km inland of 
presentt Manhaul Bay 
Glacierr snout 

Widee distribution in 
centrall  Allan Hill s within 
thee Manhaul Bay Glacier 
advancee limit 

Dimensions s 

Width:: <500mm 
Depth:: <40mm 
Length:<ll  200mm 

Width:: < 100mm 
Depth:: <15mm 
Length:: Decimetres 

Width:: ~50mm 
Depth:: mm scale 
Length:: cm-dm scale 

Width:: mm scale 
Depth:: mm scale 
Length:: <500mm 

Principall  Characteristics 

 Unweathered scrapes 
 Consist of many smaller striae or grooves 

onn mm-cm scale 
 Abrading tool often present 
 cm scale levees along flanks of the 

abrasionn marks 

 Unweathered individual linear abrasions, 
mayy also occur in sub parallel clusters 

 Nail head or symmetrical morphology 
 Linear groups of striae up to 2m in length 

alsoo occur 
 Abrading tool often present 
 cm scale levees along flanks of the 

abrasionn marks 

 Unweathered scrapes 
 Occur on stoss side of weathered and 

lodgedd dolerite boulders, being clearly 
identifiable e 

 Boulders occasionally overturned exposing 
thee fresh side and not the characteristic 
darkk brown desert varnish 

 Parallel fine lineations 
 Platy and dark surface 
 Sheen appearance similar to slickensides 
 Occur within carbonaceous layers beneath 

brecciatedd sandstone debris 

Slopes')) will be discussed here under cold-based glacitectonic 
observations,, because we consider it more closely related to these features. 
Alll  three depositional types are related to the removal, entrainment and 
depositionn of Beacon bedrock, and their distributionn may be seen in Fig. 3. 

Thee Atkins et al., (2002) type I sandstone and siltstone breccias or 
Manhaull  Glacial Diamict (Lloyd Davies and van der Meer, 2002) is 
proposedd in this paper to be named the Manhaul til l (not a formal 
stratigraphicc name), because it was deposited subglacially (Atkins et al., 
2002)) as a diamicton by glacial ice (Dreimanis, 1988). The Manhaul til l 
(Fig.. 5A) has been described by Atkins et al., (2002) as a "sandstone and 
siltstonee breccia...unlithified, poorly compacted and typically less than 
30cmm thick and less than 3m across, consisting of crushed or brecciated 
Beaconn sandstone and siltstone." The deposit is part of a continuum that 
extendss from intact Beacon bedrock to crushed and brecciated Beacon 
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Fig.. 4 

A. . 

B. . 

Exampless of cold-based glacial erosional 
featuress in the Allan Hills. 
Erosionall  Type I: broad scrapes consisting of 
multiplee grooves on Beacon sandstone. 
Erosionall  Type II : individual striae and 
groovess (black arrow) upon Beacon sandstone. 
Thee white arrow indicates former glacier flow 
directionn away from the current Manhaul Bay 
Glacier,, and the abrading tool (black circle) is 
stilll  visible at the distal (terminal) end of the 
feature.. Ice axe is 8ocm long. 
Erosionall  Type III : scraped dolerite boulder, 
thee scrapes being highlighted by the white 
arrows.. The black arrow indicates former 
glacierr flow direction. Visible head of rock 
hammerr is 12cm wide. 
Erosionall  Type IV: ridge and groove 
lineations.. Overlying breccia was removed to 
reveall  the platy sheen of the type IV 
abrasionss on this layer of carbonaceous 
siltstonee (black arrow). The white arrow 
indicatesindicates former glacier flow direction away 
fromm the current Manhaul Bay Glacier. Note 
icee axe for scale. 

Overturnedd and striated dolerite boulder also revealing a lump of Manhaul til l (above 33cm 
longg rock hammer). The overturned facet is distinct because it is not as ventifacted as the 
otherr dolerite boulders in the Allan Hills. 

D. . 
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whichh grades into the Manhaul til l per se, this being a matrix supported 
depositt containing clasts. In central Allan Hill s it is composed of 
fragmentedd carbonaceous siltstone and sandstone bedrock with fragments 
off  coal; in north-west Allan Hill s where the bedrock is Mawson Formation, 
thiss is reflected both in the matrix and clasts in the till . Depending on the 
locall  lithology the til l is grey-yellow in colour, with a i.5-2cm weathering 
rindd resulting in a more yellow-green appearance. The Manhaul til l is 
poorlyy sorted, its matrix is friable and structureless, and contains 
subangularr clasts up to 40cm, but commonly i-6cm, in diameter. Any 
'structures'' are inherited from the underlying bedrock (e.g. laminations). 
Thee interface between the underlying substrate and Manhaul till , 
especiallyy on the vertical faces of escarpments, commonly displays thin 
(<2cm)) veneers of a silty-clay matrix (with underlying ridge and groove 
lineations)) that appear 'plastered' onto the bedrock (Atkins et al., 2002; 
Fig.. 5B). In carbonaceous layers with a dark, platy sheen these lineations 
aree similar to slickensidess and indicate north-south movement (Atkins et 
al.,, 2002). The Manhaul til l is in places relatively cohesive and has been 
observedd on the vertical faces of boulders and escarpments. 

Thee Manhaul til l is commonly patchy in distribution; its average thickness 
iss 5-8cm. Its occurrence is associated with broken-up bedrock or boulders, 
ice-coredd debris cones and boulder trains. The best preserved deposits are 
associatedd with bedrock escarpments, especially vertical faces close to the 
Manhaull  Bay and Odell Glaciers (Atkins et al., 2002). Hitherto, the 
thickestt deposit is found within -loom of the Manhaul Bay Glacier snout, 
againstt a steeply descending slope, where the deposit is up to 5-6m thick 
althoughh the majority of this is thought to be buried ice. 

Ass Fig. 3 demonstrates the Manhaul til l is widely distributed and not just 
foundd around the snout of the Manhaul Bay Glacier (cf. Lloyd Davies and 
vann der Meer, 2001). The highest occurrence is on the top of the northern 
walll  of Trudge Valley (i894masl; Fig. 5C). 

Large,, isolated boulders (up to 3m) are considered a depositional feature 
andd occur on exposed platforms of Beacon. These have not ploughed into 
softerr sediment or tectonised underlying bedrock. Isolated boulders are 
nott associated with Manhaul til l or erosional features but are widespread 
inn north-central Allan Hills, resting on the Beacon bedrock (Fig. 5D). 
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Fig.. 5 
A. . 

B. . 

C. . 

D. . 
E. . 

Exampless of cold-based glacial depositional features in the Allan Hills. 
Typicall  light-coloured patch of Manhaul til l (black arrow) on darker Beacon 
sandstonee in the Allan Hills. Note ice axe for scale. 
Thinn (<2cm) veneers of Manhaul til l 'plastered' onto bedrock (as shown by white 
andd black arrows). This occurs on an ice proximal escarpment facing the Manhaul 
Bayy Glacier. Ruler is 30cm long. 
AA thick deposit of Manhaul till , outlined by white dashed border. The til l is 
locatedd on the steep stoss side of an escarpment and this is the highest occurrence 
off  Manhaul til l to date at 1894 masl. Note ice axe (black arrow) for scale. 
AA 'typical' isolated boulder upon a platform of Beacon bedrock. 
Ann ice-cored cone close to the Manhaul Bay Glacier snout in the background, note 
personn to the left for scale. 

Sevenn ice-cored cones covered by loose Beacon debris (ranging from sand to 
boulderss in size; Table 2; Fig. 5E) have been identified in the Allan Hills. Four 
coness are found adjacent to and below escarpments, suggesting a relation. 
North-southh trains of broken and crushed sandstone or carbonaceous 
siltstonee blocks, and veneers of Manhaul till , are occasionally associated with 
thee ice-cored cones. Two ice-cored cones are part of such a train that is close to 
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Tablee 2 
Cold-basedd depositional features at Allan Hills (modified from Atkins et al., 2002). 

Type e 

I I 

II I 

III I 

Name e 

Sandstonee and 
siltstonee Breccia 
(Manhaull  till ) 

Isolatedd boulders 

Ice-coredd debris 
cones s 

Distributio nn in Allan 
Hill s s 
Central,, Allan Hills. Up to 
2.5kmm inland of Manhaul 
Bayy Glacier snout and 
1894masl l 

Centrall  Allan Hill s and 
2.25kmm inland into 
Trudgee Valley 

Centrall  Allan Hills, up to 
1kmm inland of present day 
Manhaull  Bay Glacier 
snout t 

Dimensions s 

-30cmm thick 
300cmm across 

Linearr trails of till up 
too 10m long 

<3mm diameter 

Onn average <5m 
high,, highest 
recordedd ~8m. 
Onn average 7-9m in 
diameterr (at base), 
widestt recorded 
~12m m 

Principall  Characteristics 

 Poorly compacted, unlithified, 
crushedd bedrock (majority 
beingg local Beacon) 
 Commonly found as sporadic 
thinn (~30cm thick) patches or 
thinn veneers plasteredd on 
verticall  walls of Beacon 
escarpmentss facing present day 
Manhaull  Bay and Odetl 
Glaciers s 
 Occasionally tapers inland 
fromm glacier margin 
 Associated with some boulder 
andd cobble trains aligned 
north-south h 

 Subangular to subrounded 
 Usually Beacon sandstone or 
siltstonee in lithology 

 Occasionally found in areas of 
relativelyy flat relief 

 When associated with 
glacitectonisedd bedrock, size 
decreasess distally from ice 

 Ice-cored 
 Covered by loose Beacon 
debris,, ranging from sand to 
boulderss ~1.2m thick 

 Occasionally a small boulder 
(cobble)) train, aligned north-
south,, <100m long, trends up to 
andd beyond the feature 

thee Manhaul Bay Glacier snout. The train extends for 17m, is 2m wide, and is 
composedd of Manhaul till as well as brecciated and broken cobbles of local 
lithology.. An ice-cored cone, followed by a large sandstone boulder terminates 
thee train's distal side. In line with this configuration and 25 metres farther 
southh is another ice-cored cone 8m high and 12m in diameter at the base 
(largestt observed). Both the debris train and ice-cored cones are positioned 
beloww an escarpment that is one of the highest (i675masl) points in central 
Allann Hills. The farthest inland ice-cored cone is lkm from the edge of the ice 
(Atkinss et al., 2002), and the distribution of the remaining cones may be seen 
inn Fig. 3. One ice-cored cone has been observed approximately 100 metres 
abovee the Odell Glacier margin (Lloyd Davies and van der Meer, 2002), and is 
labelledd with a question mark in Fig. 3, as it was not possible to fully access the 
deposit t 

3.33.3 Glacitectonics 

Threee scales of glacitectonic deformation, boulder trains, stone lines and 
ploughedd boulders thought to be related to an advance of the Manhaul Bay 
andd Odell Glaciers are evident in central Allan Hills. The three scales are 
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smalll  030m2, type I), medium (~30-iooma, type II) and large (>ioom2, 
typee III ) as summarised in Table 3. Thirty three examples of deformed 
bedrockk were identified as shown in Fig. 3; twenty of these are the smaller 
scalee (type I), nine of the type II scale, and four of the largest type III scale. 
Fig.. 3 outlines the distribution of the glacitectonic features which are 
discussedd below. 

AA common observation for all three scales of glacitectonised bedrock, but 
moree so in types II and III , is that the stoss parts of the feature are 
relativelyy intact with more deposits of Manhaul till . In contrast the distal 
regionss are far more deformed as shown by fracturing, quarrying, 
brecciation,, some Manhaul til l and 'sandstone debris on lee slope' deposits 
(Atkinss et al's., 2002, type IV depositional feature). In places the fractures 
aree filled with Manhaul till , wind blown fines or both. The fractures have 
sharpp edges and vary in form: linear or concave and convex, in isolation or 
mergingg and branching. The fracture density commonly increases until 
completee brecciation dominates. Larger fractures in types II and III 
delineatee regions which are more brecciated and in places fracture density 
increasess within sandstone and siltstone with a higher carbonate or 
organicc matter content. Furthermore, the clearest examples of deformed 
bedrockk are in areas of highly irregular topography such as the raised ridge 
andd its adjacent depression or Valley*, facing the easternmost lobe of the 
Manhaull  Bay Glacier (Fig. 3). 

3.3.13.3.1 TypeI(~3orrf). Type I cold-based glacitectonic features are 
commonlyy observed on flatter regions of bedrock, and is less obvious in the 
fieldfield than types II and III . Examples are extensional fractures within 
bedrockk and small bedrock promontories being sheared off on their lee 
sides,, producing brecciated clasts (Fig. 6A). The fractures are oriented 
parallell  to the glacier margin, usually a few em's wide, and up to 2 metres 
inn depth and length. Manhaul til l is associated with type I features, but not 
ass commonly as in types II and III . 

3.3.23.3.2 Type II(sonf-ioonf). Type II examples include large, split 
boulderss or other isolated boulders that have deformed and brecciated 
theirr underlying bedrock as well as regions of irregular bedrock platforms 
expressingg subparallel extensional fracturing, quarrying and brecciation. 
Twoo isolated boulders were observed that acted as the tools to deform their 
underlyingg bedrock (Figs. 3 and 6B-C). The more northerly example (Fig. 
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Tablee 3 
Cold-basedd glacitectonic features at Allan Hills. 

Type e 

I I 

II I 

III I 

Name e 

Smalll  scale 

Medium m 
scale e 

Largee scale 

Distributio nn in Allan 
HiUs s 
Majorityy within 0.6km of 
Manhaull  Bay Glacier 
snout,, found upon a ridge 
att the cleft of the glacier 
andd surrounding bedrock 
escarpments s 

Foundd from within 0.5km 
off  Manhaul Bay Glacier 
snoutt and farther inland 
upp to 1.8km. Commonly 
associatedd with steep 
valleyy edges 

Foundd in association with 
steepp edges of a valley or 
variationn in relief; within 
0.4kmm of the Manhaul 
Bayy Glacier snout and up 
too 1.6km inland 

Dimensions s 

~30m2 2 

-30-100m* * 

>100m2 2 

Principall  Characteristics 

 20 cases recorded 
 More frequently observed upon flatter 
regionss of bedrock 
 Tensional fractures within bedrock 
 Small bedrock promontories sheared off on 
leee side with brecciated clasts 
 Occasional Manhaul till l 
 9 cases recorded 
 Isolated (intact and split), displaced 
boulders s 
 Isolated, displaced boulders which have 
beenn the glacial tool in deforming their 
underlyingg bedrock 
 Irregular bedrock with subparallel tensional 
fracturingg and brecciation 

 Ice distal ends of bedrock ridges display 
tensionall  fracturing, quarrying, brecciation 
andd blocks sliding downslope 

 Manhaul till commonly on stoss side 
 4 cases recorded 
 Deformed bedrock ridges 
 Includes top of largest boulder train 
 Stoss side has Manhaul till , abrasion marks, 
cobbless and large boulders 
 Lee side characterised by dense extensional 
fracturing,, quarrying, brecciation and 
raftingg of bedrock downslope 

6B)) is approximately 450m from the Manhaul Bay Glacier, consists of 
Beaconn sandstone and sits upon a carbonaceous siltstone platform that is 
fracturedd and brecciated below the point of contact. Scattered sandstone 
clastss lie within 4m around the sandstone boulder, as does Manhaul til l 
directlyy overlying fractured coal and brecciated carbonaceous siltstone. 
Thee other isolated boulder (Fig. 6C), with underlying glacitectonised 
bedrock,, is over 2km from the Manhaul Bay Glacier snout and ~i.6km 
fromm the Odell Glacier snout (Fig. 3). 

Otherr type II glacitectonic features include the stoss side of bedrock 
promontoriess composed of a relatively thick cap of Manhaul til l that 
gradess from brecciated and distorted siltstone. In contrast the lee side 
Beaconn bedrock of these features are broken, brecciated and inclined down 
slopee becoming increasingly distorted and brecciated, but grading into 
Manhaull  til l is less common (Fig. 6D). The extensional fractures (oriented 
parallell  to the nearest glacier snout), increase in density, but decrease in 
widthh away from the glacier. In places certain fractures delineate areas of 
bedrockk with varying levels of glacitectonic deformation. The widest 
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E. . 

F. . 

H. . 

A. . 

B. . 

Fig.. 6 Examples of cold-based glacial 
glacitectonicc features in the Allan Hills. 
Typee I cold-based deformation of a 
smalll  ridge about 6ocm high and a few 
metress long. The background is the 
stosss side. 
Detaill  of an isolated boulder being the tool 
thatt deformed (fractured) its underlying 
carbonaceouss siltstone bedrock (white 
arrowss highlight main fractures). The lee 
sidee is to the right. Note ice axe below tilted 
whitee arrow for scale. 

C.. Heavily brecciated bedrock directly 
beneathh an isolated boulder (as shown 
byy white arrow). The lee side is to the 
left.. Boulder is approx. 2m high. 

D.. Type II cold-based deformation of 
bedrock.. Note the increase in fracture 
density,, brecciation intensity and 
deformationn towards the lee end of the 
bedrockbedrock platform (towards the left). The 
thickk white arrow indicates former 
glacierr flow direction away from the 
currentt Manhaul Bay Glacier; note also 

icee axe (black arrow) and measuring tape (white arrow) for scale. 
Typee III cold-based deformation of bedrock. The stoss maintains intact bedrock 
(foreground),, but there is complete fracturing, quarrying, brecciation and toppling of 
thee ice distal ledge (background). The deformation observed here is on a scale of 
decimetres.. The black arrow indicates former glacier flow direction away from the 
currentt Manhaul Bay Glacier. 
Topp of the largest boulder train in Trudge Valley. Note the quarried appearance of the 
bedrock;; among the large boulders are smaller bedrock blocks and fines as well as 
Manhaull  till . The large white arrow indicates former glacier flow direction away from 
thee current Manhaul Bay Glacier, which is <2km to the right (Fig. 3). Large boulder in 
thee immediate foreground (small white arrow) is 2m across. 
Thee largest boulder train in the Allan Hills. The boulder train widens laterally in the 
valleyy bottom with distance from the Manhaul Bay Glacier. The large boulders in the 
foregroundd (bottom) of photograph are ~3-4m in diameter. 
AA ploughed boulder in the lowest point of Trudge Valley. Note the dilated Sirius tillit e 
onn the lee side of the ploughed boulder, indicating the direction of pressure was from 
leftt to right in the photograph, as indicated by the white arrow. Ice axe for scale. 
AA creamy white quartz stone line (<2m wide) at the lowest point in Trudge Valley, 
orientedd east-west. The steep, retreating snout of the Odell Glacier is in the 
background.. View to the east. 

fracturess are up to 15cm, but most are 7cm and the smaller more fissure 
likee fractures are less than lcm wide. The fractures (~i to 2+m long) 
commonlyy penetrate downwards (sub-vertically) into different strata of 
Beaconn bedrock. 

3-3-33-3-3 Type III(>ioonf).  Only four clear examples of this scale of 
glacitectonicc deformation have been recognised, and all occur on bedrock 
platformss at relatively higher elevations than type I or type II deformation 
(1675-17255 masl; Fig. 6E). Type III is characterised by the ice proximal 
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(stoss)) part of the platform expressing relatively subtle extensional 
fracturingg (oriented parallel to the nearest glacier snout), a lag of boulders 
(>i.5mm in diameter) and cobbles with some Manhaul till . The ice-distal 
sidee of the platform, by comparison, is characterised by complete 
fracturing,, brecciation and rafting of bedrock steps, which results in a 
'concertinaa toppling' effect down to a lower elevation. Pulverised bedrock 
thatt occasionally grades into Manhaul til l is associated with this intense 
deformationn and the fractures decrease in length and width away from the 
icee with Manhaul til l bridging some of these fractures. Towards the apex of 
thee rafted and brecciated bedrock are fractures over 2m wide, and within 
themm are nearly lm sized boulders. Other boulders decrease in size toward 
thee distal margin of the feature, in concert with increasing levels of 
brecciation.. In summary, type III glacitectonics are consistently associated 
withh deposits of Manhaul til l and a surface lag of boulders and cobbles on 
theirr stoss sides, with the lee side characterised by abundant extensional 
fracturing,, quarrying, brecciation and block displacement farther downslope. 

3.3.43.3.4 Boulder trains. Fig. 3 shows a number of boulder trains, the most 
prominentt of which descend from bedrock promontories into Trudge 
Valley.. Of the four adjacent boulder trains in this area, the second largest 
onee has been described by Atkins et al., (2002) and the two smaller ones 
weree mapped using aerial photographs. The most conspicuous boulder 
trainn (>ikm long) was investigated in the field. The gradient on the 
northernn flank of Trudge Valley, close to where the longest boulder train 
begins,, is 0260. The top of this boulder train reveals quarried, rafted and 
brecciatedd bedrock with large (>4m) displaced boulders and cobbles' long 
axess orientated 0450 in the direction of the boulder train (Fig. 6F). From 
thee northern slope of the valley the boulder train thins out towards the 
valleyy bottom where it expands laterally (Fig. 6G).. It ends one third the 
wayy up the southern slope of the valley upon an ice and snow field (Fig. 3). 
Thee boulder train itself is chaotically arranged with many of the large (3-
4m)) sandstone boulders precariously balanced upon the northern valley 
side.. Characteristically, sporadic deposits of Manhaul til l are also apparent 
att the top of, and within, the train on the stoss sides of boulders. 

Fartherr north and close to the Manhaul Bay Glacier is a second 
conspicuouss boulder train of coal. The train extends north-south (1660) for 
105m,, and increases in clast size and density towards the south (its end), 
beforee it terminates at a downstepping escarpment (Fig. 3). 
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3.3.53.3.5 Ploughed boulders. Most ploughed boulders are found on the bottom 
off  Trudge Valley close to the snout of the Odell Glacier, as indicated in Fig. 
3.. The clasts vary in size from large cobbles (c. 20cm) to large boulders (1-
22 m; Fig. 6H). The boulders and cobbles are desert varnished dolerite, 
oblongg and ploughed into the underlying Sirius tillite. Ridges of dilated, 
friablee Sirius ~50cm high are found on the lee side of the boulders. 

3.3.6Stone3.3.6Stone lines. Other, substantially smaller 'boulder trains', which we 
describee here as stone lines are found at the lowest point of Trudge Valley. 
Theyy stand out because of their contrasting colour of creamy white 
overlyingg the red-grey Sirius tillit e (Fig. 61). There are three stone lines, all 
orientedd perpendicular to the Odell Glacier snout and each composed of 
whitee quartz. The longest one begins with a crushed boulder (>im in 
diameter)) from which the lineation is derived. It is made up of small to 
mediumm sized cobbles and boulders (-60cm maximum in diameter) and 
extendss no0 east for 30m. All the clasts are partially embedded (on 
averagee 5-iocm deep) in the Sirius tillit e surface, while some neighbouring 
doleritee clasts and boulders are similarly aligned and ploughed (see 
above).. The two smaller, parallel stone lines of quartz are to the south-east 
off  this feature and measure just over 10m long. One quartz clast is 
superimposedd upon brecciated and fissured carbonaceous siltstone infilled 
withh Sirius tillite, indicating post Sirius Group deposition. The clasts' 
undersidee display faint slickensides oriented parallel to the stone line 
indicatingg ice movement into Trudge Valley from the east. The slickensides 
aree similar to the Atkins et al., (2002) ridge and groove lineations 
(erosionall  type IV). Fig. 3 demonstrates the distribution of the stone lines, 
whichh occur within 200m of the Odell Glacier snout. 

4.. DISCUSSION 

Longg established principles hold that cold-based glaciers do not affect their 
substratee as these glaciers are supposed to be frozen solidly to their bed. 
However,, from the description above it is clear that an advance of the 
Manhaull  Bay and Odell Glaciers, which were certainly cold-based (Atkins 
ett al., 2002), left a very distinct imprint on the landscape. This raises the 
questionn regarding which processes are responsible for the geomorphic work. 

67 7 



Chapters Chapters 

Ass a starting point, we maintain that a cold-based glacier is frozen to its 
bedd and that large parts of the bed are, and remain, inactive, although 
somee authors suggest cold-based glaciers may slide albeit very slowly 
(Echelmeyerr and Zhongxiang Wang, 1987; Cuffey et al., 1999)- The obvious 
placee where a cold-based glacier is in active contact with its bed is at the 
margin,, especially when the glacier is advancing. When the glacier starts to 
grow,, after a quiescent phase, the forward momentum will not be enough 
too break the bond between glacier and bed. Consequently the glacier will 
steepenn its margin and will continue to do so until oversteepening leads to 
failuree and a frontal apron of ice blocks and rubble. This is due to the 
intermittentt process of ice blockfall, as seen in advancing cold-based gla-
cierss elsewhere (Chinn, 1985,1989,1991; Evans, 1989). Freezing of blocks 
andd rubble will reconnect this material too the glacier, which can now move 
forwardd over the apron. Effectively the ice block toppling and refreezing, 
actss as a 'rolling carpet' or ramp for the glacier to move forward over the 
apronn (Chinn, 1985,1991; Bennett et al., 2003). It is now appropriate to 
reconstructt how such an advancing ice front affects the landscape. 

Thee first area of influence will be when the advancing cold-based glacier 
andd associated 'rolling carpet' of ice blocks encounter surface boulders and 
cobbless as depicted in Fig. 7A-F. The frontal ice block apron begins to 
surround,, wedge under and envelope the surface of encountered boulders 
andd debris leading to their gradual incorporation within the carpet of ice 
blockss (Fig. 7D; Evans, 1989). Boulders are incorporated into the glacier's 
basall  zone (Fig. 7E), with the potential for lifting off the bed due to varia-
tionn in the ice flow velocity profile (Fitzsimons et al., 1999) and 
compressivee flow (Fig. 7F). 

Whenn variations in relief are encountered the ice block apron begins to 
buildd up between the glacier and higher escarpment, incorporating 
boulderss and debris (Fig. 8A-D). The apron of ice blocks acts as a ramp to 
inducee upward transport of the incorporated boulders and debris (Fig. 8A; 
Chinn,, 1985,1991). As the glacier advances upon its ice block apron, first 
aroundd and then upon, the higher escarpment (Fig. 8B), higher pressure 
pointss between the glacier and the stoss side of the ridge will induce 
glacitectonicc brecciation of the apron ice (Chinn, 1991), substrate as well as 
depositionn of Manhaul til l (Fig. 8B-C; Atkins et al., 2002). Some boulders 
wil ll  contact the bedrock, rotate, and then be dragged along the stoss 
surfacee of the bedrock ridge, forming abrasion marks (Figs. 4A-B and 8C; 
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Fig.. 7 A proposed sequence for cold-based glacier incorporation of boulders and other 
debriss via ice block entrainment in the Allan Hills. Glacial ice is light grey, Beacon 
substratee and boulders are dark grey. 

A.. A cold-based glacier which is not advancing and frozen to its bed. The convex or 
steepp margin reflects the passive state, much like the Manhaul Bay and Odell 
glacierss of today. 

B.. Upon forward movement of the ice with the glacier still being frozen to its bed (i), 
thee margin becomes steeper, leading to marginal overhanging and fracturing (ill . 

C.. Over steepening of the glacier snout leads to ice block calving and toppling (i), 
resultingg in the formation of an ice block apron (ii). (iii ) The ice block apron is 
frozenn onto the base of the glacier and acts as both a ramp and a 'rolling carpet' 
forr the forward motion of the glacier. 

D.. The frontal ice block apron begins to surround, wedge under and envelope 
boulderss and debris. 

E.. Incorporation of the 'rolling carpet' now includes boulders and debris as well as 
thee ice block apron (Evans, 1989; Bennett et al., 2003). 

F.. Boulders are incorporated higher in the basal zone because of the subglacial 
'ramp'' on the 'rolling carpet' (Chinn, 1985,1991). 

Atkinss et al., 2002). Forward motion of the glacier, its compressive flow 
againstt the substrate, and the occurrence of connected fractures will 
inducee sub-vertical extensional fracturing whose spacing will decrease 
withh continued glacier advance, and aid quarrying of the lee side of the 
ridgee (Addison, 1981; Rastas and Seppala, 1981; Iverson, 2002). As the 
glacierr covers the bedrock ridge, the lee end is covered by a downward 
slopingg thick apron of ice blocks. The thick ice block apron acts as a ramp 
forr the 'descending' glacier (Fig. 8C), resulting in ice-bed separation and 
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thee potential for further deformation as well as boulder and debris 
entrainment.. This is due to two processes: the separation of ice from the 
bedrockk and the utilisation of the space now created adjacent to the raised 
escarpment.. The ice-bed separation means that 'point' stress differences 
aree maximised due to some of the glacier weight being 'shifted' to the zone 
off  ice-bed contact. Therefore, there is more compressive stress on a 
relativelyy small portion of the substrate, increasing the overall effective 

Fig.. 8 

B. . 

Proposedd model for cold-based glacitectonic deformation types I, II and II I of 
bedrock.. Glacial ice is light grey, Beacon substrate and boulders are dark grey and 
thee thick arrows indicate glacier flow direction. 
Thee advancing glacier approaches a change in relief (i.e. bedrock ridge) and the 
icee block apron begins to build up between the glacier and higher escarpment, 
incorporatingg and lifting boulders and debris as described in the text. 

i)) High pressure points between the glacier and bedrock (on the stoss side of 
thee ridge) induce glacitectonic brecciation, Manhaul til l deposition, and 
rotationn and dragging of boulders along the bedrock stoss side, forming 
striae. . 

ii )) Incipient sub-vertical extensional fractures occur in the bedrock. 

i)) Processes on bedrock stoss surface continue as described in Fig. 8Bi). 
ii )) Extensional slip and fractures open up in the substrate, the glacier now 

cappingg the bedrock ridge. 
iii )) At the lee end of the ridge an ice block apron forms, acting both as a ramp for 

thee 'descending' glacier and forming a cavity. This encourages glacitectonism 
ass shown by extensional slip, widened fractures, quarrying and brecciated 
bedrock. . 

D. . 
i)) With retreat of the glacier, larger boulders, Manhaul til l (black triangles) and 

abrasionn marks are predominantly found on the stoss side. 
ii )) Extensional slip, fracturing, quarried and brecciated bedrock with smaller 

boulderss and some Manhaul til l are found on the lee side. 

70 0 



Cold-basedCold-based glacier advance in Antarctica 

pressuree upon an already well jointed substrate. This, in combination with 
aa developing cavity, induces tensile fracturing, extensional slip, widened 
fractures,fractures, brecciated bedrock and quarrying as the adjacent 'gap' permits 
thee broken bedrock to go somewhere. With retreat of the glacier, larger 
boulders,, Manhaul til l and abrasion marks are predominantly found on 
thee stoss side of the ridge, and extensional slip, fracturing, quarrying and 
brecciatedd bedrock dominate the lee side (Fig. 8D). Such a model is in 
accordancee with both our field observations as well as those from 
elsewheree (Puranen, 1990; Benn and Evans, 1998; Iverson 2002). 

Fig.. 9A-E is a proposed model for the formation of subglacial boulder 
trains,, and maybe seen as a continuation of the model just described in 
Fig.. 8; the difference being a greater contrast (downwards) in relief. As Fig. 
33 demonstrates, the boulder trains are all associated with a major step 
downn in relief, the tops of which have been quarried (Fig. 6F). As the 
glacierr and its ice block apron approach a relatively steep distal 
escarpmentt (Fig. 9A), fracture development and boulder contact with the 
stosss sides would take place as described above (Fig. 9B). However, with 
thee steep descent of the glacier upon its ice block apron, extensive ice-bed 
separationn would occur (Fig. 9C), orders of magnitude greater than that 
describedd in Fig. 8. This would place very high pressure on the stoss side of 
thee bedrock step, immediately up ice from the point of ice-bed separation 
(Fig.. 9C-D), for the same reasons as outlined above. The greater the 
descent,, the larger the separation would be between the ice and the bed, 
andd therefore the higher the deforming and quarrying potential. This effect 
wouldd be limited only by the strength of the ice (Iverson, 2002). 
Furthermore,, as described above, the lee side breach and resultant relative 
lackk of confining pressure, allow extensive quarrying to loosen boulders 
andd rock fragments which may then spall off*  into the cavity (Röthlisberger 
andd Iken, 1981) initiating the subglacial boulder train (Fig. 9C-D; Puranen, 
1990).. For this reason the majority of boulder trains terminate at the 
descendingg slope's lowest point (e.g. valley bottom) where the cavity would 
bee smallest (Fig. 9D). With retreat of the glacier a non-sorted linear 
boulderr train as well as some Manhaul til l remain (Fig. 9E). 

Noo model has been proposed for the formation of the stone lines and 
ploughedd boulders, as currently we are unable to find an explanation as to 
howw they were formed by cold-based ice. Their context and orientation 
suggestt they were both formed by a westward expansion of the Odell 
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Fig.. 9 A proposed model for the formation of cold-based subglacial boulder trains. 
Glaciall  ice is light grey, Beacon substrate and boulders are dark grey and the thick 
arrowss indicate glacier flow direction. 

A.. The glacier advances upon its 'rolling carpet' of ice blocks towards a bedrock step 
withh a sudden drop in elevation on its distal side. (Sub)-vertical extensional 
fracturess develop in the underlying sedimentary bedrock. 

B. . 
i)) Up glacier high pressure points induce brecciation, Manhaul til l deposition 

andd abrasion on the stoss side of the step, 
ii)) The number of (sub)-vertical extensional fractures increases and their 

spacingg decreases, 
iii )) The advancing glacier covers the step and an ice apron as a 'descending ramp' 

developss on the lee side of the step, 
iv)) Over steepening and topple of ice blocks at the glacier margin continues to 

formm an ice block apron. On this occasion the ice block apron thins and 
spreadss out toward the valley bottom due to the steep descent of the 
escarpment. . 

C. . 
i)) Brecciation, Manhaul til l deposition and abrasion would continue on the 

stosss side. 
ii)) The separation of ice and bedrock and the formation of a lee-side cavity 

facilitatess extensional fracturing, quarrying, brecciation and the removal of 
bedrockk blocks. The blocks can then move downslope into the overridden ice 
blockk apron. 

D.. The glacier continues to advance over its 'extended' ice block apron. 
i)) Brecciation, Manhaul til l deposition and abrasion would continue on the 

stosss side, 
ii)) As long as ice-bed separation and a cavity exist, extensional fracturing, 

quarrying,, brecciation and the removal of bedrock blocks occur, 
iii )) The lee-side cavity filled with ice blocks, but not solid ice, is exceptionally 

largee due to the steep slope and terminates as the relief levels out. This 
providess the space for quarried boulders and debris to accumulate as gravity 
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pullss boulders into line. As the glacier approaches flatter relief, and the 
subglaciall  'rolling carpet' thins, the boulders spread out laterally into 
remainingg open areas of the lee-side cavity (Fig. 6G.). 

E.. Upon glacier retreat a subglacial boulder train remains. 
i)) Manhaul til l (black triangles) and abrasion features characterise the stoss 

sidee of the bedrock step, 
ii )) Sub-vertical tensional fractures occur in the bedrock, 
iii )) The top of the boulder train is intensively fractured and quarried, reflecting 

thee displacement of large boulders and brecciation of clasts (Fig. 6F). 
iv)) A linear boulder train is left which spreads out laterally towards its end. The 

train'ss boulders are not sorted, and some Manhaul til l is apparent. 

Glacierr into Trudge Valley. Moreover, their fresh appearance, especially 
thatt of the dilated, friable Sirius ridges found on the lee side of ploughed 
boulderss is too recent to be of Sirius tillit e age, that being between -15 
millionn years (Summerfield et al., 1999) and 2 million years (Tschudi, 
2000).. This suggests the 'Sirius ridges' were probably formed during the 
LGM.. The question remains how a cold-based glacier could have crashed 
andd aligned clasts and small boulders along flat terrain, as well as induced 
subglaciall  ductile deformation brought about by boulder ploughing in the 
samee area. 

Finally,, compelling evidence for the use of an ice apron as a 'rolling carpet' 
too entrain boulders and debris, as well as facilitate glacitectonism, is s 
bubblee rich and fractured ice at the basal snout of the Manhaul Bay Glacier 
(Figs.. 2 and 3). Ice block apron materials contain a high number of air 
voids,, especially between fallen blocks, explaining the presence of trapped 
airr (bubbles). In this context bubbly ice is indicative of having formed by 
icee block apron entrainment (Shaw, 1977a). An alternative explanation is 
thatt the bubbles are formed by summer melt, but during the four field 
seasonss no basal or frontal melting from the Manhaul Bay or Odell 
Glacierss was observed. However, it cannot be discounted that melting may 
havee occurred in the past,, even though this fails to explain the high 
fracturee density associated with the bubble rich basal ice. Fine-grained 
materiall  is also known to be entrained by frontal aprons (Shaw, 1977a; 
Chinn,, 1985; Bennett et al., 2003) and subglacial regelation (Cuffey et al., 
1999,2000)) as well as the over-riding and subsequent freezing on of ice-
coredd or covered debris (Chinn, 1991). 
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5.. PRESERVATION POTENTIA L 

Ass there is no published suite of landforms and sediments related to cold-
basedd glacial conditions Kleman (1994) and Kleman & Borgström (1994) 
usedd preserved, unscathed landforms once covered by ice as positive 
evidencee of former cold-based conditions. Shaw (1977a and b), on the 
otherr hand, has described sedimentological characteristics of'cold-based 
tills'' in Taylor Valley, Antarctica derived from fine-grained and or 
lacustrinee proglacial sediments. This was done with the assumption that 
suchh tills, within the correct context, have the potential to establish former 
cold-basedd conditions elsewhere. However, the effects on these sediments 
off  changing climatic conditions have not been considered. We consider 
beloww the preservation potential for all the described 'cold-based 
subglacial'' features when they are subjected to environmental change 
drivenn by climatic amelioration. Four different scenarios: 1) deglaciation 
underr polar, arid conditions, 2) deglaciation as characterized by temperate 
ice,, 3) paraglacial processes within a periglacial environment and 
4)) temperate (interglacial) conditions are discussed as these reflect the 
changess experienced by present day temperate areas that were once 
coveredd by cold-based glaciers. 

5.15.1 Deglaciation under polar, arid conditions 

Thee contemporary cold and arid environment of the Allan Hills, and other 
icee free areas of South Victoria Land, is geomorphologically stable (Denton 
ett al., 1993) in comparison to other formerly glaciated regions worldwide. 
Thee local ice masses are cold-based (Atkins et al., 2002), precipitation 
levelss are low, and there is minimal liquid water in the form of melting 
snoww patches (Lloyd Davies and van der Meer, 2001). A significant 
geomorphologicall  process is wind (Miotke, 1982; Campbell and Claridge, 
1987;; Hall, 1989), with estimated speeds up to 250 kmhrl in nearby ice free 
areass (Malin, 1985). Ever since interstadial conditions began as early as 
13,0000 years ago (Lorius et al., 1985), gradual retreat of the local polar 
outlett glaciers has taken place. As the climate has since remained cold and 
dryy (Barrett, 1999), the most active geomorphological process acting upon 
thee cold-based features described is therefore wind. Deflation surfaces of 
ventifactedd dolerite blocks, parallel crested ridges and wind sculptured 
isolatedd boulders are testament to the abrasive effect wind has in the Allan 
Hills.. Despite this, the glacitectonic features, boulder trains and ploughed 
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boulderss are intact across central Allan Hills, although certain boulders 
showw evidence of wind abrasion. The ice-cored cones in the contemporary 
coldd and arid environment are most susceptible to sublimation, even 
thoughh their preservation potential is improved by a debris mantle 
(Carrarra,, 1975; Driscoll, 1980; Hindmarsh et al., 1998). The faster the 
windd the more rapid the rate of sublimation (Law and van Dijk, 1994), 
especiallyy when the ice formation is not shielded from the wind (Seligman, 
1963;; van Dijk and Law, 1995). 

Thee field experiments of de Jong and Kachanoski (1988), illustrate this 
furtherr as increased wind speeds from o to 1.5 m81 resulted in a higher 
sublimationn rate (upon ice) from 7 to 400 gm"2h"1. The current distribution 
off  ice-cored cones in Fig. 3 further supports this idea, as five of the seven 
casess are found in the lower, wind protected area. The two other ice-cored 
coness are found at the very snout of the Manhaul Bay Glacier, where they 
havee been recently released. Given that 80cm of debris cover preserves 
Antarcticc ice for at least 18,000 years (Chinn, 1991), we estimate that the 
ice-coredd cones, with an average cover of 120cm (Table 2), would last 
-24,0000 years under constant polar, arid conditions. Therefore, protection 
fromfrom the wind and age, appear to be significant variables regarding the 
preservationn potential of ice-cored cones. After final sublimation of the ice 
coree all that will be left is a loose, inconspicuous rubble mound that is 
subjectt to removal by wind. Isolated boulders deposited by the ablating ice 
wil ll  also be preserved, with some being more exposed to ventifaction or 
'windd sculpturing'. Thirdly, the Manhaul til l is very friable and loose (Lloyd 
Daviess and van der Meer, 2001, 2002; Atkins et al., 2002) and will be 
erodedd by the wind. No examples were found on exposed bedrock; the best 
preservedd outcrops are behind steep (wind protecting) escarpments (Fig. 
3).. Other patches of Manhaul til l are associated with glacitectonised 
bedrock,, where the til l is protected from the wind. Northerly platforms of 
undulatingg Beacon bedrock, which are more exposed too the southerly, 
katabaticc wind, contain sporadic patches of Manhaul til l or small Manhaul 
til ll  lineations (Fig. 3). Consequently they are more vulnerable to wind 
erosion,, which explains their inconspicuous distribution. 

Featuress that are only present on bedrock or boulder surfaces have been 
protectedd from the wind, while the relative lack of liquid water in the Allan 
Hill ss prevents the degree of frost wedging found in wetter environments, 
andd thus such features will change littl e over time. As such we include 
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ridgeridge and groove lineations beneath brecciated bedrock, scraped boulders 
(usuallyy marked on the stoss side), broad shallow scrapes, and singular or 
groupedd striae (Atkins et al., 2002). The latter two will be eroded by the 
windd first, with the crushed and smeared centimetre scale levees being the 
mostt vulnerable, as demonstrated by the comparable example from the 
Canadiann High Arctic, where 4.8 kg"12 of surface soil was eroded (in one 
hour)) by wind speeds between 80 and 150 km1™ (Lewkowicz, 1998). This 
explainss the distribution being confined to areas close to the margins of 
thee glaciers or in wind protected situations. 

5.25.2 Deglaciation under temperate conditions 

AA different type of deglaciation would occur if the climate were to change 
fromfrom polar arid to temperate, as may have happened in the northern 
hemispheree during the Pleistocene. Subglacial, supraglacial and marginal 
meltwaterr features are characteristic of temperate deglaciation (Evans and 
Twigg,, 2002) and this in itself would have significant implications for the 
preservationn potential of features produced under cold-based conditions. 
Meltwaterr would quickly remove the friable Manhaul till , and the smaller 
clastss from glacitectonised bedrock or boulder trains. An example in 
supportt of meltwater's capabilityy to remove and transport sediment is 
shownn by Hicks et al., (1990) in their field experiment which measured 
3000 kgmlyrl of sediment discharge from the snout of the temperate Ivory 
Glacier,, New Zealand. Moreover, depending on the meltwater pressure, 
extensionall  fractures could be widened further, and bedrock subsequently 
weakenedd and disrupted. As the majority of cold-based deformational 
structuress are found on the down ice part of escarpments, the widened 
fracturesfractures would increase the probability of subglacial block removal and 
thee creation of roches moutonnées. Some larger cold-based glacitectonic 
featuress might remain intact, but with a temperate overprint such as a 
subduedd morphology (Kleman, 1994) brought about by subglacial meltwater 
erosion.. Depending on the level of hydrostatic pressure, a number of boulders 
wouldd remain preserved, although possibly more rounded by subglacial 
abrasion.. Where hydrostatic pressures are high enough, boulders up to 2m 
couldd be transported, contributing to depositional landforms such as eskers, 
ass seen elsewhere (e.g. Ireland, Warren and Ashley, 1994). 

Onee of the probable changes would be the production of wet-based till , in 
whichh ploughed boulders would remain, but no longer distinguishable as a 
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productt of cold-based conditions, as boulder ploughing occurs under 
temperatee glaciers. The number of ice-cored cones might increase upon 
deglaciationn due to stagnating and isolated areas of ice being covered in 
supraglaciall  or paraglacial debris. This may develop into extensive 
marginall  zones of very irregular, debris covered ablating ice. However, to 
differentiatee between ice-cored cones deposited by ablating cold-based ice 
orr retreating and stagnating temperate ice would be difficult. The broad, 
shalloww singular or grouped striae would be eroded by the intensive 
subglaciall  processes associated with til l production and meltwater 
increase,, as would any exposed ridge and groove lineations, even though 
thee scratched boulders might remain. Overall however, it will simply be a 
replacementt of 'cold ice striae' by 'temperate ice striae', save the rare one 
thatt may be preserved and unique in appearance, but no longer clear as 
havingg a cold-based origin. 

Therefore,, as described, deglaciation would cause former, continuously 
cold-basedd areas underneath ice masses to shrink in form with many of the 
relatedd cold-based features being destroyed by the inward migration of 
thermall  conditions and thawed zones during deglaciation (Kleman, 1992). 
However,, some cold-based patches may escape meltwater conditions 
(Kleman,, 1994) and be preserved, but have yet to survive postglacial processes. 

5.35.3 Paraglacial processes within a periglacial environment 

Inn this section we describe paraglacial processes within a periglacial 
environmentt undergoing climatic amelioration in more detail than those 
inn the polar and permafrost setting. This is because we primarily consider 
thee preservation potential of cold-basedd features when subjected to a 
'warming'' climate with its relatively higher rates of geomorphic activity 
whenn compared to paraglacial processes in the polar context. 
Dependingg upon whether the withdrawal of glacier ice happened under 
polarr arid or under temperate conditions, completely different suites of 
landformss will remain. The departure of ice means that the exposed 
landscapee is unstable and therefore apt to change, as erosion and sediment 
releasee occur at rates generally exceeding 'usual' denudation levels 
(Ballantyne,, 2002). Such an example of paraglacial processes in a 
temperatee setting has been documented by Ballantyne and Benn (1994) 
wheree an undulating sediment covered slope exposed by the temperate 
Fabergstelsbreenn Glacier, Norway became a badland of deep gullies, with 
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destroyedd lateral moraines and commonly exposed bedrock within 48 
yearss of glacier retreat (Ballantyne, 2002). However, relief modification 
alsoo occurs in the polar, arid environment (see dense distribution of rock and 
debriss fall in Fig. 3; Fitzsimons, 1996b), but at far lower orders of magnitude. 

Paraglaciall  modification upon glacier forelands has two prominent 
impacts:: firstly relief modification and secondly changes in 
sedimentologicall  characteristics of surface and near surface sediments 
(Ballantyne,, 2002). Both directly affect the preservation potential of 
remainingg subglacial cold-based glacier formations. In our model of 
climaticc amelioration (temperate conditions), mass movement would 
reducee steep slopes to gentle gradients and therefore diminish overall 
relieff  by redistributing sediments into depressions and low lying areas. 
Processess such as solifluction, fluvial activity, slopewash, frost sorting, 
downwashh of fines and wind erosion would contribute to both the relief 
modificationn and changes in sedimentological characteristics (Ballantyne, 
2002).. Two of these processes; fluvial and aeolian activity, would 
ubiquitouslyy affect cold-based subglacial features, the latter (as described) 
beingg a dominant process for the deglaciation of the polar, arid 
environmentt in the Allan Hills today. However, when considering 
paraglaciall  activity under increasingly temperate conditions fluvial 
processess would be most active immediately following deglaciation, when 
meltwaterr discharge is highest (Fitzsimons, 1990,1996b), and channels 
wouldd erode, redeposit or alter any of the described cold-based features. 
Wind'ss eroding efficacy is also highest during the early stages of the 
paraglaciall  cycle (Riezebos et al., 1986; Benn and Evans, 1998) following 
temperatee deglaciation, especially once the glacier foreland is drier, but 
beforee vegetation colonises. For example, Boulton and Dent (1974) 
describee wind's erosive effects on recently deglaciated (temperate) till s in 
south-eastt Iceland, where after only one year's exposure, 30-40% of the til l 
surfacee was covered in clasts, due to the removal of surficial fines. Thus 
onee would expect wind erosion to cause deflation and redistribution of 
sedimentss (including any remaining Manhaul till) , in addition to 
winnowingg of fines from glacitectonic structures and further ventifaction 
andd sculpturing of isolated (ploughed) boulders, boulder trains and stone 
lines.. Furthermore, increased sublimation rates, due to high aeolian 
activity,, would lead to the deterioration of any ice-cored terrain, which 
alongsidee the features described above, is already occurring in the polar 
settingg of the Allan Hill s today. 
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Whenn considering other processes, glacitectonic (large scale) structures on 
thee lee sides of steep escarpments would be highly susceptible to 
downslopee rafting by toppling and mass movement, and those on shallow 
gradientss would experience solifluction. Solifluction is important when 
modifyingg moderate slopes of recently (temperate) deglaciated terrain 
(Ballantyne,, 2002). This is because the faster solifluction rates (within 50 
years)) at the ice margin would reflect the higher moisture content (from a 
studyy in Jorunheimen, Norway cf. 70% moisture content at the ice margin 
withh <io% moisture content 45 metres from the ice margin; Ballantyne 
andd Matthews, 1982). The boulder trains found on such slopes would thus 
losee stability and distinction because of these processes, and accumulate in 
valleyy bottoms where they would not necessarily stand out from other 
slopee deposits. Frost action processes (e.g. frost heave, frost creep) and 
freezefreeze thaw activity would produce a wide variety of frost sorted patterned 
ground,, and affect the preservation potential of the ploughed boulders and 
Manhaull  till . The former would have its surrounding sediment 
redistributedd on a small but significant scale, causing separation of fine 
andd coarse debris, even the small boulders (-0.5m) are subject to this 
phenomenonn (Ballantyne and Matthews, 1982). Sorting of particles and 
downwardd translocation of silt and clay by water derived from the 
retreatingg 'temperate' ice, would irreversibly affect the original 
sedimentologicall  characteristics of any remaining Manhaul till , as would 
frostfrost induced fissuring change its structure. Furthermore, Manhaul til l 
associatedd with glacitectonic structures or steep slopes would be subject to 
masss movement, solifluction or slopewash following precipitation. Isolated 
boulderss on undulating bedrock would remain preserved, but an 
undulatingg sediment substrate would give rise to frost action sorting 
processess that may group the 'isolated' boulders, within a matter of 
decadess (Ballantyne, 2002). Furthermore, the boulders on a slope would 
bee subjected to mass movement and solifluction and would be 
redistributedd downslope. Ice-cored cones which do not encounter 
glacifluviall  activity immediately after deglaciation, might be preserved 
somewhatt longer, depending on sublimation rates. As stated, a small 
numberr of (protected) ridge and groove lineations and scraped boulders 
wouldd escape temperate ice abrasion, but may still be subjected to 
slopewashh activity. 

Paraglaciall  processes within a periglacial environment play a crucial role 
inn the preservation of these cold-based landforms and deposits, as 
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significantt modification or removal of these features takes place, especially 
underr temperate conditions, as this occurs rapidly on a decadal time scale 
(Ballantyne,, 2002). In contrast, under polar conditions, permafrost will 
havee developed and the paraglacial conditions may therefore persist for 
longerr timescales (1000 to 2000 years; Fitzsimons, 1996b) but at a lower 
intensity.. However, in such polar environments, wind and other periglacial 
processess such as gelifluction,, thermo-erosion induced by seasonal 
meltwaterr streams, active layer detachment sliding, permafrost creep and 
thermo-karstt lake development (Ballantyne, 2002) would continue to 
shapee the landscape, each impacting the remaining cold-based 
configurationss in a similar fashion too that observed today in the Allan Hills. 

5.45.4 Temperate (interglacial) conditions 

Furtherr climatic amelioration introduces rain and the rapidd spread of a 
stabilisingg and protective vegetation cover (Matthews, 1992,1999). Rain 
wouldd remove any surviving Manhaul till , and until plant succession takes 
place,, slopewash would continue to affect glacitectonic structures or 
boulderr trains. All striae would be absent or impossible to distinguish from 
striaee formed by temperate ice. As pedogenesis and vegetation develop, 
manyy remaining glacitectonic structures already affected by temperate ice 
ass well as paraglacial and periglacial processes, would be covered in soil 
andd foliage, rendering them inconspicuous. This would also apply to 
isolatedd boulders; the combined effect of paraglacial and periglacial slope 
processess upon boulder trains would make them indistinct. Potentially the 
leastt affected would be isolated boulders, but their random distribution, 
weatheredd aeolian appearance and (partial) incorporation into soil means 
theyy are unreliable as evidence for former cold-based glaciation. 

6.. SUMMARY 

Despitee the widely-held assumption that cold glaciers are inactive at their 
base,, we have presented evidence for cold-based glacier erosion, 
depositionn and deformation from the Allan Hills. Fig. 3 summarises the 
distributionn of these observations as well as the direction of movement for 
thee Manhaul Bay and Odell Glaciers when they last expanded. The 
directionss of the two glaciers has been determined from abrasion marks, 
strike/dipp measurements of cold-based glacitectonised bedrock, boulder 
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trainn and stone line orientations (thick and thin blue arrows in Fig. 3 on 
pagess 280-281). This is contrary to the direction of movement (south-west 
too north-east) of the East Antarctic Ice Sheet (EAIS) that deposited the 
Siriuss tillit e (thick pink arrows in Fig. 3 on pages 280-281). 

AA model explaining the stone lines and ploughed boulders formed under 
cold-basedd glaciers has yet to be proposed. However, a model has been 
outlinedd regarding boulder and debris entrainment, subglacial 
glacitectonismm and boulder train formation by cold-based glaciers. This 
modell  involves two important processes: (i) ice block apron overriding and 
entrainment,, (ii) ice-bed separation leading to the formation of a cavity on 
thee lee side of escarpments. Furthermore, the model requires a specific 
physicall  setting to facilitate these two processes, as topography and 
lithologyy are significant variables in relation to cold-based debris 
entrainmentt (Zdanowicz et al., 1996) and glacitectonism (van der Wateren, 
2002).. For the Allan Hill s the prerequisite is a jagged, horizontally 
stratified,, lithified sedimentary bedrock substrate. 

Thee preservation potential of cold-based subglacial features observed in 
thee cold, arid and geomorphologically stable environment of the Allan 
Hill ss has been discussed. This involved degradation ranging from cold-
basedd to temperate interglacial conditions, as must have been experienced 
byy present day temperate areas, once dominated by cold-based conditions 
duringg the Pleistocene. If the Allan Hill s is subjected to climatic 
ameliorationn very few of the features depicted in Fig. 3 would survive, and 
thosee that do survive would not indicate an exclusively cold-based origin. 

7.. CONCLUSION 

Thee following conclusions are to be drawn from this chapter: 

 The Manhaul Bay Glacier moved at least 2.6km farther south than 
itss present margin and the Odell Glacier expanded westwards at 
leastt 0.4km into its neighbouring valley during the LGM. At this 
timee the Manhaul Bay (most likely) or Odell Glacier covered 
bedrockk as high as 1894 masl. 

 Cold-based glaciers are capable of subglacial erosion, deposition 
andd glacitectonism, with the latter being the most conspicuous. 
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Erosional,, depositional and glacitectonic features provide the 
meanss for reconstructing cold-based glacier advance (and retreat) 
inn other regions that have experienced continuous polar, arid 
conditionss since the LGM. 
Fig.. 3 shows a dense array of cold-based features, which suggests 
theyy have a high preservation potential in polar climates. However, 
whenn subjected to climatic amelioration and increased geomorphic 
activityy their preservation potential is extremely low. Therefore, the 
Allann Hill s are different from the areas recognized in Scandinavia 
thatt have a cover of regolith, subsequent till deposition by 
temperatee ice (Kleman and Stroeven, 1997), soils and periglacial 
structuress unlike anything in the Allan Hills. 
Thee combination of a specific physical setting in our model and very 
loww preservation potential when subjected to a warming climate, 
explainss the 'perceived absence' of cold-based glacier activity in the 
Pleistocenee record. 
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TheThe patchy deforming bed of a cold-based glacier 

CHAPTERR 6: THE PATCHY DEFORMIN G BED OF THE COLD-
BASEDD MANHAU L BAY GLACIER , THE ALLA N HILLS , SOUTH 
VICTORI AA LAND, ANTARCTICA 1 

Abstract t 

Thee subglacial behaviour of cold-based glaciers is more active and complicated than 
previouslyy thought with recently published evidence for cold-based glacial sliding, 
erosion,, entrainment, deformation and deposition. In this study the cold-based subglacial 
Manhaull  til l found in the Allan Hills, South Victoria Land, Antarctica is investigated by 
micromorphology.. The description and interpretation of eighteen thin sections reveal that 
thee cold-based Manhaul Bay Glacier is capable of'actively*  depositing subglacial till.  Many 
featuress described are recognisable in temperate tills, but the difference lies in the style of 
deformation:: the cold-based Manhaul till  is dominated by a planar style whereas 
temperatee till s are normally characterised by rotational deformation. Due to the clear 
recordd of glacitectonic rather than sedimentary processes observed at the micro-scale, it is 
proposedd that the Manhaul till  is renamed the Manhaul tectomict (not a formal 
stratigraphicc name). A model, compatible with both field and micromorphological 
observationss is described for Manhaul tectomict formation. Another micromorphological 
observationn is that all Manhaul tectomict samples have been subjected to extensive post-
depositionall  alteration despite the stable, polar arid environment in which they were 
collected.. This has implications regarding their preservation potential. 

l .. INTRODUCTIO N 

Recentt publications have concluded that subglacial behaviour of cold-
basedd glaciers is more active and complicated than previously thought (e.g. 
Fitzsimonss et al., 2000; Waller, 2001; Atkins et al., 2002; Bennett et al., 
2003;; Lloyd Davies et al., chapter 5). Direct evidence for glacial basal 
slidingg just below o°C (e.g. -5°C; Echelmeyer and Zhongxiang Wang, 
1987),, and the far colder -17°C has been presented (Cuffey et al., 1999), as 
hass cold-based glacial entrainment (Cuffey et al., 2000) and ductile and 
brittlee deformation of entrained debris (Fitzsimons, 1996a; Fitzsimons et 
al.,, 1999; Bennett et al., 2003). Erosional, depositional and glacitectonic 
legaciess of cold-based glaciers has also been reported (Atkins et al., 2002; 
Lloydd Davies et al., chapter 5). 

'' To be submitted to Quaternary Science Reviews 
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InstituteInstitute for Biodiversity and Ecosystem Dynamics-Physical Geography, Universiteit van Amsterdam, 
NieuweNieuwe Achtergracht 166,1018 WVAmsterdam, The Netherlands 
vanvan der Meer, Jaap JM. 
DepartmentDepartment of Geography, QueenMary, University of London, Mile End Road, London. E14NS, 
UnitedUnited Kingdom 
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However,, the only mention in the literature of cold-based till s is by Shaw 
(1977aa and b) from Taylor Valley, Antarctica. These till s display 
sedimentologicall  characteristics derived from fine-grained lacustrine 
proglaciall  sediments and are formed by ice-block apron entrainment and 
freezingfreezing on of debris into basal ice. Subsequent attenuation and foliation of 
thiss debris-rich basal ice, and passive deposition by sublimation was 
proposedd by Shaw (1977a and b) as a model for cold-based til l deposition. 

AA more dynamic setting for cold-based glacial til l formation was first 
reportedd in the Allan Hill s by Atkins et al., (2002), who described a 
"sandstonee and siltstone breccia" formed by the cold-based Manhaul Bay 
Glacierr (informal name) which they termed 'a simple form of 
glacitectonite'' (Pedersen, 1988) or a 'cold-based deformation till ' 
(Dreimanis,, 1988). Lloyd Davies et al., (chapter 5) later argued that this 
depositt should be termed the 'Manhaul till ' (not a formal stratigraphic 
name)) because it was 'deposited subglacially as a diamicton by glacial ice' 
(Dreimanis,, 1988). 

Itt is this deposit, the Manhaul till , which is now investigated using 
micromorphology.. Micromorphology is the only technique that allows in 
situu analysis of till , and hitherto has proved highly effective in establishing 
processess acting upon glacial sediments during and after their formation 
(vann der Meer, 1987,1993; van der Meer et al., 2003a). In this study, 
questionss to be investigated are: 

1.. Is there any evidence for subglacial deformation of the Manhaul till , or 
aree those structures observed inherited from the parent material, 
indicatingg a passive style of cold-based til l deposition as discussed by 
Shaww (1977a and b)? 

2.. If subglacial deformation takes place, what is the style and nature, and 
howw might this differ, if at all, from temperate tills? 

3.. Considering the polar, arid and geomorphologically stable environment 
off  the Allan Hill s region (Denton et al., 1993) has the Manhaul til l been 
subjectedd to post-depositional alteration? 

Itt is believed that micromorphology is capable of answering these 
questionss to a degree of resolution beyond that of standard field and 
laboratoryy sedimentological techniques. However, it is also equally 
appreciatedd that laboratory results and field observations (Lloyd Davies 
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andd van der Meer, 2001, 2002; Atkins et al., 2002) are required to provide 
aa more accurate 'picture' into cold-based subglacial til l deposition. 

2.. THE ALLA N HILL S 

Thee Allan Hills (76°43' S, i59°4o' E) are a low lying nunatak located high 
inn the Transantarctic Mountains (TAMS) of South Victoria Land (1600-
21000 metres above sea level or masl; Fig. lA-C). The annual ablation rate 
forr ice in the Allan Hill s is 4-5 cms5™ and much of the surrounding ice is 
stagnantt (Annexstad and Schultz, 1982). Mean annual air temperature 
(MAAT)) of the region is -30°C (Robin, 1983). 

Fig.. 1 The Allan Hills. 
A.. Location of the Allan Hills, within South Victoria Land, Antarctica. 
B.. The shape of the Allan Hills, showing the respective positions of Mount Watters 

(highestt point in the Allan Hills, 2123 masl), the Manhaul Bay and Odell Glaciers 
ass well as contemporary ice flow direction (black arrowheads). 

C.. View of central Allan Hill s (from the south-west) and labelled regions referred to 
inn the text where the majority of the thin section samples were collected. Note the 
Manhaull  Bay Glacier and its contemporary ice flow direction (black arrow). 
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Thee centre of the nunatak is occupied by the Manhaul Bay Glacier, which is 
approximatelyy 6km long and 200m thick, with basal temperatures of 
~-24°CC (Atkins et al., 2002), and which flows into the centre of the Allan 
Hill ss from the north. Currently, the Manhaul Bay Glacier is retreating by 
sublimationn (Atkins et al., 2002). Bordering the eastern Allan Hill s is the 
Odelll  Glacier, which flows from south-west to north-east, between the 
Allann and Coombs Hills. It is about 20km long and also estimated at 
aroundd 200m thick, from which Lloyd Davies et al., (chapter 5) concluded 
thatt it too is cold-based. 

Thee geology of the Allan Hill s largely comprises sub-horizontal Permian 
andd Triassic sandstones, carbonaceous siltstones and coal measures of the 
Beaconn Supergroupp (Ballance, 1977; Pyne, 1979; Collinson et al., 1983)-
Thesee are intruded by sills and thin dykes of Jurassic Ferrar Dolerite 
(Ballancee and Watters, 1971), as well as bodies of a co-eval Mawson 
Formation,, a volcanic explosion breccia, in the westernn and southern parts 
off  the nunatak. Central Allan Hills also includes several thin (>iom thick) 
patchess of Sirius Group tillit e (herein referred to as Sirius tillit e or tülite) 
totallingg around 2km2 in area (Atkins and Barrett, 2000; Holme, 2001). 
Thesee deposits record extensive wet-based glaciation at least 2 million 
yearss ago based on cosmogenic dating of boulder surfaces in the Sirius 
tillit ee (Tschudi et al., 2003), or potentially at least 15 million years ago, 
basedd on the studies of landscape evolution of the Dry Valleys region 
(Summerfieldd et al., 1999). 

3.. THE MANHAU L TILL 

Thee Manhaul til l (Fig. 2A-D) is part of a continuum that extends from 
intactt Beacon bedrock to crushed and brecciated Beacon which grades into 
thee Manhaul til l per se, this being described as a matrix supported 
diamicton.. Depending on the local lithology, the til l on the field scale is 
grey-yelloww in colour, with a i.5-2cm weathering rind giving a more 
yellow-greenn appearance. The Manhaul til l is poorly sorted, its matrix is 
friablefriable and structureless, and contains subangular clasts up to 40cm, but 
commonlyy i-6cm, in diameter (Fig. 2A-B). Any 'structures' noted in the 
fieldfield appear to be inherited from the underlying Beacon bedrock (e.g. 
laminations).. The interface between the underlying substrate and Manhaul 
till ,, especially on the vertical faces of escarpments, commonly displays thin 
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Fig.. 2 The various forms of Manhaul til l in the Allan Hills. 
A.. A 'typical' deposit in terms of size, colour, texture and 'structure' highlighted by 

thee arrow. The til l sits on a ledge against an escarpment of bedrock facing the 
Manhaull  Bay Glacier. Note 30cm ruler (below white arrow) for scale. 

B.. A large deposit of Manhaul till , containing subangular clasts up to 40cm, but 
commonlyy i-6cm, in diameter. Note its poorly sorted nature and 'shiny' ridge and 
groovee lineations flanking the deposit (shown by arrows). 

C.. Commonly observed Manhaul til l as a thin veneer. Note the underlying ridge and 
groovee lineations (highlighted by black arrow), that appear similar to slickensides 
(Atkinss et al., 2002), and are 'plastered' onto the bedrock at the interface between 
thee substrate and overlying Manhaul till . Secondly, a fracture in the til l is related 
too that in the bedrock (white arrows). 

D.. Manhaul til l associated with glacitectonised bedrock (left portion of the image). 
Notee the 80cm ice axe for scale in the centre of the image. 

(<2cm)) veneers of a silty-clay matrix (with underlying ridge and groove 
lineations)) that appear 'plastered' onto the bedrock (Fig. 2B-C; Atkins et 
al.,, 2002). In carbonaceous layers with a dark, platy sheen these lineations 
aree similar to slickensides and indicate north-south movement (Atkins et 
al.,, 2002). The Manhaul til l is in places relatively cohesive and the best 
preservedd deposits are observed on the vertical aspects of boulders and 
escarpmentss facing the Manhaul Bay and Odell Glaciers (Fig. 2A-B; Atkins 
ett al., 2002). 

Thee Manhaul til l is commonly patchy in distribution (Fig. 3) and its 
averagee thickness is 5-8cm. Its occurrence is associated with deformed 
Beaconn bedrock (Fig. 2D) or boulders, ice-cored debris cones and boulder 
trainss (Lloyd Davies and van der Meer, 2001, 2002; Atkins et al., 2002; 
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Fig.. 3 A geomorphological map documenting the distribution of Manhaul till , its thin 
sectionn sample sites and the proposed Last Glacial Maximum (LGM) ice advance 
limi tt in the Allan Hills. Note also the more extensive distribution of the Sirius 
tillite .. (See enlarged colour version of map on pages 282-283 for a clearer 
viewing.) ) 
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Lloydd Davies et al., chapter 5). The friable and fresh appearance of the 
Manhaull  till , lead Atkins et al., (2002) and Lloyd Davies et al., (chapter 5) 
too propose that it was deposited at some point during an advance of the 
Manhaull  Bay Glacier during the Last Glacial Maximum (LGM). 

4.. METHODOLOG Y 

4.14.1 Sample collection andpre-impregnation in the Antarctic field 

Patchess of Manhaul til l were described in the field following standard field 
sedimentologicall  procedures regarding their context, texture and structure 
(Lloydd Davies and van der Meer, 2001). Sixteen field samples yielding 
eighteenn thin sections were collected in field seasons 1999-2000/2001-
2002,, their location being documented in Fig. 3. The micromorphology 
samplingg procedure involved gently extracting a mammoth tin sized (15 x 
8cm)) lump of til l with a geological hammer and chisel. This was a delicate 
operationn as the til l is very friable but too clast rich to use a standard 
mammothh or Kubiëna sampling tin. The sample's orientation was 
recorded,, then wrapped in a sample bag, secured with duck tape, labelled 
andd returned to the camp site. A bulk texture sample for particle size and 
clayy mineralogical analysis was taken from the same deposit. 

Duee to the friable state of the Manhaul til l micromorphology samples, it 
wass necessary to pre-impregnate them in the polarfield. This was done 
usingg a 50:50 mixture of acetone and polyurethane varnish, which was 
gentlyy poured onto the samples. The samples were stored in a cardboard 
boxx lined with plastic bags to prevent spillage. Pre-impregnation in 
ambientt temperatures <-io°C required four days and three separate doses 
off  the 50:50 mixture. For further information see Lloyd Davies (chapter 3). 

4.24.2 Laboratory work 

Micromorphologyy is the microscopic examination of the composition and 
constituentt structural elements of lithified and unlithified earth materials 
(vann der Meer, 1987; van der Meer et al., 2003b). In the laboratory the 
abovee field samples were oriented according to their cardinal points in the 
fieldfield and then slowly dried, cut and mounted following the procedure 
describedd by Jongerius andd Heintzberger (1975) and van der Meer (1993)* 
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Thiss procedure was unaffected by the pre-impregnation in the field (Lloyd 
Davies,, chapter 3). All thin sections were cut for vertical-longitudinal (V-L) 
analysiss as described in chapter 2 (Fuller and Murray, 2000). C.734 was 
additionallyy cut at the vertical-transverse (V-T) and horizontal-
longitudinall  (H-L) orientations to yield thin sections C.734i and iii 
respectively,, and C.739Ü at the H-L orientation. This was done to examine 
anyy structural relationship between the different orientations. The 
producedd thin sections are 15 x 8cm in size (two are 8 x 3cm), and analysed 
withh a Petroscope and the WÜCIM400© low magnification petrological 
microscope.. Photomicrographs were taken using a DC100 digital 
camera©camera© mounted on the M420 Leica Microscope©. The 
micromorphologyy descriptions follow the classifications of Brewer (1976), 
vann der Meer (1993,1997), Menzies (2000) and Stoops (2003). 

Particlee size analysis was conducted at the Physical Geography and Soil Science 
departmentt of the University of Amsterdam, following the method of Gee and 
Bauderr (1986). Of particular note for these samples, cemented particles were 
subjectt to dispersal and decalcification employed. The results are displayed in Fig. 
4.. The procedure also concerned determination of the calcium carbonate content 
inn the samples following the method of van Wesemael (1955). 

Thee clay mineralogy was conducted in the Physical Geography and Soil 
Sciencee department of the University of Amsterdam using a Philips 
diffractometerdiffractometer PW1050©and Cu Ka + monochromator in accordance with 
thee method outlined by Wilson (1987). All samples were pre-treated and the 
diffractogramss were visually analysed regarding the clay mineralogical 
content.. The results are displayed in Fig. 5, and four groups were identified. 

Clay y 
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Q OO 100 90 80 70 60 50 40 30 20 10 
yy Sand Silt 



TheThe patchy deforming bed of a cold-based glacier 

Fig.. 5 Clay mineralogy of the Manhaul til l illustrating the presence of vermiculite, 
chlorite,, the rare swelling mica and several other minerals. The Manhaul til l 
minerall  content resembles that of the local bedrock (Ballance, 1977), suggesting 
thatt the til l has been locally formed. 
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5.. MICROMORPHOLOGICA L DESCRIPTIONS 

Thee location and context for all Manhaul til l field samples collected in the 
Allann Hill s are summarised in Fig. 3 and Table 1 respectively. Eighteen 
thinn sections from five different regions are described below, with a 
summaryy of their micromorphological characteristics displayed in Tables 
2-5,, their particle size in Fig. 4 and clay mineralogy in Fig. 5. 

5.15.1 'Bedrock Ridge' 

Fivee thin sections from three field samples are examined from this region 
off  the Allan Hills. 

C.734i,, ii and iii are from a fine sandstone derived diamict with low 
occurrencess of medium textured micritic plasma (defined as having a high 
carbonatee pale mesh under cross-polarised light) found as gatherings or 
'halos'' around clasts (Fig. 6A). The porosity is a medium density with 
vughss and fractures dominating (Table 2). In terms of the structural 
relationshipp between the three thin sections derived from the same field 
sample,, oblique discrete shear lines are most conspicuous in V-L (C.734Ü), 
obviouss but less common in V-T (C.7341) and very uncommon in H-L 
(C.734iii),, even though sediment sorting patterns are uniquely found here 
(Fig.. 6B). The matrix of all three thin sections express mixing of clasts, as 
welll  as brecciation of clay-stones and coal, the latter yielding crushed grey 
colouredd fines. An augen shaped feature composed of quartz grains and 
definedd by fractures and coal grains is observed in C.734Ü, as are 
infrequentt sightings of halos and a necking formation in C.734Ü and iii . . 
Theree are no plasmic fabric examples from C-734iii, but faint traces of 
lattisepicc and skelsepic (around vughs) plasmic fabrics as well as poorly 
developedd unistrial plasmic fabric in the other two thin sections. 

C.7366 is a coarser fine to medium-grained sand dominated diamict with a 
highh number of clay-type minerals inherited from the Beacon sandstone 
(Fig.. 6C). Plasma (micritic) is rarely found and the low porosity is largely 
composedd of vughs and fractures. Brecciated coal grains and oblique 
quartzz grain lineations are observed as is a faint turbate within the plasma. 
Thee plasmic fabric is rare, with skelsepic plasmic fabric (e.g. Fig. 6D) and 
subtlee unistrial plasmic fabric observed. 
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Fig.. 6 Photomicrographs of features described from the 'Bedrock Ridge'. The top is 
abovee the image unless otherwise illustrated, and colour plate versions are on 
pagee 289. 
A.. Detail of C.734iii, plane light, field of view 13.8mm. A sandstone clast set 
withinn a typically plasma poor matrix. However, note the gathering of darker 
plasmaa fines around the clast delineating it and resulting in a 'halo' impression. 
B.. Detail of C.734iii, plane light, field of view 18.0mm. Sediment sorting as a fan-
likee pattern differentiated by quantity and sorting of strongly oriented quartz 
grains.. The structure is aligned from bottom left to upper right as highlighted by 
thee dashed lines. C. Detail of C.739Ü, plane light, field of view 3.5mm. A clay-type 
minerall  thought to be inherited from the bedrock and common in several thin 
sections.. D. Detail of C.737, cross-polarised light, field of view 7.0mm. Skelsepic 
plasmicc fabric within a matrix containing a dense fissure network and high 
numberr of grains. E. Detail of C.737, plane light, field of view 5.6mm. Cutans 
depositedd along a fracture, as highlighted by white arrow. 
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C.7377 has a similar texture to C.736, with an equally scarce plasma but 
higherr porosity with vughs and small fissures predominating. Many 
fracturess or fissures are lined by cutans (Fig. 6E), which are described in 
thiss study as an accumulation of fine-grained material on or against 
structurall  elements, but do not includee clay coatings around grains. There 
iss also littl e structure in the matrix, but where plasma exists, the plasmic 
fabricc is relatively well developed. Weak unistrial plasmic fabric is noted as 
aree clearer examples of birefringent clay domains surrounding grains, this 
birefringencee occasionally joining in a lattice form (lattisepic plasmic 
fabric).. Elsewhere, the plasma particles reveal many orientations 
indicatingg omnisepic plasmic fabric at the wider scale and insepic plasmic 
fabricc for isolated plasma clusters. Their birefringence is often enhanced 
byy deposits of cutans (argillasepic plasmic fabric); with one example 
demonstratingg discrete kinking. 

5.25.2 'Eastern Lobe' 

Sevenn thin sections from six field samples are investigated from this region 
off  the Allan Hills. 

C.7388 is a fine to medium-grained sand dominated diamict, with littl e 
plasmaa (coal) and a low porosity. A large, curved fracture delineates the 
sample'ss upper region where the majority of deformation micro-structures 
aree found. Examples includee turbates, one involving a 'galaxy swirling tail' 
off  coal grains (Fig. 7A), discrete shear lines (some conjugate) and 
brecciatedd coal grains. Mixing of the matrix as well as a poorly developed 
neckingg structure are also observed. Faint skelsepic plasmic fabric around 
certainn grains is noted as is weak insepic plasmic fabric among the clusters 
off  coal plasma associated with brecciated coal clasts. 

C.739ii  and ii are fine to medium-grained sand dominated diamicts, with 
raree micritic plasma found occasionally as bands and in a clast halo. Clay-
typee minerals derived from the Beacon bedrock (e.g. Fig. 6C) and exotic 
volcanic/basalticc derived lithologies are also observed. In terms of the 
structurall  relationship between the two thin sections, a large fracture may 
bee traced across the two samples and evidence for brittle deformation in 
thee form of shear lines and grain lineations is most clear in V-L (C.739i). 
Ductilee deformation (see Table 3 for examples of folding and boudinaging; 
Fig.. 7B-C) is noted in both orientations, but in V-L the majority of ductile 
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Tablee 5 
Micromorphologicall  summary relating to post-depositional changes. 

Field d 
sample e 

MS-11 (99) 

MS-11 (99) 

MS-11 (99) 

MS-33 (99) 

MS-44 (99) 

MS-55 (99) 

MS-66 (99) 

MS-6(99) ) 

MS-77 (99) 

MS-88 (99)i 

MS-88 (99)ii 

MS-99 (99) 

MS-100 (99) 

MS-144 (99) 

MS-311 (00) 

MS-455 (00) 

MS-388 (00) 

MS-54(01) ) 

MS-555 (01) 

Thin n 
section n 

C.734i i 

C.734Ü Ü 

C.734iii i 

C.736 6 

C.737 7 

C.738 8 

C.739i i 

C.739Ü Ü 

C.740 0 

C.741 1 

C.742 2 

C.743 3 

C.744 4 

C.748 8 

C.768 8 

C.783 3 

C.776 6 

C.912 2 

C.913 3 

Sediment t 
sotting g 
patterns s 

*• • 

• • 

• • 

• • 

• • 
0 0 

*• • 

• • 

... . 

•* * 

Cutans s 

• • 

• • 

•• • 

0 0 

... . 

*•* * 

*• • 

•• • 

* * 

Grainn clay 
coatings s 

... . 

... . 

Black k 
precipitate e 

• • 

... . 

• • 

0 0 

• • 

• • 

Mamilated d 
vughs s 

• • 

• • 

• • 

" " 

•• • 

0 0 

•* * 

*• • 

... . 

Forr key see Table 2 

relatedd features occur towards the bottom of the thin section; this 
relationshipp not being obvious in H-L (C.739Ü). Other deformation 
featuress noted are discrete shear lines, turbates and a 'mixed' appearance 
off  the matrix. Moreover, examples of coal grain brecciation are common 
(Fig.. 7D), some having an augen morphology (Fig. 7E) and a faulted 
discretee shear line 'traversing' a fracture is observed. The plasmic fabric is 
poorlyy developed, but relatively diverse. 

C.7400 is a coarse-grained sand dominated diamict with a relatively coarse 
micriticc plasma. The void porosity is low while fissures predominate at a 
mediumm density. Structurally, turbates (Fig. 7F), discrete shear lines, and a 
fracturedd grain surrounded by silicia are noted as well as evidence for 
brecciation.. Certain regions of the matrix also have a more mixed 
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appearance.. Traces of cutans lining larger fractures and mamilated vughs 
surroundedd by plasma are further observed, but no plasmic fabric. 

C.7411 and C.742 are fine to medium-grained sand dominated diamicts, 
withh instances of very coarse sand. A medium to high porosity (especially 
vughs,, including mamilated in C.741) and a plasma texture strikingly 
darkerr and more coarse than the nearby C.740 is also observed (Table 2). 
C.7422 is more diverse in composition; a fine-grained siltstone grain for 
example,, being split and infilled with plasma. C.741 is dominated by two 
largee quartz grains with the matrix expressing a necking structure, 
brecciation,, mixing of grains and clasts, turbates and discrete shear lines; 
thee latter two being observed together (Fig. 7G) and apart. Moreover, a 
40°-45°° alignment of grains towards the top left (upper south) portion of 
C.7411 is noted (Fig. 7H) as are anisotropic grains (some brecciated) within 
thee matrix between the two largest quartz clasts. Plasmic fabric is absent in 
C.7411 (Table 4) and occasional birefringent traces of insepic, skelsepic and 
unistriall  plasmic fabrics are noted in C.742. 

C.7433 is a fine-grained sand dominated diamict with very littl e plasma 
(micriticc and occasionally banded) with a medium porosity (Table 2). 
Extensivee matrix mixing is characterised by poorly sorted and 'randomly5 

positionedd grains and clasts. This is discernable in the absence of plasma 
duee to the abrupt juxtaposition of the grains' internal granulometric 
structure,, or the grain morphology being outlined by a black precipitate. 
Coall  grain brecciation is also noted, especially in an 'inverted V shaped 
structure,, as well as discrete shear lines and occasional halos. The latter is 
foundd as casings of anisotropic plasma around the core stone, which at 
timess have constellating grains as well. Finally, the plasmic fabric 
developmentt is poor for C.743, with weakly developed sightings of insepic 
plasmicc fabric. 

5.35.3 'Camp Valley' 

Twoo thin sections from two field samples are examined from this region of 
thee Allan Hills. 

C.7444 demonstrates brecciation of clasts towards its bottom, with a fine-
grainedd sand dominated matrix towards the top and a medium to high 
porosity.. There is a relatively high clay and silt content (Fig. 4), expressed 
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Fig.. 7 Photomicrographs of features described from the 'Eastern Lobe'. The top is 
abovee the image unless otherwise illustrated, and colour plate versions are on 
pagess 289-291. 
A.. Detail of C.738, plane light, field of view 13.8mm. A sub-rounded sandstone 
clastt dominating the centre of the photomicrograph has an augen shaped matrix 
too one side (highlighted by dashed lines) and a 'galaxy structure' of coal fines 
terminatingg in a small coal clast (shown by arrow) on the opposite side. 
B.. Detail of C.739i, plane light, field of view l8.omm.'Progressive' unidirectional 
simplee shearing depicted from bottom to top as follows: boudinaged mottled 
coall  overlain by the 'next stage' this being mottled coal eye-shaped boudins. 
Abovee this are originally linear fines, expressing a diagonal shear zone with a 
'thinned'' appearance (white arrow) and subsequent displacement. This latter 
structuree is very similar to Maltman's (page 91; 1987) diagram for a typical shear 
zonee under the microscope. C. Detail of C.739i, plane light, field of view 
16.4mm.. Discrete shears (dashed lines) overlie a boudinaged structure of 
mottledd coal (white arrow). Below this are folded fines (black arrow) which are 
truncatedd to their left by another shear (dashed line). D. Detail of C.739Ü, plane 
light,, field of view 3.5mm. A split and brecciated coal clast with a 'tail' extending 
towardss its right (south). E. Detail of C.739Ü, plane light, field of view 11.2mm. 
Eye-shapedd envelopes of brecciated coal clasts and obliquely parallel discrete 
shearss (highlighted by dashed lines). The eye-shaped envelopes thin out towards 
thee right (south). 
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Fig.. 7 (cont.) 
F.. Detail of C.740, plane light, field of view 18.0mm. Aturbate within a matrix 
displayingg a high level of mixing. A sandstone clast is the core grain and a 
numberr of surrounding quartz and coal grains are aligned with their perceived 
longestt axis parallel to its outer surface (dashed lines). G. Detail of C.742, plane 
light,, field of view 16.4mm (marginally less for the cartoon). The cartoon 
elucidatess a turbate pivoted around a rhomb quartz grain with a number of 
obliquee discrete shears and developing grain lineations (highlighted by dashed 
lines).. Grain colour variation in the cartoon reflects changes in composition: 
greyy being quartz, black coal and other lithologies labelled accordingly. 
H.. Detail of 0.741, plane light, the vertical axis of the photomicrograph 
representss 18.0mm (marginally more in the cartoon). The cartoon elucidates a 
sub-verticall  alignment for both the grain's perceived longest axis and 
neighbouringg discrete shears. Note the semi-circle of coal grains to the left of the 
cartoon,, suggesting rotational as well as planar movement. For an explanation 
off  the grain colour see Fig. 7G. 

ass disparate clusters or found together in the matrix. The clay plasma is 
nott as micritic as previous thin sections and often expresses birefringent 
insepicc plasmic fabric (Fig. 8A). Discrete shear lines and fissures are 
associatedd with the mentioned brecciation and many of the fractures or 
fissuresfissures are lined with thick cutan deposits (Table 5; Fig. 8B-C) or a black 
precipitate.. The black precipitate is also associated with mamilated vughs 
(Fig.. 8D), or as an aggregate in the matrix. The plasmic fabric is relatively 
welll  developed (Table 4): examples include omnisepic plasmic fabric, 
sharplyy birefringent clay particles either unidirectional (unistrial plasmic 
fabric)) or around grains (skelsepic plasmic fabric). 

C.7488 is a unsorted clay, silt and very fine sand dominated diamict, with 
instancess of medium and very coarse sand as well as fractures (some lined 
byy cutans) providing porosity in the relative absence of voids. The plasma 
iss also extensive and dominated by clay. Five striking observations (see 
Tablee 3) in C.748 are: (1) intensive brecciation of clay-stones, 
(2)) boudinaging of a silt envelope within a clay matrix (Fig. 8E), (3) 
extensivee crenulation foliation towards the bottom of the thin section (Fig. 
8F),, (4) a micro-fault of laminated clay (Fig. 8G) and (5) discrete shear 
lines.. Many of these structures are also found together (Fig. 8H). The 
plasmicc fabric is well developed (Table 4), especially the kinking, 
omnisepicc and (bi)-masepic varieties (Fig. 8I-K respectively), the former 
beingg associated with brecciated clay-stones. Sharp, birefringent, similarly 
orientedd clay lines (unistrial plasmic fabric; Fig. 8L) and plasma bands 
(Fig.. 8M) are also observed as is a conspicuous 'near absence' of turbates 
andd skelsepic plasmic fabric (Tables 3 and 4 respectively). 
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Fig.. 8 Photomicrographs of features described from 'Camp Valley'. The top is above the 
imagee unless otherwise illustrated, and colour plate versions are on pages 291-293. 
A.. Detail of C.744, cross-polarised light, field of view 4.5mm. Insepic plasmic 
fabricc within a typically small cluster of plasma. B. Detail of C.744, plane light, 
fieldd of view 18.0mm. Thick cutan deposits along a fracture (white arrows). 
C.. Detail of C.744, plane light, field of view 18.0mm. Extensive and relatively 
coarsee clay-silt sized cutan deposits lining a symmetrically linear fissure. 
D.. Detail of C.744, plane light, field of view 4.5mm. A mamilated vugh with a 
blackk precipitate lining. E. Detail of C.748, plane light, field of view 11.2mm. A 
boudinagedd structure composed of silt sized particles within a clay dominated 
matrix.. Each boudin is separated by a discrete shear line (white arrows) which 
mayy be traced into the surrounding clay matrix. F. Detail of C.748, plane light, 
fieldfield of view 18.0mm. Crenulation foliation within the clay dominated matrix of 
thee thin section. The faint diagonal linear lines are due to laboratory procedure. 
G.. Detail of C.748, plane light, field of view 7.0mm (marginally more in the 
cartoon).. Note the diagonally aligned laminated fines offset by a vertically aligned 
micro-faultt as elucidated in the cartoon. In the cartoon continuous lines 
representt shears delineating plasma texture variation and dashed lines are more 
discretee shears. Note also the augen morphology of the clay and silt envelopes. 
Forr an explanation of the grain colour see Fig. 7G. H. Detail of C.748, plane light, 
fieldfield of view 5.6mm (marginally less in the cartoon). Note the combination of 
deformationn micro-structures: a recumbent fold and associated grain lineation of 
brecciatedd coal. These are found in conjunction with discrete shear lines. In the 
cartoonn continuous lines represent shears delineating plasma texture variation 
andd dashed lines are more discrete shears. For an explanation of the grain colour 
seee Fig. 7G. I. Detail of C.748, cross-polarised light, field of view 3.5mm. A clay 
depositt characterised by a strong birefringence in which there are parallel 
extinguishingg bands, known as kinking plasmic fabric. J. Detail of C.748, cross-
polarisedd light, field of view 11.2mm. Birefringent omnisepic plasmic fabric. 

K.. Detail of C.748, cross-polarised light, field of view 13.8mm. Branching and 
mergingg (white arrows) discrete lines of a high birefringence (bi-masepic plasmic 
fabric).. L. Detail of C.748, cross-polarised light, field of view 5.6mm. Two 
discretee birefringent lines (unistrial plasmic fabric; highlighted by the white 
arrows),, within a silty-clay dominated part of the matrix. M. Detail of C.748, 
cross-polarisedd light, field of view 11.2mm. Strongly birefringent banded plasma 
(delineatedd by dashed lines) within a silty-clay dominated region of the matrix. 

5.45.4 'North-West Platform' 

Twoo thin sections from two field samples are investigated from this region 
off  the Allan Hills. 

C.7688 is a very fine sand diamict, with sparse micritic plasma restricted to 
bandss associated with discrete shear lines (Fig. 9A) or clast halos. The 
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porosityy is a medium density and dominated by fractures, although 
mamilatedd vughs are observed (Table 5). C.768's micro-structure is 
dominatedd by discrete shear lines (Table 3; some yielding sets of conjugate 
shears)) with brecciation and subsequent mixing of the matrix made 
evidentt by the angularity of sandstone grains. No cutans are noted, but a 
highh number of clay-type minerals inherited from the Beacon bedrock (e.g. 
Fig.. 6C). There is no plasmic fabric development (Table 4). 

C.783,, is a medium to coarse-grained sand diamict (Table 2) expressing 
micriticc plasma development (at times banded in conjunction with discrete 
shearr lines and once observed as a clast 'halo'), with a large sandstone clast 
inn its bottom right hand corner. The matrix has a porosity, mostly 
composedd of variously sized vughs (including mamilated ones), and 
featuress that point towards brecciation, mixing, halo formation and 
shearingg (including one set of conjugate shears; Table 3; Fig. 9B). A clear 
examplee of a necking structure is also observed (Fig. 9C). Here an elongate 
sandstonee grain is found equidistant between neighbouring (larger) grains 
withh the perceived longest axis of the elongate grain pointing in towards 
thee Tbottleneck' of the larger grains. Cutans are noted in certain fractures 
andd fissures as is a black precipitate (< soum thick). Plasmic fabric is 
almostt non-existent (Table 4), but some weak birefringent clay domains 
aree observed around certain vughs (skelsepic or porostriated plasmic 
fabric;; Stoops, 2003). 

5.55.5 Trudge Valley' 

Threee thin sections from three field samples are examined from this region 
off  the Allan Hills. 

C.7766 is dominated by a large sandstone clast. To its left (south), is a 2.5cm 
widee portion of medium to coarse-grained, sand dominated diamict, with 
discontinuouss plasma found in thin lines, augen shaped envelopes or 
bandss (Table 2). The porosity is low in the matrix, but some (mamilated) 
vughss and a fracture exist in the large sandstone clast and further minute 
fissuresfissures and (mamilated) vughs within the matrix. Many of these structural 
unitss are lined by cutans (Fig. 10A). Structurally some sediment sorting 
patternss (differentiated by grain size) are noted, as are discrete shear lines, 
lineationss of quartz grains (Fig. 10B), grains with an imbricate structure 
andd turbates (including those without a core grain; Fig. 10C). A 
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Fig.. 9 Photomicrographs of features described from the 'North-West Platform'. The top 
iss above the image unless otherwise illustrated, and colour plate versions are on 
pagess 293-294. 
A.. Detail of C.768, field of view 18.0mm. Beneath a large sandstone clast 
(delineatedd by small fissure) is a band dominated by plasma aligned diagonally 
fromm bottom left to upper right (note white arrows). B. Detail of C.783, plane 
light,, field of view 18.0mm. Breaking up of sandstone clasts and resulting 
conjugatee discrete shear lines and anisotropic grain and plasma bands (note 
dashedd lines). C. Detail of C.783, plane light, field of view 19.4mm. A 'necking 
structure'' shown by an elongate sandstone clast with its perceived longest axis 
orientedd towards the 'bottleneck' of two larger adjacent sandstone clasts. 

characteristicc of C.776 is the high number of crushed or split quartz grains, 
thesee being most common adjacent to the large sandstone clast (Table 3; 
Fig.. 10D). Plasmic fabric is mildly developed with skelsepic plasmic fabric 
dominating.. However, insepic and unistrial plasmic fabrics are also 
observed. . 

C.9122 and C.913 (Table 5) are dominated by packing voids and a pellicular 
(coarse)) grain micro-structure (i.e. dominant sand sized quartz grains with 

110 0 



TheThe patchy deforming bed of a cold-based glacier 

M M 

111 1 



ChapterChapter 6 

thee image unless otherwise illustrated, and colour plate versions are on pages 
294-295. . 
A.. Detail of C.776, plane light, field of view 7.0mm. A large vugh with extensive 
cutann deposits (clay sized grains; black arrow) and silt sized deposits (white 
arrow).. The latter are attributed to ground ice lense formation under periglacial 
conditions.. B. Detail of C.776, plane light, field of view 11.2mm. A quartz grain 
lineationn within a plasma deposit. The lineation is highlighted by the white 
arrows.. C. Detail of C.776, plane light, field of view 3.2mm. A turbate without a 
coree grain but instead a rounded plasma deposit differentiated by its colour 
(arrow).. Surrounding the 'core plasma' are smaller, constellating grains. 
D.. Detail of C.776, plane light, field of view 5.6mm. Several split and crushed 
grainss including edge fractures, triangular fractures and fissures (after 
Schniitgenn and Spiithe, 1983) as highlighted by the white arrows. 
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Fig.. 10 (cont.) 
E.. Detail of C.912, plane light, field of view 5.6mm. Typical and extraordinary 
thickk grain clay (hypo-) coatings. F. Detail of 0.912, plane light, field of view 
9.0mm.. A clay-stone with dense platy peds separated by minute planar voids. 
Somee neighbouring quartz grains are linked to it and surrounded by thick clay 
coatingss (note white arrow). G. Detail of C.913, plane light, field of view 9.0mm. 
Mamilatedd vughs formed between quartz grains only, as elucidated by the grey 
outlinee and white colouring in the cartoon. In contrast quartz grains are black. 
H.. Detail of C.913, plane light, field of view 3.5mm. A split grain expressing a 
spheroidall  fracture intruded with plasma. The split grain is surrounded by an 
intactt clay coating (note white arrow). I. Detail of C.912, plane light, field of view 
4.5mm.. A black-red coloured aggregate nodule (note white arrows) around -20 
quartzz grains. 

mostt grains coated by fine micritic plasma). C.912, however, also consists 
off  sedimentary, metamorphic and volcanic derived grains. Sediment 
sortingg structures relating to the distribution and size of quartz grains are 
noted,, with all the grains coated (by various degrees) in clay-fines (Table 5; 
Fig.. 10E). Occasional thicker clay coatings are found in bands or adjacent 
too clay-stones that have a platy structure (Fig. 10F). Moreover, a number of 
mamilatedd and star-shaped vughs, formed by the quartz dominated matrix 
(Fig.. 10G) are also observed. Brecciated coal grains, very discrete shear 
liness and two faint turbates in addition to cracked grains (most with intact 
clayy (hypo-) coatings; Fig. 10H) are further observations. Cutans are found 
beneathh a wide fracture in C.913, and a yelloww mesh birefringence under 
cross-polarisedd light, within some of the thinner clay hypo-coatings. C.912 
hass a black-red coloured precipitate found as an aggregate nodule around 
-200 quartz grains (Fig. 10I) and a black precipitate is noticed in the upper 
rightt (north) region of C.913. The plasmic fabric is overall poorly 
developedd and confined to the clay coatings, where latti-skelsepic plasmic 
fabricc is observed. 

6.. INTERPRETATIO N 

Despitee the Manhaul til l being described as 'structureless' at the field scale 
(Uoydd Davies and van der Meer, 2002; Lloyd Davies et al., chapter 5) a 
numberr of features pertaining to subglacial deformation and subsequent 
diageneiss are observed. 

Thee Manhaul til l thin sections have a grain size (Fig. 4), clay mineraology 
(Fig.. 5) roundness and composition, which in combination with field 
observationss (Lloyd Davies and van der Meer, 2001, 2002; Atkins et al., 
2002;; Lloyd Davies et al., chapter 5) suggest they are locally derived from 
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thee underlying Beacon bedrock (Ballance, 1977; Pyne, 1979; Collinson et 
al.,, 1983; Isbell and Cüneo, 1996). The prominence of only sand, siltstone 
andd coal, as well as the comparative lack of fines (<2um) in most thin 
sections,, further supports this and explains the low micritic (i.e. carbonate 
derived)) plasma content. However, the poor sorting and coarser plasma 
presencee in C.741 and C.742 is thought to be due to wind blown fines, an 
unsurprisingg premise considering their high variation in lithology and 
locationn in a fracture infilled with aeolian fines. Table 2 demonstrates that 
thee majority of samples have a high silica content, visible as a birefringent 
meshh when viewed under cross-polarised light. Its ubiquitous distribution 
andd disregard for textural heterogeneity, in addition to the clay mineralogy 
(Fig.. 5), point towards a local bedrock origin. This premise is supported by 
thee clay mineralogy, for example, because those minerals found in the 
Manhaull  till : quartz, feldspar and the relatively rare swelling mica 
(Verstraten,, pers. comm.), are also reported in the local Beacon bedrock 
(Ballance,, 1977). As a result of particle size analysis, calcium carbonate 
contentt was found to be very low and <3% in all but two thin sections. 
However,, the relatively high percentage of 7.63% for C.740 is thought to 
explainn its lack of plasmic fabric (van der Meer and Laban, 1990), even 
thoughh many plasmic fabrics were noted in the second highest result of 
5.34%% for C.748. The origin of the calcium carbonate is thought again to be 
derivedd from the local Beacon bedrock (Ballance, 1977). 

Discretee shear lines, grain brecciation and lineations are the most wide-
spreadd micro-structures (Table 3) and in this study point towards brittle 
deformationn formed during a low subglacial porewater content (Menzies et 
al.,, 1997; Menzies, 2000; van der Wateren 2002). The discrete shear lines 
aree the result of planar unidirectional pervasive deformation of the matrix 
byy either shearing or faulting (van der Meer, 1993) and not sedimentation. 
Thee brecciation indicates subglacial crushing and comminution of clasts 
opposedd to an inherited sedimentary origin from the alluvial Beacon 
bedrockk cycles. On occasion, the angular elements become detached and 
incorporatedd into the matrix in such a way as to indicate pressure 
movementt from north to south (Fig. 7D). Furthermore, although grain 
lineationss are not always related to shear (van der Meer, 2000), they are 
consideredd to be so in this case due to their proximity to other brittle 
micro-deformationn structures (e.g. brecciation; Lachniet et al., 2001). One 
furtherr example is illustrated in Fig. 7G where grain lineations are 
interpretedd to be formed by planar and rotational movement of the 
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individuall  grains in response to both stretching and compression of the 
immediatee sediment (Hiemstra and Rijsdijk, 2003). 

Inn comparison to other thin section studies, a well developed form of 
brittlee deformation is the occurrence of in situ crushed quartz grains (Figs. 
10DD and 10H). In this case they are considered diagnostic for subglacial 
brittlee deformation experiencing considerable unidirectional stresses 
underr dry conditions (Hooke and Iverson, 1995; Hiemstra and van der 
Meer,, 1997; Hooke, 1998; Hiemstra, 1999; van der Meer et al., 2003a). 
Thiss is because the grain position, degree of displacement and fine 
materiall  within the grain fractures (Fig. 10H) rule out the possibility that 
thee fractured grains are due to laboratory procedure (Hiemstra and van 
derr Meer, 1997). In situ crushed grains have been found in Antarctic till s 
(Zaniewski,, 1997; van der Meer et al., 1998; van der Meer, 2000) and 
elsewheree (Carr, 1999; Carr et al, 2000); but all these till s have been 
describedd as temperate. 

Althoughh not as common, evidence for ductile micro-deformation is 
apparent.. In accordance with Menzies' (2000) taxonomy of micro-
structures,, turbates, necking structures, halos of plasma and occasional 
eye-shapedd lenses composed of brecciated coal grains suggest ductile 
deformation,, even though the brecciated coal grains must have been 
crushedd under brittle conditions at one point. Turbates are eloquently 
explainedd by Hiemstra (1999) as forming in a plastically deforming diamict 
masss where different velocities are compensated by varying torques across 
largerr grains within the matrix, which therefore points towards rotational 
deformationn (van der Meer, 1993,1997). The highest density of turbates 
aree found in samples close to the Manhaul Bay Glacier snout (i.e. the 
'Bedrockk Ridge' and 'Eastern Lobe'), where some are also found in 'galaxy 
structures'' (van der Meer, 1993,1996,1997). Significantly, a number of 
turbatess are found in conjunction with discrete shear lines and grain 
lineationss (Fig. 7G), and this combination is considered as evidence for 
subglaciall  shearing (Hiemstra and Rijsdijk, 2003). Necking structures, as 
withh turbates, are formed by rotational deformation. This is achieved by 
thee smaller and more spherical grains, pointing 'in towards' the bottleneck 
off  two larger clasts, which are thought to be rotating at a similar rate. 
Moreover,, the observed halos (e.g. Fig. 6A) are thought to be formed by 
clastt rotation inducing accretion (albeit a small number in this case) of 
finess around the core grain (Hiemstra, 1998,1999; Lachniet et al., 2001). 
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Thee less common, but well developed, ductile deformation features include 
foldss and boudins, which are regarded as typical for ductile shear zones 
(Fig.. 7B-C; Maltman, 1987; van der Wateren, 2002). Additionally, it is thought 
thatt the eye-shaped boudins are likely to result from extensional deformation. 

C.7444 and C.748 are unique as their relatively high clay content yields 
impressivee deformation structures and plasmic fabrics, but relatively few 
turbates.. The clay is thought to come from clay fragments in the Weller 
Coall  Measures (Ballance, 1977; Isbell and Cüneo, 1996) as confirmed by 
fieldd observations (Fig. 11A-B; Lloyd Davies and van der Meer, 2001). The 
higherr plasma content in C.748 results in very few voids (vughs) but a high 
numberr of fractures and fissures, unrelated to textural variations and thus 
indicativee of shearing (van der Meer, 1987), were observed. 

Inn C.748, eye-shaped boudins composed of fines are found adjacent to a 
micro-faultt (Fig. 8G), which in itself is immediately below a boudinaged 
structuree of silt fines (Fig. 8E). This proximity of brittle and ductile 
featuress indicates polyphase deformation, which is common in till s (Rast, 
1997;; Menzies, 2000; van der Wateren et al., 2000; Menzies and 
Zaniewski,, 2003). Folding, especially in conjunction with boudins may be 
typicallyy regarded as evidence for ductile shear zones (van der Wateren, 
2002)) and have been previously observed (e.g. Fig. 7B). Crenulation 
foliationn (Fig. 8F), was only observed in the clay rich C.748, and is 
attributedd to form under compressive deformation, by the shortening of 
systemm components. 

Fig.. 11 Field sample MS-14(99), that yielded thin section C.748 and its characteristically 
clayy rich matrix; an anomaly in the Manhaul til l thin sections. 
A.. The context for the sample on the north facing aspect of an iron cemented 
mudstone/clayy fragment protuberance jutting out of an undulating platform of 
sandstone.. Note 80cm high ice axe and wrapped sample for scale. B. Detail of the 
clastt rich, but matrix supported deposit where C.748 was sampled. Note the 30cm 
rulerr for scale. 

116 6 



TheThe patchy deforming bed of a cold-based glacier 

Onn the whole plasmic fabric development is weak throughout the thin 
sectionss (Table 4). This is thought to be due to the low micritic plasma and 
potentiallyy dry subglacial conditions (Zaniewski, 1997; van der Meer et al., 
2003a).. However, the comparatively high clay (plasma) content in C.744 
andd C.748 (Table 2; Fig. 4) yields a suite of plasmic fabrics that strongly 
supportt a subglacial deformation origin, as they are the primary indicator 
forr deformation in micromorphology (Menzies and Maltman, 1992; van 
derr Meer, 1993; Carr, 1999; Hiemstra, 1999, van der Meer et al. 2003). In 
thesee thin sections, lattisepic plasmic fabric is absent and skelsepic plasmic 
fabricc poorly developed. However, insepic and omnisepic plasmic fabrics 
aree common. The former are found in plasma clusters at the initial stages 
off  deformation (e.g. Fig. 8A), whereas the latter point towards high 
deformationn stresses (e.g. Fig. 8J; Menzies, 2000). Banded plasmic fabrics 
(Fig.. 8M) signify a strong intercalation processes (Menzies, 2000) and the 
prominentt kinking plasmic fabrics (Fig. 81) are associated with shearing in 
aa compressional regime (Menzies and Maltman, 1992; Bordonau and van 
derr Meer, 1994). Masepic plasmic fabrics are only found in C.776 (weak 
development)) and C.748 (strong development; Fig. 8K) whereas unistrial 
plasmicc fabrics (Fig. 8L) are more wide spread across the sample series. 
Bothh forms of fabric are attributed to the same alignment of clay particles 
eitherr in a single line (unistrial) or branching and merging domains (bi-
masepic).. The occurrences of either form of plasmic fabric signify 
sedimentt deformation through parallel shear-displacements (Jim, 1990; 
Hiemstraa and Rijsdijk, 2003), which in this instance is taken to form via 
subglaciall  shearing (Carr et al., 2000; Hiemstra, 2001). 

However,, when viewing the plasmic fabrics as a whole, the most wide spread 
aree the skelsepic and lattisepic varieites. The origin of these plasmic fabrics is 
debatablee (Menzies, 2000) and is indicative of stress application resulting 
fromm either rotational movement (Jim, 1990; van der Meer, 1993) or plasma 
dilatancyy associated with porewater induced translocation of clays (Dalrymple 
andd Jim, 1984). On most occasions they are found as thin layers immediately 
adjacentt to grains without immediate evidence for rotational deformation. 
Furthermore,, the clay mineralogy results (Fig. 5) demonstrate the frequent 
presencee of swelling micas. In combining these facts with the evidence for 
post-depositionall  water (discussed below), any percolating water would be 
absorbedd by the mica and thereby induce a 'fake' birefringence. Therefore, we 
suggestt that the skelsepic and lattisepic plasmic fabrics are not primarily 
deformationall  but instead diagenetic (van der Meer, 1996; Hiemstra, 1999). 
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Thosee samples furthest away from the current Manhaul Bay Glacier snout 
demonstratee the more abundant evidence for diagenetic alteration 
(comparee Tables 1 and 5). Firstly, a black, opaque coloured precipitate is 
foundd to line fissures, fractures and mamilated vughs (e.g. Fig. 8D), and 
hass been reported on similar structural units in other till s (van der Meer, 
1987).. Their occurrence is thought to be facilitated by water translocation 
andd the colouring most likely derived from the coal in the Beacon bedrock. 
Secondly,, the sediment sorting structures (Fig. 6B), with their grain 
alignmentt in conjunction with dark plasma fines, point towards a 
diageneticc origin indicative of permafrost (Vogt and Larqué, 2002). The 
alternativee is that they are inherited fluvial structures from the Beacon 
bedrock,, but their rare occurrence, fan like orientation (opposed to linear) 
andd associated dark (illuviated?) plasma makes this less plausible. Thirdly, 
thee majority of mamilated vughs found in half the thin sections are 
thoughtt to be collapsed vesicles. The vesicles are inferred to form under 
wett conditions, where air escapes under local sediment saturation (van 
Vliet-Lanoëë et al., 1984); an observation reported from polar soils and 
sedimentss subjected to periglacial conditions (Bunting, 1977; van der Meer 
ett al., 1993; Harris, 1998). However, in C.740, C.912 and C.913 for 
example,, the mamilated vughs found are attributed to form by the welding 
off  aggregates because of the high grain density and low plasma content 
(Stoops,, 2003). Fourthly, the cutans that have been described as an 
accumulationn of fine-grained material on or against structural elements 
aree differentiated from grain clay coatings on the basis of morphology as 
discussedd further below. It is inferred that the cutans indicate post-
depositionall  clay illuviation by percolating water (Menzies, 2000), even 
thoughh a subglacial origin has been previously proposed (Menzies, 1986). 
However,, post-depositional illuviation has also been formerly observed in 
Antarcticc soils (MacNamara, 1969) and till s (van der Meer et al., 1993) 
makingg this the most likely explanation. Furthermore, it is thought that 
thee high dielectric property of snow meltwater (van Vliet-Lanoë, 1985) in 
combinationn with the high salt content in Transantarctic soils (Campbell 
andd Claridge, 1987; Hooker et al., 1999) aid clay dispersal and thus 
illuviation.. As described, cutans along fractures and voids are common 
placee (Table 5). One example is partially lined with silt sized deposits 
formedd by ground-ice lenses (Fig. 10A; Coutard and Mücher, 1985; van 
Vliet-Lanoë,, 1985), this being typical of periglacial conditions following till 
depositionn (van der Meer, 1987). 
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Thinn sections C.912 and C.913, in particular, provide abundant evidence 
forr post-depositional changes to the Manhaul till . Mamilated vughs, 
sedimentt sorting patterns, cutans and a red-black coloured iron precipitate 
foundd on the face of structural units, all point towards percolating water. 
However,, the most persuasive evidence is ubiquitous coatings of clay 
foundd fully around the various grains and secondly the platy structure of 
clay-stoness present in the matrix. The grain clay coatings are composed of 
clayy sized fines as with the cutans. However, in this study they are 
differentiatedd because of their occurrence around individual grains 
opposedd to the variety of other structural forms such as fractures or voids. 
Thee reason for this is because it is proposed that the continuous coatings of 
clayy are due to mass movement induced grain rotation allowing all 
surfacess to become coated (Bertran, 1993; Elliot, 1996). The sample's field 
contextt on a 0210 slope (Lloyd Davies and van der Meer, 2002) in 
conjunctionn with skel-lattisepic plasmic fabric implying rotational 
movement,, further supports this. Additionally, clay coatings are common 
inn both active and relict solifluction deposits (Harris, 1998), including 
thosee in the Antarctic (van der Meer et al., 1993). The source for the clay is 
thoughtt to come from the local, cryogenically altered clay-stones (Fig. 
10F).. The occasionally linked and commonly continuous grain coatings are 
inn themselves considered evidence for repeated freezing and thawing 
(Harris,, 1998; e.g. references in Stoops, 2003 page 110) as are the dense 
platyy peds found within the clay-stones. These peds are separated by 
minutee planar voids which are the result of compaction and 
cryodesiccationn between ice lenses (van Vliet-Lanoë, 1985) and at times 
manifestt as a lenticular band of denser matrix (e.g. in C.913; Harris, 1998). 

7.. DISCUSSION 

Micromorphologicall  evidence has been presented for subglacial 
deformationn and diagenesis of a cold-based glacier till.  Variation in the 
naturee of the thin sections over a relatively small area (Fig. 3) suggests 
theyy are formed locally. As mentioned, this is supported by the clay 
mineralogyy results (Fig. 5) and well illustrated when comparing the thin 
sectionss in 'Camp Valley' and 'Trudge Valley'. For example, C.748 in 'Camp 
Valley'' has a high plasma content and relatively impressive array of 
plasmicc fabrics because of the prominence of clay fragments and mudstone 
inn the locall  Beacon bedrock geology (Ballance, 1977; Isbell and Cüneo, 
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1996;; Lloyd Davies and van der Meer, 2001) where as the 'Trudge Valley' 
thinn sections have a low plasma content, but relatively large, sub-rounded 
quartzz grains on account of the coarser sandstone in that region (Ballance, 
1977).. The substrate therefore plays a significant role in the prevailing 
styless of deformation, as reflected in the micro-structures (e.g. van den 
Bergg and Beets, 1987; Khatwa and Tulaczyk, 2001; van der Meer et al., 
2003a).. In these thin sections the array of deformation micro-structures 
aree commonly supported by the plasmic fabric; the part of the til l that 
carriess the strongest genetic signal (van der Meer et al., 2003a). One 
strikingg aspect from this study is that a number of micromorphological 
featuress observed from a cold-based til l have been also noted in other, 
temperatee till s from the Antarctic (Zaniewski, 1997; van der Meer et al., 
1998,, Hiemstra, 1999, 2001; van der Meer 2000) and Quaternary till s 
elsewheree (van der Meer, 1987,1993,1997; van der Meer and Laban, 1990; 
Menziess and van der Meer, 1998; Carr, 1999; Menzies, 2000; Carr et al., 
2001).. However, in these temperate till s turbate structures are, in the 
main,, the most common (van der Meer et al., 2003a) and account for the 
bulkk of the strain in subglacial sediment deformation (van der Meer, 1997; 
Hiemstraa and Rijsdijk, 2003). In contrast the cold-based til l thin sections 
examinedd in this study, are dominated by brecciation of grains and 
discretee shear lines, with a planar style of deformation prevailing over 
rotationalrotational forms (Tables 3 and 6). 

Tablee 6 
Deformationn micro-structures attributed to planar and rotational movement. 

1.. Evidence for planar movement 

 Discrete shear lines, unistrial plasmic fabric 
 Masepic plasmic fabric and its varieties 
 Grain lineations 
 Micro-faulting 
 Crushed or split grains 
 Kinking plasmic fabric 
 Boudinage and eye-shaped morphologies 
 Folds and crenulation foliation 

2.. Evidence for rotational movement 

 Turbates, halos and necking structures 

 Skelsepic, lattisepic and omnisepic plasmic fabric 

3.. Other 

 Banded plasmic fabric 
 Insepic plasmic fabric 
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Thee 'Manhaul till  model' (Fig. 12A-F) is proposed for subglacial till 
formationn under the cold-based Manhaul Bay Glacier with temperatures 
~-24°CC (Atkins et al., 2002). This is based on a model by Lloyd Davies et 
al.,, (chapter 5) regarding cold-based bedrock glacitectonism and 
Pedersen'ss description for a glacitectonite (1988). In many respects the 
Manhaull  till resembles a glacitectonite (Banham, 1977; Pedersen, 1988) or 
aa comminution till  (Benn and Evans, 1996). However, as the range of 
deformationn micro-structures and plasmic fabrics resemble those in other 
tills,tills, the deposit is best described as a cold-based subglacial til l or 
tectomictt (van der Meer et al., 2003a). 

Ass the Manhaul Bay Glacier advances and encounters undulating bedrock 
platformss or protuberances, high pressure points between the glacier and 
bedrockk stoss side induce glacitectonic brecciation (Fig. 12A; Atkins et al., 
2002;; Lloyd Davies et al., chapter 5) and initial fracture and fissure 
developmentt (Fig. 12B). Bedding planes are especially susceptible to this 
phenomenonn because their failure threshold is a magnitude of two orders 
smallerr than massive bedrock (Andrews, 1980). Clast detachment provides 
materiall  which is then brecciated due to the combined pressure of glacial 
ice,, clast and bedrock impact (Fig. 12C; Pedersen, 1988). High pressures in 
aa dry environment induce further fracture and fissure formation as well as 
clastt brecciation and comminution, which introduces fines to the diamict 
matrixx (Fig. 12D). Further substrate fracturing provides bedrock material 
forr brecciation and comminution as well as increases fine-grained material 
too induce shearing (Fig. 12D-E; Pedersen, 1988). On retreat of glacial ice 
(Fig.. 12F), three features observed in the field remain: firstly fractures and 
fissuresfissures in the bedrock adjacent to the Manhaul till  (Fig. i2Fi), secondly 
relativelyy thick til l deposits on north facing bedrock escarpments (Fig. 
12FÜ)) and thirdly thin veneers on undulating bedrock surfaces (Fig. i2Fiii). 

Inn the 'Manhaul till  model' it is thought that with coarse grains 
dominating,, largely brittle deformation takes place in the till.  However, as 
thee matrix becomes more fine and clay rich, ductile deformation occurs 
(vann der Wateren et al., 2000). This is well illustrated by the high clay 
contentt in thin sections C.744 and C.748, where the clearest examples of 
ductilee deformation micro-structures are observed (Table 3). Support is 
alsoo found in the literature where ductile deformation is noted in clay rich 
sedimentss of western Siberia, a region that supposedly experienced cold-
basedd Pleistocene ice sheets (Astakhov et al., 1996). Therefore, the extent 
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Fig.. 12 Proposed 'Manhaul till model' for cold-based subglacial till (tectomict) formation. 
Glaciall  ice is light grey, Beacon substrate and boulders are dark grey and the thick 
arrowss indicate glacier flow direction. 
A.. i) High pressure points between the glacier and bedrock (on the stoss side of the 
ridge)ridge) induce glacitectonic brecciation, rotation and dragging of clasts and boulders 
alongg the bedrock stoss side, ii) Incipient sub-vertical extensional fractures and 
fissuress occur in the bedrock. 
B.. i) Clasts and boulders impact the bedrock, which induces initial fissuring. 
ii)) Weaker bedding planes in the sedimentary bedrock cycles are vulnerable to this 
phenomenon.. This is because their failure threshold is a magnitude of two orders 
smallerr than massive bedrock (Andrews, 1980). 
C.. i) Fissures begin to join leading to break-up of bedrock and thus clast 
detachmentt and brecciation (Pedersen, 1988). ii) The contact area between ice 
transportedd clasts and the bedrock induce brecciation and break-up of the clasts. 
D.. i) Jointing and fracturing develop, especially across weaker bedding planes. 
ii)) Brecciation of ice transported and detached clasts occur. Further brecciation and 
comminutionn leads to an increase of fines in the matrix at the micro-scale, which in 
turnn facilitates shearing (Pedersen, 1988). 
E.. i) Continued jointing and fracturing supplies detached clasts that are susceptible 
too further brecciation and comminution, ii) Shearing, grinding and comminution of 
brecciatedd bedrock clasts increase the diamict's fine-grained element, which induces 
deformationn by shear. The amount of fine-grained material is dependent upon the 
typee of substrate covered by glacial ice, i.e. mudstone or clay fragments provide 
moree clay than coarse sandstone. 
F.. On retreat of glacial ice: i) Fissures and fractures remain in the bedrock (see also 
Fig.. 2C). ii) Regions of poorly sorted, friable Manhaul til l (tectomict) are found as 
thickerr deposits on north facing bedrock escarpments reflecting former high 
pressuree points between the glacier and bedrock, iii ) On flatter bedrock surfaces the 
Manhaull  till (tectomict) is generally thinner. 
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off  cold-based til l matrix development will depend on the lithology, 
structuree and morphology of the substrate, glacier velocity and pressure 
overr time. However, the perceived absence of cold-based till s in the fossil 
recordd may be explained by most cold-based glaciers being underlain by 
frozenfrozen soft sediment instead of clean bedrock as described here (Murray, 
1997),, in addition to their low preservation potential (Lloyd Davies et al., 
chapterr 5). 

Waterr content as well as clay plays a critical role in the behaviour of the 
glaciall  bed (van der Meer et al., 2003a), and so far it has been assumed 
theree is no water present in cold-based til l production. The lack of water 
inducedd deformation structures (e.g. water escape structures) and high 
instancess of brittle and therefore dry deformation micro-structures 
supportt this assumption further. However, the fact that ductile related 
featuress are noted in some samples with a low clay content (e.g. C.739i & ii) 
meanss that minute amounts of water might be apparent. Thin films of 
brine,, between 20-40/zm thick have been proposed by Cuffey et al., (1999; 
2000)) to facilitate glacier sliding, ice segregation and entrainment beneath 
thee cold-based Meserve Glacier, Antarctica (basal temperature -17°C). 
Directt measurements of water films at temperatures as low as -30°C have 
beenn made under laboratory conditions (Dash et al., 1995). and fine-
grainedd materials (e.g. clay) can retain significant amounts of unfrozen 
waterr below -5°C (Williams and Smith, 1989). This phenomenon has also 
beenn reported for soils and rocks under Antarctic subfreezing conditions 
(Claridgee and Campbell, 1987). Therefore the possibility of thin brine films 
inducingg cold-based subglacial deformation cannot be completely ruled out. 

Manyy of the structures identified as subglacially deformed micro-
structuress may have formed under periglacial conditions (Huijzer, 1994)-
Furthermore,, one might argue that as the till s are produced so locally, the 
micro-structuress might be inherited from the bedrock. However, 
confidencee in a subglacial interpretation is gained when many of the 
identifiedd deformation micro-structures and plasmic fabrics are compared 
withh other studies of subglacially deformed temperate till s (e.g. van der 
Meerr et al., 1998; Menzies and van der Meer, 1998; Carr, 1999; Hiemstra, 
1999,2001).. Moreover, the post-depositional features noted throughout 
thesee thin sections are expected when compared to the 1.4m deep 
weatheringg profiles in soils and sediment of the nearby Coombs Hill s 
(Claridgee and Campbell, 1985). The cutans observed are thought to be 
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post-depositional,, via percolating water, and not inherited from the 
bedrockk or formed by subglacial clay dispersal (Menzies, 1986) as nm thick 
brinee films are not thought capable of facilitating this process. Another 
observationn is that diagenesis is most developed for those samples furthest 
awayy from the Manhaul Bay Glacier and thus presumably has been 
subjectedd to post-depositional processes for longer. A major 'catalyst' is the 
presencee of snowmelt liquid water that filters through cracks in till , as 
notedd in sub-freezing summer temperatures of the Antarctic field 
(Dickinsonn and Grapes, 1997; Lloyd Davies and van der Meer, 2001; van 
derr Meer and Barrett, pers. comm.). The degree to which post-depositional 
alterationn can occur is well illustrated by thin sections C.912 and C.913 
whichh point towards a gelifluction fabric superimposed on a subglacially 
formedd till . This is not the first time Antarctic till s are described in thin 
sectionn as having been subjected to post-depositional changes induced by 
liquidd water (van der Meer et al., 1993). 

8.. CONCLUSION 

Fromm this chapter the following is concluded: 

 The cold-based Manhaul Bay Glacier is capable of producing a til l by 
subglaciall  deformation. Therefore, cold-based till s may form 'actively' 
andd not just by 'passive' sublimation as described by Shaw (1977a and b). 

 The Manhaul til l was formed locally, and not transported by glacial 
ice,, on account of field and thin section observations as well as the 
particlee size and clay mineralogy results. 

 Cold-based subglacial till s preserve a clear record of glacitectonic 
ratherr than sedimentary processes, just like the vast majority of till s 
foundd elsewhere (Can* et al., 2000; van der Meer et al., 2003a). It is 
proposedd that the Manhaul til l is renamed the Manhaul tectomict 
(nott a formal stratigraphic name). 

 Planar (brittle) deformation plays a primary role in the 'Manhaul til l 
model'' for cold-based tectomict formation whereas rotational 
(ductile)) deformation is of secondary significance. The reverse is true 
forr temperate tectomict (till ) formation. 

 A low clay and water content are thought to be significant, if not 
fundamental,, in underpinning the planar-brittle style of cold-based 
tectomictt deformation. 
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 Cold-based subglacial tectomicts are susceptible to water facilitated 
post-depositionall  changes in polar, arid environments, let alone 
thosee which subsequently experience a wetter regime. This has 
implicationss regarding their preservation potential. 

 Cold-based glaciers are not always inactive at their base, as assumed 
byy various modellers (e.g. Naslund et al., 2003), but are far less active 
thann their temperate counterparts. 
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"Doo not go gentle into that good night, 
Oldd age should burn and rave at close of day; 
Rage,, rage against the dying of the light." 
DylanDylan Thomas 1914-1953 
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CHAPTERR 7: THE CLASSICAL SUBLIMATIO N TIL L 
RECONSIDERED::  TAYLO R GLACIE R TERMINU S (BLOOD 
FALLS) ,, SOUTH VICTORI A LAND, ANTARCTICA 1 

Abstract t 

Thee terminus of Taylor Glacier is regarded as one of the classic sites for sublimation till : 
thee rarest til l on Earth. The til l is thought to cap ice-cored thrust moraines, which are 
foundd as arcuate ridges flanking the north-eastern and south-eastern sides of Taylor 
Glacier.. Field observations and in situ micromorphological analysis of spatially varied til l 
depositss around the glacial terminus reveal a dynamic sedimentological history, but no 
sublimationn till . We only predict the occurrence of sublimation til l on the basis of known 
theoryy and climatic conditions during the winter. Four different sediments are identified 
inn thin section from the relatively small area of Taylor Glacier terminus. Approximately 
looumm thick clay coatings observed around grains in thin section are proposed as 
evidencee for meltout tul. The majority of meltout till s had also experienced syn- and/or 
post-- depositional flow. This has implications for their preservation potential. The high 
saltt and carbonate content in the moraines at Taylor Glacier terminus severely inhibit 
plasmicc fabric birefringence. Taylor Glacier terminus should not be regarded as one of the 
classicall  sublimation til l sites. 

1.. INTRODUCTIO N 

Thee geomorphic process of sublimation is poorly understood (Law and van 
Dijk,, 1994), because it is a comparatively rare process in comparison to 
meltingg and difficult to simulate in the laboratory or observe in the field. 
Whenn it comes to til l production no sublimation till s have been hitherto 
recognisedd in the fossil record and very few authors claim to have observed 
itt first hand in the field. The terminus of Taylor Glacier was one of the first 
too be cited as a location for sublimation til l (Shaw, 1977b, 1988) and as a 
resultt is commonly referred to in the literature or text books as one of the 
classicc sublimation til l sites (e.g. Benn and Evans, 1998). However, other 
authorss have described the glacigenic material at the snout of Taylor 
Glacierr as ice-cored thrust moraines capped by waterlain til l (Higgins et 
al.,, 2000) or meltout til l (Eyles et al., 1986). 

'' To be submitted to Journal of Glaciology 
LloydLloyd Davies, M.T. 
InstituteInstitute for Biodiversity and Ecosystem Dynamics-Physical Geography, Universiteit van Amsterdam, 
NieuweNieuwe Achtergracht 166,1018 WVAmsterdam, The Netherlands 
vanvan der Meer, JaapJM, 
DepartmentDepartment of Geography, Queen Mary, University of London, Mile End Road, London. Ei 4NS, 
UnitedUnited Kingdom 
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Thee definition of sublimation til l is that it is "til l released by the 
sublimationn of debris-rich basal ice" (Shaw, 1988). This must therefore 
occurr in a polar arid environment where glacial ice is covered in debris, 
andd as temperatures are below freezing, ice removal is only by 
sublimation;; i.e. the direct transition from the solid to the vapour state. 
Thee rate of sublimation til l deposition was theoretically proposed by Bell 
(1966)) to be ~im every 2,000 years, even though this declines as til l 
thicknesss increases. Sublimation til l is considered the rarest til l on Earth, 
evenn though recent research suggests it is wide-spread on Mars (Head and 
Marchant,, 2003). 

2.. STUDY OBJECTIV E 

Inn light of the above, this study has the following objectives: 

1.. To investigate by micromorphology the dominant processes for til l 
formationn at Taylor Glacier terminus. 

2.. To investigate whether there is any diagnostic criteria for the 
recognitionn of sublimation til l in thin section. 

3.. To report any new micromorphology observations in relation to the 
factt that no other glacigenic sediment thin sections have been 
collectedd from such a cold, saline and arid environment. 

3.. THE REGIONAL SETTING 

Taylorr Valley (77°oo'S, i62°52'E) is a cold and arid environment, and 
formss part of the Dry Valleys, the largest ice free region in Antarctica (Fig. 
lA-C).. Taylor Valley is ~40okm2 in area, runs approximately east-west and 
iss peppered by perennially ice covered lakes, ephemeral streams, bare 
rockyy ground, patterned ground and glaciers that cover -35% of the valley 
(Lewiss et al., 1998). Summer temperatures are rarely above o°C and the 
meann annual air temperature (MAAT) is —17°C (Keys, 1980). Snowfall is 
5-100 mm!7"1 on the valley floor (Keys, 1980), rainfall unknown and most of 
thee area experiences a moisture deficit (Bull and Carnein, 1970). 

Taylorr Glacier is 90km long and is an easterly flowing outlet of the East 
Antarcticc Ice Sheet (EAIS), originating at the bedrock controlled Taylor 
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Fig.. l Taylor Glacier in Taylor Valley. 
A.. Location of Taylor Dome and Taylor Valley, within South Victoria Land, 

Antarctica. . 
B.. The finger-like extension of Taylor Glacier originating at Taylor Dome and 

terminatingg ~6omasl at the west lobe of Lake Bonney in Taylor Valley (adapted 
fromm Marchant et al., 1994). The polar equilibrium line lies at ~2000m elevation 
(Robinson,, 1984). 

C.. View of Taylor Glacier terminus from the north-east (see label 'C' and black arrow 
inn part B for context). The terminus enters the west lobe of Lake Bonney. Note the 
positionn of the north-eastern moraines. Finally, the Rhone Glacier to the right is 
notnot physically attached to Taylor Glacier. 

Domee (Fig. lB-C). The glacier terminus is at an elevation of 60 metres 
abovee sea level (MASL) within Taylor Valley. Ablation of Taylor Glacier is 
mostlyy through sublimation (Wilch et al., 1993), although some loss 
observedd first hand in the summer is via melt at the glacial terminus. 
Moreover,, even though the glacier margins are frozen to their bed, ~so% 
off  the lower ablation zone is at pressure melting point (Robinson, 1984). 
Thiss results in temperate ice behaviour, and Robinson (1984) deduced that 
wheree the ice is thickest and velocity greatest (i.e. the centre of Taylor 
Glacier)) the pressure melting must rise to induce significant subglacial 
melting.. This further led to the proposal for subglacial lakes in the centre 
andd lower parts of Taylor Glacier, which are likely to be saline because of the 
highh salt content in the regolith of Taylor Valley (Pastor and Bockheim, 1980). 
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4.. THE STUDY SITE AND FIEL D DESCRIPTIONS 

Thee site under investigation are the moraines found at the terminus of 
Taylorr Glacier, known as Blood Falls, because of the hydrate iron oxide 
precipitatee found at its north-eastern aspect (Fig. 2A-B). As Fig. 2A-B 
illustrates,, the terminus is situated in Lake Bonney and is only -30km 
fromm the coast (Bull, 1966). The surface of the glacier terminus is deeply 
incisedd by running meltwater streams and the adjacent Rhone Glacier was 
observedd to have numerous supraglacial channels of meltwater cascading 
downn its terminal margin during the summer months visited (November 
andd December). Throughout these months lateral running meltwater 
channelss flank both sides of the Taylor Glacier and Rhone Glacier and 
enterr Lake Bonney. Moreover, Lake Bonney maintained a moat ~im wide 
throughoutt this same period (Fig. 2A). Englacial and basal melting is also 
observedd to issue from the snout of Taylor Glacier during mid-summer. 
Thee meltwater is highly saline, explaining its occurrence despite ambient 
airr temperatures <o°C. 

Taylorr Glacier 
Hydratee iron 
oxidee precipitate 

/(Bloodd Fails) 

Fig.. 2 Distribution of the marginal 
morainess and thin section 
samplee sites at present-day 
Taylorr Glacier terminus. 

A.. Taylor Glacier terminus and its 
highlightedd hydrated iron oxide 
precipitatee (image is -150-200111 
wide).. Note the prominent 
north-easternn moraine complex 
(whitee arrows) and identified 
thinn section sampling sites 
(blackk numbers and arrows). 
Thee dark patches on the moraine 
complexx are saturated debris 
rill ss indicating that much of the 
surfacee til l is moist. Ice-block fall 
iss also apparent (just below 
C.730)) and in front of the 
morainee complex is a meltwater 
deltaa entering the west lobe of 
Lakee Bonney. Note also the ~im 
moatt around Lake Bonney. 

B.. An aerial photograph of Taylor 
Glacierr terminus (adapted from 
Higginss et al., 2000) illustrating 
onn a wider scale the distribution 
patternss and sinuous shapes of 

thee moraine complexes (white lines and arrows; image is ~ioo-isom wide). Note that 
moree continuous moraines are found toward the margins, and individual 'islands' toward 
thee centre (e.g. C.731; close to calving margin). Note also the identified thin section 
samplingg sites (black numbers and arrows). 
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Alsoo observed at the snout of Taylor Glacier is a 5m thick exposure of 
debris-ladenn englacial and basal ice (Fig. 3A-B; Shaw, 1977a), a 
characteristicc normally associated with polythermal glaciers (Drewry, 
1986).. Previous researchers (Shaw, 1977a; Higgins et al., 2000) have 
describedd various mechanisms for the entrainment of this material into the 
basall  ice of Taylor Glacier. Lawson (1996) described the entrained material 
ass 'a range of debris-laden ice fades, including laminated, dispersed and 
massivee debris-laden ice.' The debris content of this ice ranges from <i% 
andd up to >so% by volume and is predominantly sand-sized (Lawson, 1996). 

Fig.. 3 Debris-laden ice at Taylor Glacier terminus. 
A.. A view from the south-east illustrating the stratified debris-laden englacial ice. 

Notee the moraine complex and the lateral, meltwater delta in the foreground. 
Imagee ~8om wide. 

B.. A close up of foliated debris-laden basal ice, with augen shaped 'clean' ice. No 
foliationn was observed in the moraine complexes fronting Taylor Glacier 
terminus.. Note the basal melting inducing saturated debris rills. Note also the 
icicless on the overlying clean glacial ice. 80cm long ice axe for scale. 

Wee observed first hand that the debris-laden basal ice provides much of 
thee material for the ice-cored moraines. These moraines are found at the 
north-easternn and south-eastern terminus of Taylor Glacier (Fig. 2A-B). At 
thee north-eastern side of the snout one finds the moraine material as a 
linearr ridge of til l ~i5+m high and 100+m in length (Fig. 2A). Several 
smaller,, discontinuous and arcuate linear ridges composed of til l are also 
foundd elsewhere to flank Taylor Glacier snout (Fig. 2B). In the field the 
morainess are moist (Fig. 2A) and support flows of saturated debris rill s as 
capturedd on video tape (Fig. 4A-B; Shaw, 1977a; Lloyd Davies and van der 
Meer,, 2002). The source of the moisture has been directly observed to 
comee from both the melting ice-cored moraines (Fig. 4C) and debris-laden 
basall  ice at Taylor Glacier terminus (Fig. 3B). However, dry portions of the 
ice-coredd moraines were also noted during mid-November (Fig. 4D). 
Finally,, salt deposits are also common place and are found on the 
morainess themselves (Fig. 4E; Black, 1969; Black and Bowser 1969). 
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Fig.. 4 The moraine complexes at Taylor Glacier. 
A.. A > 300 slope with a debris flow filled rill (black arrow). Spade for scale. 
B.. The bottom of the moraine complex terminates in a fan. Sediment fines are 

eventuallyy deposited sub-aqueously in the west lobe of Lake Bonney (parallel 
whitee arrows). Image is approx. 6m across. 

C.. Melting ice-cored moraine. The white dashed lines delineate the boundary to the 
debriss cover. Note the - loan long knife handle towards the bottom left (white 
arrow). . 

D.. A gentle ice-proximal slope on the moraine complex illustrates buried ice and a 
~iocmm capping of debris. Liquid water is evident in the form of a frozen pond 
(whitee arrow).. Image is approx. 3m across. 

E.. Note the prominent white salt evaporite deposits, common on thee moraine 
complexes.. Saturated debris rill s are also highlighted in the background. Note the 
headd of ice axe, towards bottom of image for scale (30cm). 

Thiss study describes the investigation of fourteen diamict thin sections 
coveringg these ice-cored moraines, and by combining field, laboratory and 
micromorphologicall  observations an insight is gained into the dominant 
depositionall  processes. Moreover, this is the first time micromorphology 
hass been employed upon apparent sublimation til l and other glacigenic 
sedimentss deposited in the cold, saline and arid environment of Taylor 
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Valleyy (Pastor and Bockheim; 1980; Claridge and Campbell, 1987; Hooker 
ett al., 1999). 

5.. METHODOLOG Y 

5.15.1 Sample collection andpre-impregnation at Taylor Glacier terminus 

Samplee sites selected from the moraine deposits around the snout of 
Taylorr Glacier were described in the field following standard field 
sedimentologicall  procedures regarding their context, texture and structure 
(Lloydd Davies and van der Meer, 2002). Information regarding the thin 
sectionn sampling is in Table 1 and their location documented in Fig. 2A-B. 
Thee samples were either clearly located above the buried ice (e.g. Fig. 5) or 
ass an exposure with no immediate ice visible. Each sample site was 
unconsolidatedd and delicately removed by use of a Mammoth (15 x 8cm) 
orr Kubiëna (8 x 6cm) tin, following the field sampling technique outlined 
byy van der Meer et al., (2003a). In field season 2001, a second sample for 
partielee size and carbonate content analysis was taken alongside the thin 
sectionn samples at the north-eastern ice-cored moraine only. 

Fig.. 5 Micromorphology sampling in the field. A sample (labelled and highlighted) is 
usedd to gently extract the friable, thin til l deposit capping the buried ice. Three 
texturallyy distinct units are noted both in the field and sample (partially 
delineatedd by discontinuous white lines). Ruler for scale. 

Duee to the friable state of certain micromorphology samples, it was 
necessaryy to pre-impregnate them in the polarfield. This was done in a 
tent,, using a 50:50 mixture of acetone and polyurethane following the 
methodd outlined by Lloyd Davies (chapter 3). The ambient temperature 
insidee the tent was ~19°C at noon. These high temperatures meant that the 
sampless were cured exceptionally fast, i.e. within 24 hours. 
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5.25.2 Laboratory work 

Micromorphologyy is the microscopic examination of the composition and 
constituentt structural elements of lithified and unlithified earth materials 
(vann der Meer, 1987; van der Meer et al., 2003b). In the laboratory the 
abovee field samples were oriented according to their top, slowly dried, cut 
andd mounted following the procedure described by Jongerius and 
Heintzbergerr (1975) and van der Meer (1993). Three thin sections were 
madee from the one field sample (TVi; Table 1), so to examine any 
structurall  relationships. The produced thin sections are all mammoth in 
sizee (15 x 8cm), and analysed with a Petroscope and the Wild'M400©\ow 
magnificationn petrological microscope. Photomicrographs were taken 
usingg a DC100 digital camera© mounted on the M42oLeica 
Microscope©.Microscope©. The micromorphology descriptions follow the 
classificationss of Brewer (1976), van der Meer (1993,1997), Menzies 
(2000)) and Stoops (2003). 

Particlee size analysis was conducted at the Physical Geography and Soil 
Sciencee department of the University of Amsterdam, following the method 
off  Gee and Bauder (1986). The results are displayed in Fig. 6. The 
proceduree also concerned determination of the calcium carbonate content 
inn the samples following the method of van Wesemael (1955). The results 
aree displayed in Fig. 7. 
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Thi nn sectio n sampl e calciu m carbonat e conten t 
13 3 
12 2 
11 1 
10 0 
9 9 
8 8 
7 7 
6 6 
5 5 
4 4 
3 3 
2 2 
1 1 

C.9033 'C.904'C.905 C.905 C.906 C.906 C.906 C.907 C.908 C.909 C.910 
plasmaa unit 1 unit 2 unit 3 
band d 

Thi nn sectio n numbe r 

Fig.. 7 Calcium carbonate content for thin section samples collected from the north-east 
morainee complex. The two thin sections with the highest carbonate content are 
fromm the same field site. 

6.. LABORATOR Y RESULTS AND MICROMORPHOLOGICA L 

DESCRIPTION S S 

6.16.1 Laboratory results 

Thee particle size analysis (Fig. 6) demonstrates a dominance of sand in 

halff  the samples. The 'plasma band' in Fig. 6 is an outlier and was 

exclusivelyy sampled from a separate clay band from within thin section 

C.905.. The results indicate a comparatively high clay content nearing 30%. 

Fourr other samples (C.909, C.906 unit 3, C.910 and C.903) are also 

groupedd as a cluster, illustrating a relatively high silt and clay content 

betweenn 16.5-26.2% and 13.8-20.9% respectively. Additionally, the particle 

sizee analysis final percentage for these particular samples was too low (i.e. 

nott 100%) and further testing explained this because of their very high salt 

content. . 

Fig.. 7 displays the calcium carbonate results, with four reading above 5%. 

Thee two highest results of 11.71% and 11.78% for C.907 and C.908 

respectivelyy came from adjacent field samples very close to the glacier 

snout. . 
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6.26.2 Micromorphology descriptions 

Alll  Taylor Glacier field samples are from an ice-marginal setting (Table 1). 
Thee fourteen thin sections are described below, with a summary of their 
micromorphologicall  characteristics displayed in Tables 2-6. 

6.2.16.2.1 Taylor Glacier snout (south-eastern aspect). Five thin sections from 
threee field samples are examined from this region of Taylor Valley. C.911 
wass found to have a matrix and set of rmcro-structures distinct from the other 
samples,, as reflected in Tables 2-6; and is therefore described separately. 

C.727,, C.728, C.729 and C.731 are silt to sand sized, moderately sorted 
depositss with a moderately high porosity dominated by complex packing 
voids.. Vughs are also observed and are typic, mamilate and star-shaped in 
morphology.. Fissures are more common than fractures, and both contain 
'clean'' quartz grains. The lithology is moderately diverse in all thin sections 
att Taylor Glacier terminus with frequent polycrystalline and serrated 
quartzz grains (angular regardless of size), more rounded quartz, porous 
amygloidall  basalt, sandstone, siltstone, chlorite, granite, coal, fibrous clay 
mineralss and several types of conglomerates observed. The plasma content 
iss low and only observed in 'clay coatings' around grains or the type I 
plasmaplasma band (Table 7 explains all plasma band and clay coating 
terminology).. The type I plasma band (Fig. 8A) is up to i-2cm thick, 
containss a few grains and those present are clay coated. Many of the grain 
coatingss in these samples are ~<iooum thick, fine-grained ('dusty'), non-
laminated,, sharp or clear boundaried and either fully surround the grains 
orr just one side. Additionally, typic, internal and external forms of hypo-
andd quasi-coatings are also observed (Fig. 8B-F; Table 6). A further 
observationn is that the thicker clay accumulations (>200-400um) are on 
eitherr the larger grains or one side only (e.g. a capping or pendant, but 
exactt orientation difficult to determine; Fig. 8C) and differ according to 
grainn lithology (Fig. 8D-F). On occasion papules composed of fragments of 
clayy coatings are observed (Fig. 8G). Less conspicuous micro-structures 
observedd in these samples were faint turbates, sub-horizontal grain 
lineationss and sub-vertical discrete shear lines (mm-scale in length; Fig. 
8H);; the latter frequently develop into fissures and/or are related to the 
presencepresence of a large grain. Pebble type III intraclasts (mm scale) are also 
observedd (Fig. 81) as is a halo of fine-grained plasma, -lsoum thick and 
containingg numerous <75-i50um grains (Fig. 8J). Some cutans and 
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Tablee 7 
Ann explanation of terms relating to plasma bands and clay dominated coatings around grains 
observedd in thin section. 

TERMM EXPLANATION 

Plasmaa bands 

Typee I A medium to fine-grained plasma band ranging in size from 0.5 and up to 2cm thick, in 
whichh vughs, fissures and grains surrounded by clay coatings are found. Poorly sorted 
andd horizontally aligned 

Typee II Fine-grained, dark plasma band ~0.1cm thick. Well sorted and horizontally aligned 

Typee HI Coarse-grained plasma band ~0.5cm thick. The lower boundary is sharp, whereas the 
upperr boundary is more diffuse with intrusive sand sized grains. Moderately sorted and 
horizontallyy aligned 

Clayy coatings (adapted from Stoops. 2003) 

Typicc coatings Found as a coating on the natural surface of grains. Sharp in boundary & ~<100um thick 

'Dusty''Dusty' coatings 
Composedd of fine to coarse clay comprising micro-particles 
'Unsorted''Unsorted' coatings 
Variablee proportions of sand, silt & clay. In this study, many silt sized, rod-like grains were noted to be within 
thee clay coatings and oriented around the core grain, so to resemble a turbate 

Hypo-coatingss Differ from typic coatings in that they are impregnative 

Internal Internal 
Existt only beneath the surface of a porous grain. This suggests motion within the grain and deposition on its 
outerr surface 
External External 
Developss in the matrix and then around or within the grain 

Quasi-coatingss Occur in the matrix adjacent to or within the grain, and although reflective of the grain 
shapeshape are not physically attached. In this respect they differ to hypo-coatings 

InternalInternal & External 
Comparablee in all respects to the characteristics of internal and external hypo-coatings, except that they are not 
physicallyy attached to the grain 

Other r 

Matrixx infillings An intrusive feature composed of plasma and up to sand sized grains, totally or partially 
fillin gg the pores of porous grains 
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Fig.. 8 Photomicrographs of features described from Taylor Glacier snout south-eastern 
moraine.. The top is above the image unless otherwise illustrated. 
A.. Detail of C.731, plane light, field of view 11.2mm, showing a thin sub-horizontal 
typee I plasma band (white arrows) and sub-vertical discrete shear lines (dashed 
lines).. B. Detail of C.903, plane light, field of view 9.0mm. Typical examples of 
clayy coated grains: 'dusty' (white arrow) and 'unsorted' (black arrow). C. Detail of 
C.903,, plane light, field of view 4.5mm. Thick accumulation of clay on just one 
sidee of a grain (white arrow), i.e. a pendant if the grain is in situ. D. Detail of 
C.727,, plane light, field of view 3.5mm. An amygloidal basalt grain demonstrates 
ann external quasi-coating (white arrow), internal hypo-coating in one of the pores 
(blackk arrow) and complete pore infillin g (white circle). E. Detail of C.903, plane 
light,, field of view 7.0mm. Unsorted clay coating around a grain. Note the core 
grain'ss constituent particles are found as a 'turbate constellation' within the clay 
coatingg as elucidated by the cartoon. Note also the orientation of the surrounding 
grainss (some clay coated) to the core grain's outer surface so to resemble another 
turbate.. Finally, the cartoon also illustrates sub-vertical discrete shear lines 
(dashedd lines) affecting the position of their adjacent grains. F. Detail of C.906, 
planee light, field of view 16.4mm. An amygloidal basalt grain demonstrates 
internall  hypo-coatings (white arrow) and extensive pore infillin g from the matrix 
(blackk arrow). G. Detail of C.731, plane light, field of view 3.5mm. A papule 
(whitee arrow). H. Detail of C.729, plane light, field of view 13.8mm. Dense set of 
conjugatee sub-vertical discrete shear lines (dashed lines). I. Detail of C.731, plane 
light,, field of view 7.0mm. Sub-rounded pebble type III intraclasts (white arrow) 
differentiatedd from surrounding matrix by their internal composition. J. Detail of 
C.731,, plane light, field of view 5.6mm. A classic halo where dark and fine-grained 
plasmaa are found wrapped around a core grain as a rind. K. Detail of C.911, plane 
light,, field of view 11.2mm. A thick halo composed of dark and fine-grained 
matrixx (white arrow) but with very few surrounding smaller grains. L. Detail of 
C.911,, plane light, field of view 16.4mm. Examples of boudinaged pebble type III 
intraclastss with an augen morphology (white arrow). Further down the thin 
sectionn they are less conspicuous (black arrow) except when monoclinally folded. 
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opaquee or orange coloured nodules are also observed as is faint skelsepic 
plasmicc fabric within the described clay coated grains. As this stage it is 
worthh noting that we separate cutans from the clay coated grains on the 
followingg basis. The clay surrounding the grains is defined in Table 7 and only 
thatt clay associated with grains is termed a clay coating. All other clay fines 
foundd upon structural units such as fractures or voids are termed cutans. 

C.9111 is a largely fine-grained, very well sorted deposit with voids 
expressedd by sub-vertical fractures and variously aligned craze planes. 
Towardss its bottom is a diffuse boundary delineating a far coarser grain 
supportedd unit ~2cm thick. Discrete shear lines, halos (Fig. 8K) and the 
deformationn of thin laminae (~400-500um thick) are also observed. The 
horizontall  laminations, distinguished as massively fine-grained and dark 
(typee II plasma bands; Table 7), have perpendicular micro-faults resulting 
inn blocky units (~ 1.5mm long) stacked in an imbricate fashion. Lower 
downn the sample, the laminae are only traceable as boudinaged intraclasts 
withh an augen morphology (Fig. 8L), and further down still the boudins 
becomee more diffuse and monoclinally folded. Other observations are 
birefringentt cutans both in the matrix and along planar voids, and silt is 
foundd to line certain craze planes and vughs. Minor unistrial plasmic fabric 
iss observed between proximal grains as well as faint kinking plasmic fabric 
withinn the described monoclinal folds. 

6.2.26.2.2 Taylor Glacier snout (north-eastern aspect). Nine thin sections from 
ninee field samples are examined from this region of Taylor Valley. They are 
describedd in four groups, as reflected in Tables 2-6; separated on the basis 
off  matrix and/or micro-structure variation. 

C.730,, C.903, C.909 and C.910 are moderate to well sorted, sand sized 
depositss with a similar composition to that described previously. The 
plasmaa and porosity are a medium to high density, the latter expressed as 
vughs.. Many of the fractures and fissures noted throughout these thin 
sectionss are clear to sharp in boundary, and occasionally occupied with a 
feww isolated grains or portions of the matrix. Rotational structures such as 
turbatess (Fig. 9A), halos, a necking structure (Fig. 9B) and coarser-grained 
'unsorted'' grain coatings (see Table 7 for definition) are observed (e.g. Fig. 
8E).. Sub-vertical and oblique grain lineations and sub-vertical (conjugate) 
discretee shears are often associated with rotational structures (Fig. 9C) and 
'pebblee type I and II I intraclasts' are also noted. Cutans lining a vugh (Fig. 
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V|N£^5ll  fV^- *  ^ "'  . „. -'"I 

Fig.. 9 Photomicrographs of features described from Taylor Glacier snout north-eastern 
moraine.. The top is above the image unless otherwise illustrated. 
A.. Detail of C.903, plane light, field of view 5.6mm. Two large core grains with 
smallerr grains oriented parallel to the core grain's outer surface. This forms 
neighbouringg turbates; note the discrete shear lines (dashed lines). B. Detail of 
C.730,, plane light, field of view 5.6mm. A necking structure associated with 
discretee shear lines (dashed lines). Smaller grains fan out symmetrically from 
betweenn the larger grains; one clay coated. C. Detail of C.903, plane light, field of 
vieww 16.4mm. Examples of discrete shear lines (dashed lines) related to the 
presencee of larger grains in the matrix as illustrated in the cartoon. Surrounding 
thee two large grains are a number of smaller grains, with their long axis oriented 
parallell  to the larger grain's outer surface. 
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Fig.. 9 (cont.) D. Detail of C.903, plane light, field of view 4.5mm. A thick cutan lining the 
innerr wall of a large mamilated vugh (white arrows). E. Detail of C.903, cross-
polarisedd light, field of view 4.5mm. Birefringent plasma domains oriented parallel 
too the outer surface of two grains (skelsepic plasmic fabric; white arrows). 
F.. Detail of C.905, plane light, field of view 18.0mm. A micro-fault causing a 0.5cm 
displacementt of a type II I plasma band. Note also the fissure, lined by a grey, fine 
texturedd and diffuse precipitate, crossing the plasma band (white arrow). G. Detail 
off  C.906, plane light, field of view 7.0mm. An extensive and diffuse precipitate 
beingg most conspicuous around grains (white arrow). Under a high magnification 
thee precipitate is composed of prominent, bright orange typic and aggregate 
nodules,, <30-iooum in diameter. H. Detail of C.907, plane light, field of view 
9.0mm.. Prominent group of vesicles (white arrows). I. Detail of C.908, plane light, 
fieldfield of view 13.8mm. A large (óoooum diameter) vesicle, that could be due to 
samplingg or laboratory processing. The vesicles' clear boundary with the 
surroundingg matrix demonstrates preferential sorting of grains, with the smaller 
grainss bordering it. 

9D),, grey and brown coloured aggregates up to 1,50011m in diameter and 
opaquee or orange coloured nodules 200-500^111 in size are also commonly 
found.. Faint skelsepic plasmic fabric is often in association with clay 
coatedd grains (Fig. 9E) and weakly developed examples of unistrial and 
lattisepicc plasmic fabrics are observed in C.909. 

C.9044 and C.905 in contrast are relatively well sorted, sand sized and 
particlee supported deposits with a high porosity and low (mottled) plasma 
content.. The composition is more varied than previous descriptions and 
includess coarse-grained, unsorted discontinuous plasma gatherings or type 
II II  plasmaa bands (i-4mm in width; Table 7). The plasma bands have a 
clearr lower border but diffuse upper boundary and minute sub-vertical 
fissures.fissures. The lower band of C.905 has a micro-fault (0.5cm displacement; 
Fig.. 9F) and augen-shaped plasma bodies (i-2mm wide) in its immediate 
matrix.. Further observations in the thin sections are sub-vertical discrete 
shearr lines, a faintly developed turbate, infrequent infillin g of certain 
amygloidall  basalt pores and thinly clay coated grains. Aggregates and 
precipitatess as previously reported are also found (Fig. 9F). Very faint 
skelsepicc plasmic fabric is observed within certain clay coated grains and 
discretee unistrial plasmic fabric is recorded in conjunction with the e 
describedd micro-fault and augen shaped plasma bodies. 

C.9066 is moderately sorted with three recognisable units (Tables 2-3). The 
lowerr units are grain supported, plasma poor (save two horizontal type I 
plasmaa bands 2-smm wide) and porous. Towards the plasma rich and 
matrixx supported upper most unit the porosity is lower. The transition to 
thee plasma poor, but quartz rich region of C.906 is characterised by a high 
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densityy of amygloidal basalt grains. The lower units of the thin section 
yieldd a small number of sub-vertical discrete shear lines, a grain lineation, 
faintt rurbate and necking structures. Clay coatings, as previously 
described,, are also found here and further up the sample are a number of 
interna]]  hypo-coatings and matrix infillings (see Table 7 for definition) 
withinn the amygloidal basalt (Fig. 8F). The upper part of C.906 expresses 
clearr grouped turbates (e.g. Fig. 9A), a sub-horizontal grain lineation, 
neckingg structure and unsorted clay coatings associated with sub-vertical 
(conjugate)) discrete shear lines. C.906 has an extensive orange coloured 
precipitatee (Fig. 9G) and faintly developed plasmic fabrics as previously 
describedd in other thin sections; but masepic plasmic fabric is found once 
withinn the infillin g of an amygloidal basalt grain. 

C.9077 and C.908 are very well sorted fine sand deposits, with littl e 
variationn in composition. The micritic (high carbonate) plasma content is 
loww to medium and vermiform in shape, and most clear under plane light 
whenn tainted orange. The porosity is high and manifested in a complex 
packingg void structure, with vughs and prominent vesicles (Fig. 9H-I). 
Comparativelyy few structures exist, with sub-horizontal discrete shear 
liness oblique and sub-vertically oriented grain lineations and very few 
turbatee and pebble type III features observed. Approximately half the 
grainss are coated in extremely thin (<30um) clay with numerous opaque 
noduless also noted. However, most frequent are prominent bright orange 
typicc and aggregate nodules, <30-iooum in diameter, which when found 
inn clusters form an extensive orange precipitate seen at lower 
magnifications.. Finally, there is no plasmic fabric development for either 
thinn section. 

7.. DISCUSSION 

7.17.1 Particle size analysis and carbonate content 

Thee majority of thin sections demonstrate a dominance of sand (Fig. 6) 
mostt of which is fine to medium-grained (Table 2), resembling that 
describedd for Taylor Glacier's debris-laden basal ice layer (Robinson, 1979; 
Lawson,, 1996) suggesting immediate til l deposition. The highest clay 
resultt (29.2%) is for the exclusively sampled C.905 type III plasma band, 
whichh explains the dominance of clay. However, similar quantities of sand 
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andd silt are also present. These are thought to be due to the diffuse upper 
boundaryy of the type III plasma band containing sand and silt particles 
fromm the wider matrix as described in thin section (Fig. 9F). Samples 
C.903,, C.906 unit 3, C.909 and C.910 are note-worthy in that their cluster 
off  relatively high silt and clay in comparison to the other diamicts, also 
havee a high salt content as reported in other soils and sediments from this 
localityy (Pastor and Bockheim; 1980). This suggests a relationship between 
clayy and/or silt content and salinity, although further discussion is beyond 
thee scope of this study. However, it is useful to note the high salt content 
amongg the sediments themselves, especially in view of salts ability to raise 
thee melting point of ice. 

Thee moderately high calcium carbonate content in C.903, the plasma band 
off  C.905 and thin sections C.907 and C.908 is thought to be derived from 
calcite,, a common deposit at Taylor Glacier terminus (Stephen and Siegel, 
1969).. The effect of the high carbonate content is manifested in thin 
sectionss C.907 and C.908 as no plasmic fabric was observed at all, 
confirmingg the inhibiting influence carbonate has upon plasmic fabric 
birefringencee (van der Meer and Laban, 1990). 

7.27.2 MicromoTj>hology 

Overall,, the grains have been described as smooth, blocky and subangular 
too subrounded, the larger cases being more (sub)rounded (Table 2). This 
demonstratess grain comminution with some fluvial rounding, but it is 
impossiblee to state whether this happened before, during or after glacial 
entrainment,, transport or deposition. In the more plasma rich cases, rod-
likee very fine sand or silt sized particles are noted and several are 
associatedd with turbates. In terms of the thin section composition the 
grainss are thought to be locally derived due to their igneous, metamorphic 
andd sedimentary lithologies as expected for Taylor Valley (Bockheim, 1977; 
Wilchh et al., 1993). 

Manyy thin sections also demonstrate a continuous and high porosity 
(Tablee 3) and occasionally stratified matrix, a finding compatible with 
theirr friable state in the field. A high porosity is anticipated for sublimation 
til ll  (Hindmarsh et al., 1998) but has also been observed in meltout til l thin 
sectionss from Iceland (Simons, 1998). In terms of sublimation, a high 
porosityy permits both efficient thermal conductivity and movement of 
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waterr molecules from a solid to gaseous state, with the variables of 
ambientt air temperature (Huang and Aughenbaugh, 1987) moisture 
content,, relative humidity and wind speed (Law and van Dijk, 1994; van 
Dijkk and Law, 1995) all influencing the amount and rate of sublimation. 

Forr the discussion it was decided to consider the north-eastern and south-
easternn terminal moraines together. However, structurally the Taylor 
Glacierr thin sections can be organised into four groups. Firstly, C.911 is 
discussed,, followed by C.904, C.905, units 1 and 2 from C.906, then C.907 
andd C.908 and finally the largest group: C.727, C.728, C.729, C.730, C.731, 
C903,, C.906 (unit 3), C.909 and C.910. The four groups and an 
interpretation̂^ summary of the discussion are presented in Table 8. 

Thinn section C.911 was sampled from laminated, relatively cohesive 
sedimentt close to Taylor Glacier snout. At the time of sampling the 
sedimentt was dry resembling the setting of Fig. 4D. However, subtle 
evidencee for running water was noted in thin section chiefly in the form of 
translocatedd (birefringent) cutans and silt lined along craze planes. 
Evidencee for brittle deformation is also observed in the form of sub-
verticall  (conjugate) discrete shear lines and micro-faults (Menzies, 2000) 
acrosss a dark and fine-grained plasma band (type II) . The subsequent 
blockss are interpreted to be boudins (Fig. 8L) that become more 
attenuatedd and eye-shaped lower down the thin section. They eventually 
becomee diffuse and are monoclinally folded indicative of a ductile shear 
zonee (Maltman, 1987; van der Wateren, 2002). The faint kinking plasmic 
fabricc observed (Menzies and Maltman, 1992; Bordonau and van der Meer, 
1994)) is compatible with compressional deformation of the monoclinally 
foldedd boudins. In the lower grain rich portion of C.911, faint unistrial 
plasmicc between the grains is indicative of deformation by shear (van der 
Meer,, 1993; van der Meer and Hiemstra, 1998; Carr, 1999; van der Meer, 
2000),, whereas a halo of fine-grained material around a grain, is inferred 
too have formed by grain rotation and subsequent accretion of fines (Fig. 
8K;; van der Meer, 1993; Hiemstra, 1998,1999; Lachniet et al., 2001). 
Therefore,, in consideration of these micro-structures and plasmic fabrics, 
thee sample's fine-grained, well-sorted and horizontally laminated structure 
andd field context, C.911 is interpreted to be a proglacial lacustrine deposit 
thatt has experienced subsequent deformation. The nature of deformation 
wass extensional (boudin formation) and compressional (folds and kinking 
plasmicc fabric). The deformation may be from a recent advance of Taylor 
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Tablee 8 
Micromorphologicall  interpretational summary from Taylor Glacier terminus. 

Thin n 
section n 

C.911 1 

C.904 4 
C.905 5 
C.906 6 
(unitss 1&2) 

C.907 7 
C.908 8 

C.727 7 
C.728 8 
C.729 9 
C.730 0 
C.731 1 
C.903 3 
C.906 6 
(unitt 3) 
C.909 9 
C.910 0 

Keyy micromorphological 
observation n 

• • 

• • 
• • 

• • 

• • 
• • 
• • 

* * 
• • 
• • 
• • 

• • 

• • 

• • 

• • 

• • 

• • 

* * 

Fine-grainedd laminated 
deposit t 
Boudinagedd laminae 
Monoclinallyy folded 
boudins s 
Faintt kinking plasmic 
fabric c 

'Open',, high porosity 
Loww plasma content 
Sub-verticall  discrete shear 
liness and faults 

Highh porosity 
Severall  vesicles 
Highh carbonate content 
Sub-horizontall  fissures 
relatedd to discrete shear 
lines s 
Otherr micro-structures rare 
andd 'dispersed' 

Relativelyy high plasma 
content t 
Frequentt (birefringent) clay 
coatedd grains 
Precipitatess and cutan/silt 
depositss on other structural 
units s 
Isolatedd clusters of 
rotationall  deformation 
micro-structures s 
'Rafted'' pebble type I & III 
intraclasts-noo plasmic 
fabric c 
Planarr deformation micro-
structures s 

Processes s 
interpretation n 

Sedimentt deposition within 
waterr body subsequently 
deformedd by compression 

Damp,, loosely packed fines, 
subjectedd to drying, relaxation 
andd subsequent displacement 
downslope e 

Highh water content 
preferentiallyy exploits sub-
horizontall  fissures, inducing 
shear.. This permits separation 
off  individual particles and 
deformationn micro-structures in 
aa cohesionless sediment 

Waterr flow and winnowing of 
finess results in clay coated 
birefringentt grains and cutans. 
Alsoo precipitates. The isolated 
clusterss of rotational micro-
structuress (turbates, necking 
structures,, halos) and 'pebbles' 
indicatee syn- or post-
depositionall  wet flow. The 
planarr deformation micro-
structuress (discrete shear lines) 
reflectt flow, but also 
potentiallyy indicate drier 
conditionss and sediment 
relaxation n 

Environmental l 
interpretation n 

Proglaciall  lacustrine deposit 
subsequentlyy deformed by 
glaciall  advance, ice block fall 
orr melting of the underlying 
ice-coredd moraine 

Aeoliann sediments 

Sedimentt saturated, meltout 
depositss (till ) 

Meltoutt till that has 
experiencedd syn- or post-
depositionall  flow 

Glacierr over the C.911 sample site, ice block calving onto it or melting of 
thee underlying ice-cored moraine. 

C.904,, C.905 and units 1 and 2 of C.906 each demonstrate a various grain 
compositionn and an 'open', high porosity and low plasma content 
dominatedd by a dense set of connected vughs or complex packing voids. 
Thee overall lack of silt and clay is well illustrated in Fig. 6 and explains the 
highlyy friable state of the samples in the field. There is littl e evidence for 
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waterr movement in the thin sections and no immediate meltwater or 
debriss saturated rill s were observed in the field. Considering that C.904 
andd C.905 were sampled from a slope with a gradient of 0270 and C.906 
wass from a slope >45° (Table 1) the sub-vertical discretee shear lines and 
micro-faultss across the type III plasma band (Fig. 9F) point towards 
sedimentt drying, relaxation and subsequent displacement downslope 
(Shaw,, 1977a; McCarroll and Rijsdijk, 2003). Unistrial plasmic fabric and 
pebblee type II I eye-shaped plasma bodies (derived from the type II I 
plasmaa band) are also associated with the micro-fault and indicate 
unidirectionall  extensional shear (van der Meer, 1993; Menzies, 2000; van 
derr Wateren et al., 2000). Further support for gravity driven deformation 
iss provided by the plasma band's sharp lower boundary but diffuse and 
grainn 'contaminated' upper boundary, where the grains may have slumped 
intoo position. The sediment probably dries out during the winter months, 
andd is held together in summer by local moisture derived from the Lake 
Bonneyy moat. This might especially be the case in C.904 and C.905 as they 
weree sampled <im away from the lake moat surface. Therefore, the open, 
variedd grain composition and low clay content leads us to believe that the 
thinn sections are aeolian in origin, an unsurprising inference considering 
thee aridity of the region (Bull and Carnein, 1970) and that wind blown 
materiall  constitutes a major fraction of Dry Valley moraines (Dort, 1967; 
Shaw,, 1977a; Chinn, 1985). However, the source of the type III plasma 
bandss is uncertain, but might be explained by either sublimation of 
underlyingg debris (clay)-laden basal ice or stratification from meltout til l 
(Haldorsenn and Shaw, 1982). 

C.9077 and C.908 have a matrix of fine sand, low plasma content, high 
carbonatee content (Fig. 7) and clear evidence for water movement and 
saturation.. This is manifested by the high porosity, clay coated grains and 
large,, grouped vesicles (Fig. 9H-I; van Vliet-Lanoë et al., 1984; Stoops, 
2003).. This is in agreement with field observations as the samples were 
takenn next to the outlet of saline meltwater and prominent iron oxide 
precipitate.. The proximity to the iron oxide deposit explains the origin of 
thee orange precipitate in thin section and in concert with the high calcium 
carbonatee content (Fig. 7) why no plasmic fabric is observed in either thin 
sectionn (van der Meer and Laban, 1990). Deformation induced micro-
structuress are isolated, with one turbate (rotational deformation; van der 
Meer,, 1993; van der Meer, 1997); a few grain lineations and common sub-
horizontall  discrete shear lines observed. In concert with field observations 
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C.9077 and C.908 are interpreted to be sediment saturated, meltout 
depositss directly derived from Taylor Glacier terminus. Most discrete shear 
liness observed in this study are sub-vertical, but here they are sub-
horizontall  and related to fissure formation. This is thought to be due to the 
highh water content preferentially exploiting the sub-horizontal fissures for 
movementt and inducing shear development. This is expected for 
sedimentss with a high water, but low clay content (van der Meer et al., 
2003a).. Moreover, the 'dispersed' and isolated cases of other deformation 
micro-structuress are due to the high water level separating individual 
particless and preventing their interaction (van der Meer et al., 2003a). 
Therefore,, the sub-horizontal fissures, shear lines and oblique grain 
lineationss are inferred to be the result of saturated sediment conditions, as 
reportedd previously for cohesionless sediment (Lachniet et al., 1999). 

Thee remaining nine thin sections (see Table 8) are grouped due to their, in 
thee main, higher plasma content, more diverse range of micro-deformation 
structuress and marginally more birefringent plasmic fabric. Moreover, 
theyy are found among the moist patches on the moraines (Fig. 2A), to cap 
meltingg ice (Fig. 4C) or are close to the saturated debris rills (Fig. 4A) that 
originatee from englacial and basal melting of the debris-laden ice (Fig. 3B). 

Whenn considering these thin sections as a whole, the general pattern is 
thatt the more diverse and abundant micro-structures are found in those 
thinn sections with a higher plasma content (cf Table 3 and 4). Three thin 
sectionss (C.727, C.728 and C.729) from the same field sample (TVi) 
demonstratee the continuouss form of the type I plasma bands. These bands 
(Fig.. 8A), as defined in Table 7, are oriented flush with the slope in the 
fieldfield (Lloyd Davies and van der Meer, 2002) and are thought to represent 
debriss stratification pointing towards a meltout origin (Shaw, 1979; 
Lawson,, 1979; Haldorsen and Shaw, 1982). Additionally, in contrast to the 
dryy environment required for sublimation til l (Shaw, 1988), evidence for 
percolatingg water is found as diffuse precipitates, vesicles (mamilate 
vughs),, 'clean' quartz grains within fractures and fissures, cutans, the clay 
coatedd grains (Table 6) and planar elongate voids (Table 3). The 
significancee of these is now discussed. 

Thee orange and grey coloured and diffuse boundary precipitate is 
occasionallyy noted as is a very rare brown (carbonate?) aggregate. The 
precipitatess are indicative of water translocation, and the orange coloured 
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precipitatee is thought to be from the local hydrated iron oxide found at the 
snoutt of Taylor Glacier (Fig. 2A; Keys, 1979). The mamilated vughs are 
inferredd to be proxy evidence for earlier sediment saturation, as they 
representt the collapse of former vesicles. As shown in C.907 and C.908 
(Fig.. 8H-I), vesicles occur via air escape under saturated conditions (van 
Vliet-Lanoëë et al., 1984) and may be the result of local ponding on one of 
thee moraine moist patches. The 'clean' quartz grains occupying fissures 
indicatee temporary periods of current flow (Rappol, 1983). Furthermore, 
manyy sub-vertical discrete shear lines are allied to fissures indicating that 
fissurefissure development occurred in response to water flow exploiting lines of 
weaknesss (van der Meer et al., 2003a). We envisage such inferences of 
waterr flow and percolation to therefore be the result of debris covered ice 
melt,, such as that observed in the field (Fig. 4C). Further evidence for 
waterr flow is in the form of planar elongate voids. These are thought to 
havee resulted from dewatering during deposition from the debris-laden 
basall  ice of Taylor Glacier. This inference is compatible with debris-laden 
basall  ice melting observed in the field (Fig. 3B) and thin section studies of 
meltoutt basal til l at the wet-based Burrough Glacier, Alaska (Ham and 
Mickelson,, 1995). 

Cutanss (illuviated clay along structural units other than the grains) may be 
formedd subglacially (Menzies, 1986). However, the wider picture of 
evidencee for water movement points towards their formation by water 
flow.. As Fig. 6 demonstrates, the thin sections with the relatively higher 
clayy content also contain a high salt content. Moreover, in the field salt 
evaporatee was frequently observed (Fig. 4E) and the meltwater discharging 
fromm Taylor Glacier is highly saline. Therefore, it is not surprising that the 
sedimentss should also contain salt. One consequence of this, is that salt 
increasess the efficacy of clay dispersion and illuviated cutan formation 
(Claridgee and Campbell, 1987; Whittow, 2000; Stoops, 2003). 

Thee clay coated grains (Tables 6-7) are thought to have been precipitated 
byy liquid water. The coatings occur 'intrusively' (typic) or 'normally' 
(externall  hypo-coating) on the upper face, or completely around grains, as 
seenn in thin section studies of meltout till s (Simons, 1998). We envisage a 
scenarioo such as that depicted in Fig. 4C from the field, where melting 
buriedd ice would cause winnowing out of the fine-grained particles in the 
diamictt mass. The fines are then redeposited as coatings around grains 
(Dreimanis,, 1988). The extent of the redeposition is illustrated by internal 
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hypo-coatingss and infillings lining micro-porous basalt grains (e.g. Fig. 
8F).. In terms of clay coating texture the majority are composed of fine to 
coarsee clay ('dusty clay coatings'; Table 7; Stoops, 2003), but in the more 
plasmaplasma rich thin sections unsorted clay coatings containing silt sized, rod-
likee constituent particles are commonly observed (Fig. 8E). 

Ass illustrated in Fig. 8E some clay coatings resembles a turbate. Turbates 
aree formed by core grain rotation accommodating strain within a 
plasticallyy deforming diamict mass and represent deformation by rotation 
(vann der Meer, 1997; Hiemstra 1999; Menzies, 2000). Moreover, grains 
surroundingg the rotating core grain then align with their longest axis 
parallell  to the core grain's outer surface. In the case of the 'turbate clay 
coatings'' (Fig. 8E) we suggest that the tight position of the rod-like, silt 
sizedd particles within the fine-grained clay coatings, means that the torque 
(boughtt about by the grain rotation) must be at least equal to or less than 
thee cohesive 'grip' of the clay coating. Otherwise the rod-like, silt sized 
grainss would not remain in the clay coatings, but be swirling around the 
coree grain in the wider diamict mass. 

Threee other observations regarding turbates in this group of thin sections 
aree as follows: (1) turbates are found in isolated clusters (Fig. 9A), (2) the 
clearerr turbates are associated with rotational deformation micro-
structuress such as necking structures (Fig. 9B) and halos, (3) the turbates 
aree often associated with sub-vertical (some conjugate) discrete shear lines 
(Fig.. 9C). The turbates grouped in isolated clusters indicate rotational 
deformationn (van der Meer, 1997; Menzies et al., 1997; Menzies, 2000) so 
itt is expected that necking structures will also form, as they are a variation 
off  a turbate (Lachniet et al., 1999). Halos may occur by coating of wet 
materiall  around the grain (Lachniet et al., 1999) and they are 
discriminatelyy more diffuse in boundary than the clay coated grains. Being 
inn the vicinity of turbates and necking structures we infer that the halos are 
formedd by clast rotation inducing plasma and grain accretion around the 
coree grain (van der Meer, 1993; Hiemstra, 1998,1999; Lachniet et al., 
2001).. Their isolated findings as clusters, and field observations of 
saturatedd sediment rill s moving downslope (Fig. 4A-B) lead us to believe 
theyy formed by sediment flow, a phenomenon previously reported by 
Lachniett et al., (1999,2001). However, unlike Lachniet et al., (1999) there 
iss no clear imbricate or laminar flow fabric associated with the samples, 
andd we are unsure as to why this is the case. The third observation in 
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relationn to (conjugate) discrete shear lines, suggests that these deposits 
havee also experienced planar deformation (Menzies, 2000), and the 
associationn of turbates and discrete shear lines is now considered 
diagnosticc for subglacial deformation (Hiemstra and Rijsdijk, 2003). This 
mightt suggest that the turbates and discrete shears are inherited from 
subglaciallyy deformed debris-rich basal ice, as meltout till s often preserve 
manyy englacial structures (Dreimanis, 1988). However, there is littl e 
supportt for this premise from the plasmic fabric (see Table 5 and 
discussionn below) and the environmental context of observed wet debris 
flowss down unstable, moist ice-cored moraines in summer points towards 
aa sediment flow origin for the turbates. The planar shears may be the 
resultt of subsequent flows overriding the sediment and inducing simple 
shearr or be the result of later sediment drying, relaxation and subsequent 
slumpp (Lachniet et al., 2001; McCarroll and Rijsdijk, 2003). 

Grainn lineations noted are not always related to shear (van der Meer, 
2000),, and in this instance are considered to be 'micro-stratified' grains. A 
furtherr observation is the occurrence of a pebble type I element in C.910 
andd more common occurrences of pebble type III intraclasts (Table 4). The 
typee I pebbles are delineated by voids and thought to be formed by 
rotationall  deformation of the matrix under comparatively dry conditions, 
wheree they act as a bed of ball bearings or 'marbles' (van der Meer, 1993)-
Theirr formation could be explained by local sediment gravity flow under 
dryy conditions such as in winter. The type III pebbles are intraclasts of 
fine-grainedfine-grained sediment and are conventionally interpreted to be formed by 
brecciationn of the til l mass or fine-grained bands within the til l (van der 
Meer,, 1993). However, they have no plasmic fabric, so we propose that 
flowflow is again the origin for the intraclasts as suggested by van der Meer 
andd Laban (1990). Additionally the type II I pebbles resemble the 'clay 
balls'' reported by Menzies and Zaniewski (2003) during thin section 
analysiss of debris flow deposits. 

Ass described, the plasmic fabric remains weakly developed in this final 
groupp of samples (Table 5). The one sighting of insepic plasmic fabric 
indicatess matrix deformation and fragmentation of plasma units during 
transportt (Menzies, 2000; Menzies and Zaniewski, 2003). The presence of 
masepicc plasmic fabric within an infillin g of a basalt grain pore, signifies 
sedimentt deformation through parallel shear-displacements (Jim, 1990; 
Hiemstraa and Rijsdijk, 2003), but on a very small and local scale. The 
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unistriall  plasmic fabric is noted in conjunction with the discrete shear 
liness of C. 903 and C.909, confirming the proposal for unidirectional 
shearing.. Finally, taking into account that the skelsepic and lattisepic 
plasmicc fabrics are not associated with turbates, but only found in the 
illuviatedd clay coated grains we infer that they result from swelling clay 
dilatancyy (Daliymple and Jim, 1984). 

Thiss group of nine thin sections are therefore inferred to be meltout till 
fromfrom debris-laden basal ice or ice-cored moraines, which have a low 
preservationn potential (Paul and Eyles, 1990) and are subject to post- or 
syn-depositionall  flow. Field observations of unstable -30° slopes with 
flowss of debris saturated rill s are compatible with this inference. Planar 
deformationn in the form of shears probably occurred later from 
subsequentt sediment flow overriding or relaxation of the sediment from 
dryingg during the winter. 

8.. A MODEL FOR SEDIMENT DEPOSITION AT TAYLO R 
GLACIE RR SNOUT 

Despitee the geomorphologically stable, cold and arid environment of 
Taylorr Valley (Sugden et ah, 1995), the polythermal Taylor Glacier 
terminuss provides evidence for glacially active processes. This is based 
primarilyy on the field observations and micromorphology descriptions. In 
thee latter we have managed to group the samples according to texture and 
micro-structures.. This has led to different interpretations (Table 8) despite 
theirr proximity to each other around a relatively small region, i.e. the snout 
off  Taylor Glacier (Fig. 2A-B). This firstly suggests that the micro-climate of 
Taylorr Glacier snout is variable and more significant in determining 
terminall  sedimentation than the thermal regime of the entire glacier. This 
wass also proposed by Fitzsimons (1990) for glaciers in the polar-
continentall  and polar-maritime climate of the Vestfold Hills, Antarctica. 

Ourr inferences for sedimentation processes at Taylor Glacier terminus are 
bestt illustrated in Fig. 10A-E. Here the englacial and basal debris-laden ice 
providess material for the asymmetric ice-cored moraines (Shaw, 1977a; 
Higginss et al., 2000), which are considered part of the active glacial system 
(Chinn,, 1991). During the summer months, we observed melting to occur 
att the base of Taylor Glacier (Fig. 3B) and from exposed ice-cored 

162 2 



SublimationSublimation till reconsidered 

E E 
«~~ South West 

^^ a 

o-.. o - - ^ " - o • b • • ' 

C.9 9 

w w 

b'-'e e 

077 and C.908 

,, C.911 

T^—• • i i 

-C.904and90 5 5 

|| Clean glacial ice 

[•p/byjj Debris-laden ice 

~^]~^] Meltout till 

HH Sublimation till 

£ jj Flow deposit (till) 

JJ Aeolian fines 

|| Waterlain till 

§§§ ll Glacilacustrine deposit 

=*->> Melting (arrow thickness reflects intensity) 

-<~'"" Sublimation 

-—-»» Flow process 

•• Micromorphology sample 

Fig.ioo Simplified cartoon of ice-marginal processes at Taylor Glacier terminus (see also text). 
Thicknesss of sublimation till is exaggerated. 
A.. The context of Taylor Glacier terminus demonstrating how the linear englacial and 
basall  debris-laden ice provides material to the ice-cored moraines which is considered 
partt of the active glacial system. Note also the steep distal and gentle proximal 
morphologyy of the moraine and overlying thin till  deposit. B. Detail of the debris-laden 
icee and simplified schematic representation of till  deposition. During the summer 
months,, short but intensive melt leads to a thin cap of meltout till  from the base of the 
glacierr (i) and ice-cored moraines (ii). C. During the 'dry" months sublimation 
predominates.. It is most efficient in early spring (September-November) as discussed in 
thee text. D. During the summer months, further meltout till  is deposited. In certain 
locationss the sediment is saturated and under gravity slumps and flows (i). Remaining 
floww scars act as depo-centres for aeolian fines, explaining their proximity to till  deposits 
(iii  and iii) . E. Saturated sediment and steeper gradients increase the likelihood of debris 
flow,flow, which in turn exposes debris-laden buried ice so increasing the rate of till 
productionn (i) and potential for aeolian deposition (ii and iii) . Ponding close to or at the 
snoutt of the terminal cliff would induce waterlain till  (iv) and glacilacustrine (v) 
deposition. . 
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morainess (Fig. 4C). The glacial ice is laden with debris and as a result 
meltoutt til l (Fig. ïoBi & ii) is deposited from the base of the glacier (Fig 3B; 
Fig.. ïoBi) and ice-cored moraines (Fig. 4C; Fig. loBii). However,, during 
thee dry and cold winter months sublimation is expected, and therefore 
somee sublimation til l would occur (Fig. 10C), especially during early 
spring.. This is because the temperatures are close to melting point, 
relativee humidity is low and wind speeds high (Keys, 1980). The rate of 
sublimationn is affected by numerous variables (see Law and van Dijk, 
1994)) including til l thickness (Hindmarsh et al., 1998), but is slow and 
playss a secondary role to melting in the ablation of Dry-Valley Glacial 
terminii  (Lewis et al., 1998). Additionally, as mentioned in the 
introduction,, Bell (1966) calculated extremely slow rates of sublimation til l 
depositionn so we conclude that the amount of sublimation til l will be very 
smalll  when compared to flow and meltout till s (Fig. 10C-D). During late 
springg and summer, melting would ensue meaning that further flow and 
meltoutt til l deposition occurs. However, as sediment builds up and 
becomess saturated in places, unstable slopes develop increasing the 
likelihoodd of gravity driven debris flow (Fig. ïoDi) as observed in the field 
(Fig.. 4A), thin sections and other ice-marginal environments (Boulton, 
1968;; Fitzsimons, 1990; Bennett et al, 2000). The resulting flow scars 
becomee potential depo-centres for aeolian fines, explaining their proximity 
too the til l deposits (Fig. loDii & iii) . Over time the till mantle increases in 
depthh (Fig. 10E). Saturated sediment and steeper gradients further the 
likelihoodd of further debris flow (Fig. loEi), which in turn expose debris-
ladenn buried ice so to increase the rate of further till production or aeolian 
depositionn (Fig. loEii & iii) . However, in other places the steep distal 
slopess are preserved due to the cohesive properties of the fine-grained 
material.. Ponding (as observed in the field) close to or at the snout of the 
terminall  cliff would induce waterlain til l (Fig. ïoEiv) and glacilacustrine 
(Fig.. IOEV) deposition; both being equally susceptible to deformation by 
glaciall  advance, ice-block fall and melting of the underlying ice-cored 
moraine.. The scenario depicted in Fig. 10 E allows the existence of 
waterlainn till , lacustrine deposits, flow till , meltout till , sublimation til l and 
aeoliann fines which is in accordance with previous authors (Shaw, 1977a 
andd b; Higgins et al., 2000), our field observations and thin section 
inferences.. However, we doubt whether pure sublimation til l would really 
survivee for long at Taylor Glacier terminus and Fig. 10 exaggerates the 
amountt and distribution of sublimation till . Furthermore, 
micromorphologicall  evidence supports water flow through all samples 
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collectedd meaning that we did not view any sublimation til l in thin section 
despitee sampling from around Taylor Glacier terminus. Sublimation till , 
however,, may occur sporadically and subtly alongside other glacigenic 
deposits,, but its relative obscurity leads us to question whether Taylor 
Glacierr terminus should be known as a classic sublimation til l site. 

9.. CONCLUSION 

Thee following is concluded: 

 Based only on the moisture deficit of the region (Bull and Carnein, 
1970),, mean winter temperature of -33-5°C (Keys, 1980) and theory 
off  Bell (1966) we assume that sublimation til l should exist 
somewheree along the Taylor Glacier terminus. However, all thin 
sectionss examined demonstrated evidence for liquid water flow, so 
wee have not encountered sublimation til l and it remains elusive. 

 Taylor Glacier terminus should not be regarded as one of the 
classicall  sublimation til l sites. 

 In contrast the -looum thick clay coatings defined in Table 7 and 
observedd in thin section, are viewed as indicative for meltout til l and 
occurr in several samples. 

 The vast majority of meltout til l deposits demonstrated evidence for 
syn-- and/or post-depositional flow. This points towards a low 
preservationn potential for meltout tills. 

 The sedimentary regime at Taylor Glacier terminus is dynamic. 
Thereforee the micro-climate at the Taylor Glacier terminus plays a 
moree significant role than the glacial regime (cf Boulton, 1972,1975» 
1976).. This is confirmed by field observations and the identification 
off  four different sediments by micromorphology. These are: 

oo A proglacial lacustrine deposit, formed by ponding at the 
glaciall  margin, and subsequently subjected to compressional 
andd extensional deformation, 

oo Aeolian fines constitute part of the moraines at Taylor 
Glacierr terminus. They have also been deformed by brittle 
shear, , 

oo Cohesionless meltout til l occurs at the very snout of Taylor 
Glacierr terminus. Water is inferred to exploit discrete shear 
planess in the deposit to form fissures. 
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oo Many of the meltout til l samples have been subject to 
rotationall  deformation via syn- and/or post-depositional wet 
sedimentt flow as well as planar unidirectional shear. 

Noo unique structural or textural observations are made from these 
thinn sections despite their pioneering collection from such a unique 
setting.. However, the environment's high calcium carbonate and 
sodiumm chloride content (Pastor and Bockheim; 1980; Claridge and 
Campbell,, 1987; Hooker et al., 1999) severely inhibit plasmic fabric 
development,, as experienced in this study. 
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"Theree is a tide in the affairs of men, 
Which,, taken at the flood, leads on to fortune; 
Omitted,, all the voyagee of their life 
Iss bound in shallows and in miseries. 
Onn such a full sea we are now afloat, 
Andd we must take the current when it serves, 
Orr lose our ventures." (Julius Caesar) 
WilliamWilliam Shakespeare 1564-1616 





GlacitectonisedGlacitectonised bedrock by a wet-based ice sheet 

CHAPTERR 8: GLACITECTONISE D BEDROCK BY A 'WARM' , 
WET-BASEDD NEOGENE ICE SHEET, ALLA N HILLS , SOUTH 
VICTORI AA LAND, ANTARCTICA 1 

Abstract t 

Despitee recent appreciation as to significance of the subglacial environment, few studies 
havee focused on glacitectonised bedrock and its role in subglacial processes and local til l 
production.. This paper aims to describe 22 glacitectonised bedrock sections inn the Allan 
Hills,, South Victoria Land, Antarctica, and discuss the significance of the glacitectonised 
bedrockk in terms of subglacial tectonic processes and regimes. A further objective is to 
providee an initial proposal for palaeo ice sheet flow in the Allan Hills, by combining strike 
andd dip measurements from glacitectonised bedrock and striae data. Glacitectonic 
structuress are readily distinguished from those of the 'original' bedrock geology in central 
Allann Hills, and are formed primarily by subglacial simple shear. Examples include the 
firstfirst time reporting of clastic dykes, which are also diagnostic of high subglacial pressures 
andd wet conditions. Fracturing is found to be the first stage in bedrock glacitectonism, 
andd all sandstone cycles overlying brecciated beds are not in situ but are horizontally 
displacedd by overriding ice masses. It is proposed that bedrock glacitectonism 
significantlyy contributes to local til l production; but without direct glacial ice contact. 
Formerr Neogene ice sheet(s) that deposited the Sirius Group at Allan Hill s flowed from 
thee south(west) to north(east) and were warm-based. 

l .. INTRODUCTIO N 

Recognitionn of the importance of coupling between the glacier and its bed 
ledd to an increased interest to the important role of subglacial deformation 
opposedd to subglacial sliding and deposition (Hart and Rose, 2001). It is 
establishedd that many glaciers rest (partly) on unlithified sediments and 
deformationn of this material contributes significantly to glacial dynamics 
(Boulton,, 1979; Alley et al., 1986), although the extent of former deforming 
bedss is still questioned (Piotrowski et al., 2001). 

Inn this study we apply Aber et al's., (1989) definition of glacitectonism as 
'glaciallyy induced structural deformation of bedrock and/or drift masses as 
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aa direct result of glacier ice movement and loading.' Hitherto glacitectonic 
studiess have focused on soft sediment deformation (van der Wateren, 
1995)) while glacially induced bedrock deformation has been relatively 
neglected.. However, investigation of glacitectonised bedrock provides 
informationn on former ice-flow (Aber, 1979), extent (van der Wateren, 
2002)) and nature (Aber, 1985) including significant landscape 
modificationn (e.g. stacked structures covering iokm2+ on the North 
Americann plains; Stalker, 1976; Bluemle and Clayton, 1984). Moreover, 
glacitectonismm has only recently been proposed as significant in till 
formationn (Croot and Sims, 1996). Conventional wisdom states that til l 
productionn is an erosional process dominated by grinding and abrasion 
(Drewry,, 1986; Iverson, 2002) in the basal layers of glacial ice (Boulton, 
1978),, which takes place over considerable distances (Kirkbride, 2002). No 
mentionmention is made of glacitectonism because it is commonly unrecognised, 
andd unrecognisable in till s (Croot and Sims, 1996). 

Thee first aim of the paper is to describe 22 glacitectonised bedrock sections 
inn the Allan Hills, South Victoria Land, Antarctica. The second aim is to 
discusss the significance of the glacitectonised bedrock in terms of certain 
subglaciall  tectonic processes and regimes. Notably: (1) the role of glacial 
inducedd fractures in bedrock, (2) the lateral dislocation of large (potentially 
>ikm2)) blocks of sandstone and their efficacy as the deforming tool and (3) 
local,, in situ, til l production from originally intact bedrock. However, the 
matterr as to how erratics are incorporated into the eventual till is beyond the 
scopee of this paper. The third overall aim is to provide an initial proposal for 
palaeoo ice sheet flow in the Allan Hills, by combining strike and dip 
measurementss from glacitectonised bedrock and striae data. 

2.. THE ALLA N HILL S 

Thee Allan Hill s (76°43' S, i59°4o' E; Fig. lA-C) are relatively low-lying 
(1600-21000 metres above sea level or masl) and thus sensitive to glacial 
fluctuations.. They form a saddle-point in the barrier of the Transantarctic 
Mountainss (TAMS) of South Victoria Land, which 'restrains' the East 
Antarcticc Ice Sheet (EAIS) from draining freely into the ocean. It may 
thereforee be assumed that during any considerable growth of the EAIS, 
glaciall  ice overrode the Allan Hills, depositing glacial sediments and 
deformingg or eroding the sediments and bedrock. 
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Fig.. l The Allan Hills. 
A.. Location of the Allan Hills, within South Victoria Land, Antarctica. 
B.. The shape of the Allan Hills, showing the respective positions of Mount Watters 

(highestt point in the Allan Hills, 2123 masl), the Manhaul Bay and Odell Glaciers 
ass well as contemporary ice flow direction (black arrowheads). Note location of 
Fig.. lC. 

C.. View of central Allan Hill s (from the north-east). This includes a key field site 
JHi,, while other labelled regions are referred to in Fig. 3 or the text. 

Thee centre of the nunatak is occupied by the Manhaul Bay Glacier 
(informall  name), which is approximately 6km long and 200m thick, with 
basall  temperatures of —24°C (Atkins et al., 2002), and which flows into 
thee centre of the Allan Hill s from the north. Bordering the eastern Allan 
Hill ss is the Odell Glacier, which flows from south-west to north-east, 
betweenn the Allan and Coombs Hills. It is about 20km long and also 
estimatedd at around 200m thick, which lead Lloyd Davies et al., (chapter 
5)) to conclude that it too is cold-based. 

Thee geology of the Allan Hill s largely comprises sub-horizontal Permian 
andd Triassic sandstones, carbonaceous siltstones and coal measures of the 
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Fig.. 2 An example of relatively preserved sub-horizontal coal, sandstone and 
carbonaceouss siltstone measures of the Beacon Supergroup. The cycles fine 
upwardss with potentially eight seams of coal identified (numbered on image) 
despitee fallen blocks and scree. Note the vertical nature of the 'original' bedrock 
jointingg (white arrows). 

Beaconn Supergroup (Fig. 2; Ballance, 1977). These are upward fining 

cycles,, with occasional vertical joints and are interpreted to be alluvial in 

originn (Ballance, 1977). The measures are frequently intruded by sills and 

thinn dykes of Jurassic Ferrar Dolerite (Ballance and Watters, 1971), as well 

ass bodies of a co-eval Mawson Formation, a volcanic explosion breccia, in 

thee west and southern parts of the nunatak. Central Allan Hill s also 

includess several thin (>iom thick) patches of Sirius Group tillit e (herein 

referredd to as tillite) totalling around 2km2 in area (Fig. 3; Atkins and 

Barrett,, 2000; Holme, 2001). These deposits record extensive wet-based 

glaciationn at least 2 million years ago, based on cosmogenic dating of 

boulderr surfaces in the tillit e (Tschudi et al., 2003), but more likely at least 

155 million years ago, based on the studies of landscape evolution of the Dry 

Valleyss region (Summerfield et al., 1999). 

Thee shape of the Allan Hill s is documented in Fig. 3. The dominating 

featuree is the stepped relief decreasing in elevation towards the lobes of the 

Manhaull  Bay and Odell Glaciers. Other significant features include Trudge 

Valleyy in central eastern Allan Hills, which is over lkm long and nearly 

lkmm wide, its eastern end terminating at the Odell Glacier. Minor but 

locallyy significant features are two dolerite dykes, one aligned north-west 

too south-east across central Allan Hills, and the other, north-south. 
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Fig.. 3 A geomorphological map documenting the distribution of the Sinus tillite, 
glacitectonisedd bedrock field sites and ice-flow directional indicators in the Allan 
Hills.. (See enlarged colour version of map on pages 284-285 for a clearer 
viewing.) ) 
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Thee annual ablation rate for ice in the Allan Hill s is 4-5 cms^1 and much of 
thee surrounding ice is stagnant (Annexstad and Schultz, 1982). Mean 
annuall  air temperature (MAAT) of the region is -3O0C (Robin, 1983), and 
thee contemporary cold and arid environment of the Allan Hills, and other 
icee free areas of South Victoria Land, is geomorphologically stable (Denton 
ett al., 1993). However, Neogene Antarctic glacial history as reflected in the 
Siriuss Group (Mayewski, 1975) demonstrates a warmer, wetter and more 
activee glacial past (Stroeven, 1996; Hambrey and McKelvy, 2000; Naish et 
al.,, 2001; Wilson et al., 2002; Griitzner et al., 2003). 

3.. METHODOLOG Y 

Qualitativee and quantitative data pertaining to former ice sheet flow and 
glacitectonisedd bedrock in the Allan Hill s was collected over four field 
seasonss (1997-2001). Bulk-texture samples of the tillit e overlying 
glacitectonisedd bedrock were also taken so to determine sand, silt and clay 
fractions. . 

3.13.1 Field work 

Duringg the 1997-1998 field season Atkins and Barrett (2000) measured 
striaee orientations on cobble and boulder sized clasts lodged in the tillit e as 
welll  as on bedrock surfaces. This was done because striae are effective 
indicatorss of glacial erosion and former ice-flow (Menzies and Shuts, 
2002).. The orientations of the striae and strike/dip data are given as an 
azimuthh to the south, and have been uniformly corrected for magnetic 
declinationn of 1590. Hiemstra and van der Meer (1999) logged 22 sections 
demonstratingg glacitectonised bedrock the following season, and 
quantifiedd the strike/dip of glacitectonic fractures. The recorded sections 
weree selected on the basis of their diversity and spatial distribution. 
However,, because useful exposures are limited in the Allan Hills, most are 
locatedd in the central, low-lying part of the nunatak. Lloyd Davies and van 
derr Meer (2001; 2002) continued the logging of the glacitectonised 
bedrockk and increased the strike/dip data set for the glacitectonised 
fracturesfractures throughout field season's 1999-2000 and 2001-2002. The 
rationalee in using strike/dip data is because the strikes of fractures 
inducedd by glacial overriding are normally perpendicular to the direction 
off  ice flow (Dreimanis, 1935,1976; Aber, 1979) and are hence effective 
palaeoo ice-flow directional indicators (Hicock and Dreimanis, 1984). 
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3.23.2 Laboratory Work 

Particlee size analysis was conducted at the Physical Geography and Soil 
Sciencee department of the University of Amsterdam, following the method 
off  Gee and Bauder (1986). 

4.. DESCRIPTIONS AND RESULTS 

Twentyy two bedrock exposures in the Allan Hill s (Fig. 3) are summarised 
inn terms of their common glacitectonic characteristics (Table 1) so to 
providee a general pattern for bedrock deformation. JHi and JH5C-D are 
consideredd representative for this 'pattern' of bedrock glacitectonism and 
aree therefore described in specific detail. Fifteen sections (Fig. 3; Table 2) 
aree quantified (strike-dip) and numerous striae readings plotted (Tables 3-
4)) so to allow palaeo ice-flow reconstruction. 

4.14.1 General pattern 

Thinn (up to a few metres), partially eroded tillit e sporadically overlies the 
bedrockk sequence, and when found to do so are usually associated with 
deformedd bedrock features. Sites studied in detail are summarised in Table 
11 with the most widespread described below. 

Firstly,, the majority of fractures are sub-vertical or oblique and may be 
tracedd from the tillit e down into the bedrock so to be distinguished from 
verticall  'original'joints in the bedrock. In the longer exposures, fractures 
changee from a sub-vertical orientation and parallel pattern through to an 
obliquee orientation and anastomosing pattern towards the north (see JHi 
below).. At times, sub-vertical, anastomosing and dense 'zones' of fractures 
aree noted to delineate brecciated regions of the bedrock. In section view 
fracturee morphology and dip direction sometimes change at bedding 
planes;; although most fractures strike east-west and dip towards the north 
(Tablee 2). Additionally, the contact between the tillit e and bedrock is 
discordantt (sometimes gradual) with occasional interfingering of sediment 
alongg bedrock structural planes (Fig. 4A). 

Secondly,, some fractures are wide (>o.5m) and long (> 2.75m) enough to 
havee brecciated bedrock or more commonly sediment within them. Such 
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fracturesfractures are indicated as clastic dykes or sills by Lloyd Davies and van der 
Meerr (chapter 9; Fig. 4B), and are unaffected in their morphology or 
strike/dipp direction when encountering bedding planes. The sediment 
withinn these clastic dykes is relatively well-sorted, with sub-rounded clasts 
(cm-scalee in diameter) occupying the centre and fine laminations parallel 
too the dyke margins dominating elsewhere. The clasts are from the 
immediatee bedrock strata, but normally displaced down-fracture in the 
orderr of em's. Tillit e wedges (synonymous with til l wedges) of a liquid 
naturee also penetrate the subsoil and consistently dip towards the north. 

Thirdly,, the level and intensity of brecciation varies with lithology, where 
coall  is most readily brecciated, followed by carbonaceous siltstone and 
sandstone.. A common occurrence is that relatively intact sandstone beds 
aree found above (or between) thoroughly brecciated coal and carbonaceous 
siltstonee (Fig. 4C). The brecciated beds often have densely interfingered 
sand-siltt fines within them. Moreover, coal and carbonaceous siltstone 
clastss are found within the fractured sandstone so to 'inter-mix' the beds 
(Tablee 1). The majority of brecciated clasts are sub-rounded to sub-angular 
andd blocky in shape, although platy and tabular carbonaceous siltstone 
exampless are noted. 

Fourthly,, brecciated bedrock pebbles or entire blocks of strata are 
commonlyy found 'detached' and preferentially aligned along fractures, 
thrustss or faults (off-set in the order of 10's of cms) within the tillit e or 
overlyingg beds (Fig. 4D). Several examples include eye-shaped boudins, 
whichh are incorporated from the south and thin towards the north (Fig. 
4E).. Lastly, coal beds are infrequently folded and dissected by planar 
structuress at various scales (Fig. 4F-G). 

4.24.2 Specific Examples 

JHi-Thiss exposure is an accessible step in 'Maarleveld Canyon' (Fig. 3), 
facess -east-south-east, is 97m long and m high (Fig. 5). Three 
discernablee beds are noted: 1) a coal exposure >im thick, consisting of 
horizontall  units cm and up to dm in width. 2) Massive and frequently 
cross-beddedd sandstone, >sm thick, with associations of coal particles and 
circularr or lenticular concretions. Along the exposure there is regular, , 
verticall  jointing. 3) Massive, discontinuous and poorly-sorted matrix 
supportedd tillit e with many clasts of local lithology; maximum thickness: 2m. 
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Fig.. 4 Examples of glacitectonised 
bedrockbedrock in the Allan Hills. See 

pagee 302 for colour versions. 
A.. JH2A-Interfingering of laminated 
sedimentt along bedrock sandstone 
structurall  planes. Note its parallel 
beddingg flush with the structural plane's 
orientation.. Lens cap for scale. B. North-
easternn 'Banana'-The gradual contact 
betweenn overlying tillit e and sheared, 
brecciatedd coal is characterised by a 
swarmm of clastic dykes and a clastic sill 

infilledd with concordant laminated sediment. Black arrow highlights 15cm wide sample 
bag.. C. JHl-Intact sandstone overlies brecciated coal and fractured carbonaceous 
siltstone.. D. JH7B-Faulted sandstone is capped by large scale shearing of coal beds into 
thee overlying tillite. The eye-shaped coal boudins thin towards the north. Black arrow 
highlightss 80cm high ice axe for scale. E. JH4-Discordant tillit e upon carbonaceous 
siltstone,, with numerous fractures (annotated lines) continuous within the tillit e and 
bedrock.. Note the eye-shaped boudins of bedrock within the tillite, thinning towards the 
northh as well as different levels of brecciation. F. Small-scale asymmetrical folding of coal 
beneathh relatively intact sandstone. Note the crushed clasts beneath the bedding plane. 
G.. JH7A-A large-scale dissected and up-turned fold in a brecciated and crushed coal bed 
surroundedd by glacitectonic fractures (annotated lines). Note also the interfingering of 
sand-siltt fines within the brecciated coal bed and black arrow indicating lm ruler for scale. 
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JHii  provides clear evidence for 'transformation' of the underlying bedrock 
(sandstone)) into the tillit e matrix.. At the southern end of JHi, the 
fracturess are sub-vertical, one being continuous from the tillit e and 
associatedd with an incipient tillit e wedge at -5m (Fig. si). Between 20-
30mm the fractures begin vertically, but i-2m down the sandstone profile 
becomee more sub-vertical, with one example at 3035m being a sub-
verticall  'anastomosing zone' (Fig. 5Ü). At -55m, the fractures become 
moree oblique in orientation and begin to delineate regions of brecciated 
sandstone.. At 80m a sub-vertical fracture lined with muddy laminae 
(clasticc dyke) defines the clear change from fractured sandstone to a 
heavilyy brecciated shear zone with clasts <icm and up to 2m in diameter 
(Fig.. sin). Faulting is observed in the shear zone, with a reverse thrust fault 
off-settingg in the order of cm, the contact between the brecciated coal and 
overlyingg sandstone. Faults are distinguished from fractures where 
recognisablee displacement of the bedrock is observed. Coal breccia exploits 
thee faults or fractures to become incorporated into the shear zone and the 
interweavingg clastic dykes and sills. The clastic dykes and sills are north 
dipping,, 0.5m wide in places (Fig. 5m) and also contain laminated fines 
parallell  to the dyke structure. Two smaller clastic dykes infilled with fine 
sandd are noted at 15m and 65m along the exposure. 

Alll  exposed coal is brecciated with sub-angular and blocky clasts. Until 
80mm along the exposure, sandstone brecciation is relatively uncommon, 
withh occasional augen shaped lenses of brecciated sandstone flanked by 
sub-verticall  or oblique fractures. The sandstone breccia contains sub-
angularr to sub-rounded clasts within a matrix of sand fines. 

JH5CC and D-This exposure is a 'step' facing south-east in an elongated 
remnantt of tillit e informally termed the 'Banana' (Fig. 3). The stratigraphy 
forr JH5C is: 1) brecciated coal capped by 2) fractured, stratified sandstone 
andd 3) discontinuous tillit e <im thick, whereas JH5D is the same except 
thatt its exposed bottom most unit is fractured carbonaceous siltstone m 
thick. . 

Inn JH5C (Fig. 6A) linear and occasionally branching fractures dip towards 
thee north through the sandstone. The majority are sub-vertical and do not 
continuee into the brecciated coal. Two convex clastic dykes are also 
observedd in JH5C. The first is ~iscm wide, <socm long and bends towards 
thee south. It is composed of carbonaceous siltstone fragments and 
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Fig.. 5 (cont.) 
i.. Between i-i2m along JHl sub-vertical glacitectonic fractures (white arrows) 

predominatee and a tillit e wedge begins, lm high ruler (black arrow) for scale, 
ii .. At 20m along JHi the glacitectonic fractures become more sub-vertical (white 

arrows)) with a distinct anastomosing shear zone as labelled. Note lm ruler for 
scalee (black arrow), 

iii .. Between 70-87m the glacitectonised fractures are now predominantly sub-
horizontall  (white arrows). At 8om to the north a sub-vertical shear plane (grey 
line)) delineates fractured and brecciated bedrock from intensively crushed and 
shearedd bedrock with clastic dykes and sills (white lines). Note lm ruler for scale 
(blackk arrow). 
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laminatedd sand bedded parallel with its structure, becoming increasingly 
sortedd towards the margins, where it terminates at a sub-horizontal 
fracturee within the sandstone. The second clastic dyke is composed of an 
upperr and lower part. The upper portion is lenticular in shape, dips 
towardss the north and is infilled with laminated sand bedded parallel to its 
structure.. It transects the first clastic dyke, is marginally thinner and 
-40cmm long before 'pinching' into a concave fracture within the sandstone. 
Thee fracture is traceable through the sandstone but widens to be a sorted 
clasticc dyke -20+cm wide once in contact with the brecciated coal. 

Thee fractured sandstone contains a few incorporated and overlapping 
clastss of carbonaceous siltstone and several coal clasts. Towards the south 
off  JH5C one coal inclusion attenuates towards the north, trifurcating into 
threee eye-shaped boudins; two of which are related to sub-horizontal 
fractures.. As demonstrated in Fig. 6A, some other coal clasts within the 
sandstonee are associated with fractures or are recognisably rooted to the 
coall  bed. The plane between the sandstone and brecciated coal is wave-
like,, the crests of the waves being frequently connected with sub-vertical 
fractures.. Finally, sand-silt infillin g is noted within the brecciated coal to 
thee north, and an augen shaped sandstone lens is incorporated into the 
underlyingg brecciated coal bed (Fig. 6A). 

Sub-verticall  and oblique fractures are observed in JH5D (Fig. 6B), with 
mostt dipping to the north. At just under 3m, a high density of fractures 
existt within a brecciated region of sandstone to the north of a 0.5m wide, 
northh dipping, clastic dyke. The clastic dyke may be traced to the overlying 
tillit ee and is sorted like those described in JH5C. Two smaller, north 
dippingg and sorted clastic dykes appear within the sandstone and 
terminatee at the carbonaceous siltstone bedding plane, A fourth (and the 
secondd largest) sorted clastic dyke, appears within massive sandstone, dips 
northh through brecciated coal and terminates at the carbonaceous siltstone 
beddingg plane. Aligned along its structure are similar north dipping 
fractures,, but one long south dipping fracture transects these towards the 
bottomm in a conjugate pattern. Also associated with the clastic dyke are 
carbonaceouss siltstone clasts, most of which are obliquely aligned south-
north. . 

Beneathh the relatively intact sandstone, the coal unit is thoroughly 
brecciatedd (except one exposure l+m long to the south) and the northern 
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i.. Note the extent of crushed and brecciated sandstone with fractures (white arrows) 
andd incorporated coal clasts overlying fractured carbonaceous siltstone. Field 
knifee is 20cm long (black arrow). 

ii .. Detail of a fracture (white arrow) that accounts for coal clast attenuation and 
incorporationn into the brecciated and crushed sandstone. 

mostt 3+m of exposed coal is interfingered with sand-silt fines. At 5m, an 
~7mm long mass of brecciated coal is incorporated into the overlying 
fracturedd sandstone via a dense gathering of sub-vertical fractures (Fig. 
6Bi).. The coal clasts are attenuated and aligned along the fractures (Fig. 
6Bii).. The lowermost carbonaceous siltstone unit is discretely fractured, 
wheree the majority of fractures appear 0.5m down from the coal-
carbonaceouss siltstone bedding plane, and dip to the south. 

4.34.3 Palaeo ice-flow directional data 

Strike-dipp measurements for fractured bedrock at fifteen field sites are 
recordedd (Table 2). Rose diagrams demonstrating the deduced direction of 
pressuree (perpendicular to strike), are superimposed as thick arrows onto 
Fig.. 3 alongside the striae data. However, at this stage it is worth stating 
thatt because of the time frames involved (millions of years), we assume 
thatt multiple glacial events have affected the Allan Hills. Consequently, 
ourr glacitectonic sites and their strike/dip as well as striae data need not 
alll  be related to the one and same glacial event. 

Thee mean average dip of fractures at the various field sites, range from 49° 
too 86°, although the majority of readings in the central Allan Hill s occur 
betweenn 64°-79°. The dip direction is primarily towards the north, 
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althoughh JH2A in 'Maarleveld Canyon' has fractures dipping to the east 
andd north. Furthermore, the dip directions of JH8B, JH7A and AHi are 
contrarilyy dipping towards the south, but reasons for such anomalies are 
consideredd in the discussion. 

Thee strike-dip observations 'in the round' demonstrate a direction of 
pressuree from the south to north. However, two results from JH2A suggest 
aa west-east direction along the contemporary 'Trudge Valley'. 

744 striae azimuth measurements, indicating a south-north alignment, are 
reportedd from exposed sandstone bedrock and the dolerite dyke in the 
Allann Hill s (Table 3; Fig. 3; Atkins and Barrett, 2000). The sandstone 
bedrockk preserves individual striae that become more shallow towards the 
north,, and are ~iomm wide, ~2.6mm deep and up to 86cm long. 
Occasionally,, these striae are found in parallel groups spanning 3m in 
widthh alongside far smaller and more subtle striae (Atkins and Barrett, 
2000).. Those striae recorded on the dolerite dykes share a consistent 
orientation,, are few in number and highly discrete. 

844 striae azimuth measurements are recorded from cobble and boulder 
sizedd clasts embedded in the tillite. The striae dimensions are smaller than 
thosee upon sandstone bedrock, but broader than the hairline striae 
recordedd on the dolerite dyke. Overall, the striae demonstrate a consistent 
south(west)-north(east)) orientation (Table 4; Fig. 3; Atkins and Barrett, 
2000). . 

5.. DISCUSSION 

5.15.1 Glacdtectonised bedrock 

Thee described bedrock structures are readily distinguished from those of 
thee 'original' bedrock geology in central Allan Hills. We assume a glacial 
originn for the structures on the basis that they are intimately tied in with 
thee tillit e and geographically close to the EAIS. 

Ass indicated, evidence for subglacial extensional shear is provided by 
flame-likee boudins of coal and carbonaceous siltstone found within 
sandstonee or tillit e (Fig. 4E). The boudins thin towards the north 
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suggestingg that the sense of shear is from south to north (Passchier and 
Trouw,, 1996; van der Wateren et al., 2000) and their existence points 
towardss low strain deforming conditions (Hart et al., 1990)- Many of the 
alignedd clasts (JH5C-D; Fig. 6A-B) are imbricate and either reflective of 
bedrockk joint patterns (Hubers, 1998) or longitudinal extension (Passchier 
andd Trouw, 1996). The sense of shear is potentially south to north, as 
supportedd by the on-lapping nature of the clasts towards the north. 

Thee sedimentology of the clastic dykes (and sills) is discussed in more 
detaill  by Lloyd Davies and van der Meer in chapter 9, but their laminated 
beddingg oriented parallel with the dyke structure and sorted appearance 
pointss strongly towards the influence of water (Larsen and Mangerud, 
1992).. Dilated bedrock fractures infilled with sorted and laminated glacial 
sedimentt are attributed to subglacial tectonism (Dreimanis, 1969,1992) 
andd are one form of clastic dykes (Larsen and Mangerud, 1992). 
Consideringg the dyke morphology, liquid nature of the sediment, their 
'disregard'' for structural boundaries and consistent dipping towards the 
northh it is proposed that the clastic dykes are the products of 
penecontemporaneouss subglacial hydrofracturing (Boulton and Caban, 
1995;; Rijsdijk et al., 1999). We envisage that high subglacial shear 
pressures,, would have exploited fractures or joints in the bedrock resulting 
inn their dilation and adjacent bedrock brecciation as observed between 80-
85mm in JHi and 2-7m in JH5D (Figs. 5ÏÏÏ and 6B respectively). The 
incipientt tillit e wedge at -5m in JHi (Fig. si) and its association with a 
sub-verticall  glacitectonic fracture could easily be the first stage in clastic 
dykee formation. Under such conditions, it is most likely that the fracture 
wouldd have gradually widened and be infilled with saturated sediment 
eitherr as a single phase or several episodes of fracture dilation and infillin g 
(Boultonn and Caban, 1995). Tillit e wedges are discussed further by Lloyd 
Daviess and van der Meer in chapter 9, but may be considered as wedge-
shapedd dykes formed under subglacial shearing and wet conditions 
(Humlum,, 1978; Dreimanis, 1992). In the clearest examples from JH7D 
andd JH6C the wedges dip to the north or down-glacier (Dreimanis, 1969), 
andd their association with brecciated bedrock points towards subglacial shear. 

Infrequentlyy observed folding in the coal beds (Fig. 4F-G) indicates 
compressionall  shear (McCarroll and Rijsdijk, 2003) which is likely to be 
subglaciall  (as opposed to proglacial for example) due to its occurrence 
alongsidee structuress formed by subglacial shearing (e.g. boudins and 
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fractures).fractures). The orientation of the larger,, overturned fold towards the 
north,, and its -east-west oriented fold axis, suggests a southerly stress 
fieldfield (Berthelsen, 1979). 

Glacitectonicc fractures in bedrock primarily dip towards the north(east) 
indicatingg a principal strain from the south(west). The fractures and faults 
aree interpreted to be formed by drag and brittle shear under the glacial 
solee as reported in sediments (Hicock and Dreimanis, 1984) and bedrock 
(Brosterr et al., 1979; Dredge and Grant, 1987; Broster, 1991). However, 
reversee thrust faults are thought to be subglacially formed by brittle, 
compressionall  shear (McCarroll and Rijsdijk, 2003) and may represent a 
differentt glacial event of substrate response to glacial stress or ice mass 
behaviour. . 

Thee longest glacitectonic fractures are found in sandstone where some 
exploitt pre-glacial vertical bedrock joints, suggesting that inherited 
bedrockk structure plays a role in bedrock failure (Broster and Park, 1993; 
Hubers,, 1998). However, we observe that glacitectonic fractures often 
beginn (sub)vertically aligned becoming increasingly oblique and 
anastomosingg in the direction of perceived pressure (i.e. to the north; JHi 
inn Fig. 5). Up to now, no sufficient geotechnical explanation has been 
proposedd for glacitectonised bedrock fracturing as recognised by 
Christiansenn and Whitaker (1976). However, one possibility is that as the 
sandstonee bed thins, its competency decreases (Hubers, 1998). This is well 
illustratedd in JHi (Fig. 5) where fracture obliquity and density increase 
towardss the north with thinning of the sandstone, resulting in the glacial 
solee being nearer to the highly brecciated and weaker coal seam. With 
furtherr thinning of the sandstone, it too becomes brecciated and sheared 
likee the underling coal, and between 80-87111 in JHi laminated sediment 
exploitss and dilates the fractures to result in clastic dykes and sills (Fig. 
5iii) ,, where the laminae are parallel to the dyke structures. From this we 
inferr that in relatively competent sedimentary strata (e.g. sandstone), its 
thicknesss potentially determines the style and perceived intensity of 
glacitectonism.. A second important role played by fractures is illustrated 
inn JH5D. Here sub-vertical fractures between 5-i3m, account for the 
attenuationn and incorporation of coal clasts into the fractured sandstone 
(Fig.. 6Bi-ii). Therefore the initial inter-mixing of bedrock strata must be 
facilitatedd via fractures formed by subglacial drag and brittle shear. 

190 0 



GlacitectonisedGlacitectonised bedrock by a wet-based ice sheet 

Differentt strata are preferentially brecciated because of their lithology (Fig 
4C;; Aber, 1985) or stratigraphic position (Fig. 7). We propose that the 
sandstonee rafts were horizontally displaced by subglacial drag forces, but 
withoutt displacement markers it is difficult to estimate the dislocation 
distances.. As a result of the sandstone displacement, underlying weaker 
coall  and carbonaceous siltstone layers were brecciated (Fig. 8i-v). This 

Brecciatedd and crushed 
coall with interfi t igering 
sand-siltt f t nesv 

Brecciate dd and crushe d coa l 
II belo w clasti c sil l 

Fig.. 7 Brecciated and crushed coal with interfingered sand-silt fines overly relatively 
intactt coal (~im thick) with some fines in place. However at the bottom of the 
sectionn a clastic sill marks the onset of further coal brecciation and crushing. 
Imagee is approx. 4m wide. 

South h 

Glaciall ice 

• • 
North h 

ff  \ ' - V 

E 33 Glacial ice E ] * * * * Q m e 

II Brecciated Coal 

\TL2\\TL2\ Brecciated 
UXAUXA Sandstone 

• Shapee conformed 
i i JJ glacigenic sediment 

Brecciatedd Coal with 
sand-siltt infilling 

Carbonaceous s 
Siltstone e 

Fig.. 8 Sandstonee block displacement causing underlyingg coal brecciation. 
i.. The bedding planes are weak zones and facilitate block detachment, where a 
saturatedd sediment mixture creates a high fluid pressure underneath the 
sandstonee block, ii. This acts as a lubricant instigating block movement in 
conjunctionn with subglacial simple shear and stress gradients facilitated by step-
downn local topography, iii . The moving block becomes the deforming tool that 
causess brecciation and crushing of the underlying coal or carbonaceous siltstone. 
iv.. Crushing of the coal leads to fines being formed, v. Depending on the 
availabilityy and pressure of meltwater, saturated sediment may squeeze into the 
brecciatedd coal from either bedding planes or neighbouring clastic dykes. 
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scenarioo occurred due to the coincidence of sub-horizontal bedrock strata 
andd its step-like relief (Ballance, 1977), which created cavity space and thus 
aa stress gradient (Benn and Evans, 1998) under a warm-based, fluctuating 
Neogenee ice sheet (Hambrey and McKelvey, 2000). Under these 
conditions,, bedding planes act as zones of weakness and facilitate block 
detachmentt (Fig. 8i; Aber, 1985), because their failure threshold is a 
magnitudee of two orders smaller than massive bedrock (Andrews, 1980). 
Bothh the detachment and transport process is aided by high fluid pressure 
withinn the zone of decollement (Moran, 1971; Banham, 1975) (Fig. 8ii; 
Bennn and Evans, 1998; de Lange and Wuite, 1999). The sandstone block is 
noww the deforming tool initiating brecciation and crushing of the 
underlying,, weaker strata (Figs. 4C and 8iii) . The occurrence of the sand-
siltt fines in the brecciated coal and carbonaceous siltstone is thought to be 
duee to local crushing (Fig. 8iv; Croot and Sims, 1996) and/or saturated 
finesfines being squeezed into position via a clastic dyke or by the overburden 
off  shunted sandstone blocks (Fig. 8v). In light of this, one may now explain 
whyy brecciated coal infilled with fines is adjacent to brecciated 'clean' coal 
(Fig.. 6A) and why intact coal is above or next to brecciated coal (Figs. 6B 
andd 7). This is because differences in water content at the glacial bed 
(Boultonn et al., 2001; Fischer and Clarke, 2001) will affect the magnitude 
andd distribution of stress against the bedrock surface (Iverson, 1991), so to 
potentiallyy preserve or deform the substrate. 

Inn the Allan Hill s we also observe glacitectonism to be a key process in 
locall  till formation. Initially the glacier would be in contact with the 
bedrock,, and til l formation would occur by fracturing, brecciation and 
crushing.. This is then followed by detachment and removal of blocks (Figs. 
99 and 10). However, based on our observations the process of local til l 
formationn also occurs far below the glacier-bedrock interface, with 
crushingg as the dominant mode of til l genesis (Croot and Sims, 1996). Figs. 
6BB and 8 to 10 for example, illustrate til l formation at 2+m depth, because 
off  the sand-silt fines within the brecciated coal derived by either crushing 
and/orr saturated sediment infill . Therefore, the definition that a 'till is 
depositedd subglacially as a diamicton by and from glacial ice' (Dreimanis, 
1988)) may require reconsideration. As the majority of exposures 
demonstratee fractured, brecciated and crushed bedrock (a glacitectonite; 
Banham,, 1977; Benn and Evans, 1996) capped by relatively mature, matrix 
supportedd till , the glacitectonite must rapidly become till-like , with 
abrasionn dominating (Boulton, 1978, Haldorsen, 1981). Fig. 11 shows the 
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Fig.. 9 'Camp Valley'-Local til l production illustrated by crushed carbonaceous siltstone 
gradingg into matrix supported tillite. The glacitectonically rafted coal slab, with 
somee interfingering of sand-silt fines, marks early til l genesis. 

Fig.. 10 JH2A-An example of sandstone block 
removall  and incorporation into tillite. 
(l)) Laminated fines exploit pre-glacial 
bedrockk joints or glacitectonic fractures and 
initiatee block detachment. The laminae are 
orientedd parallel to the joints and 
glacitectonicc fractures. (2) Following block 
break-up,, smaller blocks become 
incorporatedd into the tillite, whereupon (3) 
clastt crushing and abrasion results in clast 
comminutionn and the production of fines. 
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texturee of the tillit e in the Allan Hills, with sand and silt dominating. 
Crushingg and abrasion experiments indicate that material produced by 
glaciall  comminution is in the sand and silt fraction (Haldorsen, 1981). We 
suggestt that the high sand and silt fractions in the Allan Hill s tillit e are 
primarilyy due to the material being derived from the underlying 
sandstoness and carbonaceous siltstones. Abrasion over long distances in 
glaciall  basal-ice must therefore have played a secondary role. 

Overr time, an increase in til l thickness would decrease the shear stress 
levelss within the bedrock profile, so to eventually fall below that required 
forr firstly erosion, secondly block removal and finally fracturing. The 
eventuall  outcome would be relatively thick til l capping intact bedrock. 
However,, if the substrate composition suddenly changed, the overlying til l 
wouldd appear to have been transported some distance, where infact it was 
locallyy produced. Furthermore, one should appreciate that spatial and 
temporall  changes in bedrock composition (Geikie, 1863; Aber, 1985; 
Bennettt et al., 1997), subglacial meltwater availability (van der Meer et al., 
2003a)) and til l thickness (Kjaer et al., 2003) would each cause variation to 
thiss process. 

Inn this paper, we have avoided strict classification of the different stages of 
glacitectonisedd bedrock (cf Benn and Evans, 1996). This is because firstly we 
believee that all such stages are part of a deformable bed (van der Meer et al., 
2003a),, and that secondly they represent a continuum extending from 
fracturedd and crushed bedrock ('glacitectonite') through to tillite; where 
definingg the exact boundaries in which one subglacially deformed material 
thenn becomes another is difficult. 

5.25.2 Palaeo ice-flow directional data 

Fig.. 3 allows visual appreciation of a 'broad picture' for palaeo ice-flow 
direction(s)) in the central Allan Hills. The strike and dip measurements of 
thee glacitectonised bedrock demonstrate that the direction of maximum 
pressuree is largely from the south(west) to north(east), as in the case for 
thee bedrock and clast striae. Moreover, many of the striae become 
shallowerr towards the north, suggesting that the striator may have become 
moree blunt with travel down-ice (Menzies and Shilts, 2002). As 
mentioned,, the glacitectonic fracture and striae data may well represent 
multiplee glacial events throughout a hitherto unknown time frame in the 
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Allann Hills. As a result they probably reflect changes in the subglacial 
stresss regimes and/or the responses of the overridden bedrock or 
sedimentss to those changes. It is hoped that further research might,, for 
example,, discover that the geometry and strike/dip of parallel fractures is 
collectivelyy different to that of conjugate fractures, thus helping present a 
moree precise palaeo ice-flow reconstruction in the Allan Hills. 

Smalll  variation in the strike of the glacitectonised fractures in the 'Camp 
Valley'' and 'Banana' regions (e.g. JH7A-B and D; Fig. 3) are not large 
enoughh to detract from the overall palaeo ice-flow direction, and are 
probablyy due to lateral deviation in fracturing. AHi, JH5B and JH8B also 
dipp towards the south erroneously suggesting ice movement from the 
north.. In the case of AHi and JH5B, both sections are associated with 
clasticc dykes which dip to the north with numerous secondary south 
dippingg fractures that are likely to have influenced the data set. 
Additionally,, the fact that north dipping clastic dykes are present, as well 
ass other north dipping fractures still validates former ice-flow from the 
south.. JH8B is probably due to the influence of local relief as the section is 
onn slightly inclined bedrock towards the north. The only striking deviation 
fromfrom the south(west) to north(east) palaeo ice-flow direction is for JH2A. 
Heree topographic control may have caused basal glacial ice to flow 
eastwardss along Trudge Valley, with similar effects of topography on 
Neogenee ice sheet dynamics being reported from the neighbouring 
Coombss Hill s (Mayewski, 1975). 

Thee striae on bedrock are more uniformly oriented south to north than clast 
striaee embedded in tillite, as might be expected due to the substrate's 
stationaryy position. Thin 'hairline' striae on the dolerite dyke reflect its harder 
lithologyy when compared to the parallel sets on the sandstone. The majority of 
striaee recorded from clasts embedded in the tillit e have a similar orientation to 
thee strike-dip data. Any variation may be attributed to the complex and varied 
effectivee stress regime at the glacier bed (Rose, 1974; Carr and Rose, 2003) or 
micro-topographicc stress control (Menzies and Shuts, 2002). However, as 
striaee are clear indicators of glacial erosion and useful tools in deciphering ice 
movementt and ice-bed conditions (Rappol, 1993; Menzies and Shilts, 2002) 
theirr presence on bedrock (some glacitectonised) and within tillit e clasts 
pointss towards formation under temperate subglacial conditions in at least 
onee south(west)erly glacial advance over the Allan Hills (Mayewski, 1975; 
Mayweskii  and Goldthwait, 1985; Atkins and Barrett, 2000). 
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6.. CONCLUSION 

 Clastic dykes and sills are common and are diagnostic of high 
subglaciall  pressures and wet conditions. This is discussed further by 
Lloydd Davies and van der Meer in chapter 9. 

 Fracturing is the first stage in bedrock glacitectonism and its 
densityy is related to bedrock competency and thickness. Fractures 
movee from a vertical to oblique orientation in the direction of 
formerr ice-flow. 

 Sandstone cycles overlying brecciated coal or carbonaceous 
siltstonee are not in situ, but have been laterally displaced and used 
ass the deforming tool. 

 Bedrock glacitectonism may contribute significantly to local til l 
production,, without direct glacial ice contact. Therefore, the 
definitionn that 'till is deposited subglacially as a diamicton by and 
fromfrom glacial ice' (Dreimanis, 1988) requires revising. 

 In only a generalised sense, the former ice sheet(s) that deposited the 
Siriuss Group at Allan Hill s flowed from the south(west) to north(east) 
andd were warm-based. However, it is appreciated that these may well 
representt multiple events, with each one as a different glacitectonic 
regimee producing separate and distinct glacitectonic structures. This 
chapterr is the first step in helping unravel the glacial history at Allan 
Hill ss from a glacitectonic perspective and further publication is 
intended. . 
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TheThe wet-based deforming bedoftheSirius Group 

CHAPTERR 9: PENETRATIV E STRUCTURES OF THE WET-
BASEDD DEFORMIN G BED OF THE SIRIUS GROUP, ALLA N 
HILLS ,, SOUTH VICTORI A LAND, ANTARCTICA. 1 

Abstract t 

Thee present Antarctic landscape is characterised by a stable ice sheet-landscape system 
thatt has been relatively inactive throughout the Quaternary. However, clastic dykee and 
tillit ee wedges capped by the wet-based Sinus Group tillit e demonstrate the former 
existencee of a more dynamic EAIS. Hitherto, clastic dykes and tillit e wedges have not 
beenn reported from Antarctica. Micromorphological analysis of clastic dyke and tillit e 
wedgee samples, is supported by field descriptions, particle size analysis and clay 
mineralogy.. Observations are that the clastic dyke sediments consist of complex three-
dimensionall  micro-WESs, provide evidence for rotational deformation and syn- or post-
depositionall  brittle deformation; but no tillite. The combination of extensive, diverse 
micro-WESss with large, isolated turbates, grain lineations and a laminar, imbricate fabric 
couldd be tentatively regarded as diagnostic for clastic dyke sediments examined in thin 
section.. In contrast, the tillit e wedge thin sections express evidence for subglacial 
shearing.. The micro-WESs are inferred to be the result of a pressure gradient generated 
byy forceful dewatering in an unfrozen aquifer, suggesting impermeable till s have the 
potentiall  to drain large fluxes of subglacial meltwater downward and laterally. Field 
observationss of downward tapering, bedrock-penetrating clastic dykes and tillit e wedges 
aree compatible with such inferences. The particle size and clay mineralogy points towards 
aa local genesis for the Allan Hill s Sirius Group tillite, which contains rare swelling micas. 

l .. INTRODUCTIO N 

Thee present Antarctic landscape is characterised by a stable ice sheet-
landscapee system that has been relatively inactive throughout the 
Quaternaryy when compared to the extensive comings and goings of the 
Northernn Hemisphere ice sheets (Miller and Mabin, 1998). However, 
stratigraphicc evidence (Hambrey and McKelvey, 2000) and drilling 
operationss around the continental margin (Cape Roberts Science Team, 
1998,1999;; Joseph et al., 2002) reveal a more dynamic, wet-based East 
Antarcticc Ice Sheet (EAIS) that underwent large size variations at orbital 
timee scales (Naish et al., 2001; Griitzner et al., 2003). Such waxing and 
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waningg of the temperate EAIS throughout the Neogene resulted in discrete 
glacigenicc deposits along the Transantarctic Mountains (TAMs), which 
weree first collectively reported as the Sirius Formation (Mayewski, 1975; 
Mayewskii  and Goldthwait, 1985) and then later elevated to Group status 
(McKelveyy et al., 1987,1991). 

1.11.1 The Sirius Group 

Thee Sirius Group are the most wide ranging and complex terrestrial glacial 
depositss in Antarctica. They form a variety of diamictic, stratified, semi-
lithifiedd deposits typically found in two settings. The first is the relatively 
thin,, single fades occurrence of glacial diamictons at high elevations in 
Southh Victoria Land (Stroeven et al., 1998), and the thicker (>ioom) 
stratified,, lower elevation (< 2000m) deposits in central and southern 
TAMS.. These include the more diverse set of glacial, glacimarine and 
glacilacustrinee fades (Webb et al., 1996). 

Itt is accepted that the Sirius Group is a sedimentary succession deposited 
byy wet-based ice (Mayewski, 1975; Stroeven, 1996; Wilson et al., 2002), 
althoughh the extent, nature and timing of Sirius Group deposition remain 
unresolved.. Hitherto, research has primarily focused on palaeontological 
dataa in an attempt to determine whether the presence of early/mid-
Pliocenee marine diatoms in the Sirius Group are in situ. An understanding 
off  this will help determine when a 'switch' from the wet-based dynamic ice 
sheett to the cold-based relatively inactive one of today took place. 
Publicationss on the debate are numerous (e.g. Burkle and Potter, 1996; 
Barrettt et al., 1997; Stroeven et al., 1998; Harwood and Webb, 1998) 
whereass studies regarding the lithostratigraphy (Wilson et al., 1998), 
provenancee (Faure et al., 1983; Passchier, 2001) and nature (Wilson et al., 
2002;; Hicock et al., 2003) of the Sirius Group have been comparatively 
feww in number. 

Thee objectives of this paper are as follows: 

1.. To describe downward tapering clastic dykes and tillit e wedges in 
Antarctica,, which to our knowledge have not yet been reported. 

2.. To describe the in situ micromorphology of the clastic dyke 
sedimentss and tillit e wedge. 
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3.. Discuss how the above provides farther insight to the wet-based 
subglaciall  regime, which lead to the deposition of the Sinus Group 
inn the Allan Hills. 

1.21.2 Clastic dykes and till  wedges 

Clasticc dykes formed beneath glacial ice have been widely reported in the 
literature;; e.g. Permo-Carboniferous glacial sediments in South Africa (von 
Brunnn and Talbot, 1986) and Pliocene sediments in North America 
(Armentrout,, 1983; Broster, 1991) and Europe (van der Meer, 1980; 
Amark,, 1986) although we believe this to be the first account from 
Antarctica.. Clastic dykes have demonstrated potential in helping 
understandd subglacial dynamics (Amark, 1986; Larsen and Mangerud, 
1992),, palaeo-ice flow reconstruction (Dreimanis, 1992) and as a proxy in 
environmentall  reconstruction (Rijsdijk et al., 1999). As described below, 
alll  clastic dykes in the Allan Hill s taper downwards, and we define them as 
aa 'subglacial downward injection of liquefied sediment, driven by high 
hydraulicc potentials generated underneath the ice' (Larsen and Mangerud, 
1992). . 

Til ll  wedge is a term assigned by Dreimanis (1969) to downglacier-dipping 
wedgess that are widest at the top and filled by injected til l from subglacial 
til ll  above (Dreimanis, 1992). They have proven effective and rapid palaeo 
ice-floww directional indicators (Dreimanis, 1969; Hicock and Dreimanis, 
1985)) as well as aiding reconstruction of subglacial conditions (Humlum, 
1978;; Dreimanis, 1992; van der Wateren, 1999). Throughout thiss paper the 
tillit ee wedges described from the Allan Hills should be treated 
synonymouslyy with the term til l wedge. 

1.31.3 Micromorphology 

Too date, no in situ micromorphological analysis of clastic dyke or tillit e 
wedgee samples from Antarctica has been conducted. The recognition and 
interpretationn of glacial sediments using micromorphology is highly 
valuablee (van der Meer, 1980,1993,1997; Menzies and Maltman, 1992; 
Boultonn and Dobbie, 1998; Menzies, 2000) and in many respects has 
revolutionisedd glacial sedimentology (van der Meer et al., 2003a). It is an 
effectivee technique that allows the in situ analysis of sediments and 
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permitss the differentiation of individual lithofacies types within glacial 
sub-environmentss (Hiemstra, 2001; Menzies and Zaniewski, 2003) so to 
bee well suited in examining glacigenic clastic dyke and tillit e wedge 
sediments.. This efficacy is improved when combined with field 
observationss and laboratory techniques such as particle size analysis and 
x-rayy diffraction clay mineralogy. 

2.. THE ALLA N HILL S 

Thee Allan Hill s (76°43' S, 159°40' E) are a low lying nunatak located high 
inn the TAMS of South Victoria Land (1600-2100 metres above sea level or 
masl;; Fig. lA-C). Mean annual air temperature (MAAT) of the region is -30°C 
(Robin,, 1983), and the annual ablation rate for ice in the Allan Hills is 
4-55 cms?1 * meaning that much of the surrounding ice is stagnant 
(Annexstadd and Schultz, 1982) and potentially very old (Whillans et aL, 1982). 

Thee centre of the nunatak is occupied by the southerly flowing Manhaul 
Bayy Glacier (informal name; Figs. lB-C and 2). The glacier is currently 
retreatingg by sublimation, approximately 6km long and 200m thick, with 
basall  temperatures of ~-24°C (Atkins et al., 2002). Bordering the eastern 
Allann Hill s is the Odell Glacier (Figs. lB-C and 2), which flows from south-
westt to north-east, between the Allan and Coombs Hills. It is about 20km, 
approximatelyy 200m thick and thus likely to be also cold-based (Lloyd 
Daviess et al., chapter 5). 

Thee geology of the Allan Hill s largely comprises sub-horizontal Permian 
andd Triassic sandstones, carbonaceous siltstones and coal measures of the 
Beaconn Supergroup (Ballance, 1977). These are intruded by sills and thin 
dykess of Jurassic Ferrar Dolerite (Ballance and Watters, 1971), as well as 
bodiess of a co-eval Mawson Formation, a volcanic explosion breccia, in the 
westt and southern parts of the nunatak. Central Allan Hill s also includes 
severall  thin (>iom thick) patches of the Sirius Group tillit e totalling 
aroundd 2km2 in area (Atkins and Barrett, 2000; Holme, 2001). These 
depositss record the extensive wet-based glaciation at least 2 million years 
ago,, based on cosmogenic dating of boulder surfaces in the Sirius (Tschudi 
ett al., 2003), but are potentially at least 15 million years ago, based on the 
studiess of landscape evolution of the Dry Valleys region (Summerfield et 
al.,, 1999). Strike/dip measurements of glacitectonised bedrock (Lloyd 
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Fig.. l The Allan Hills. 
A.. Location of the Allan Hills, within South Victoria Land, Antarctica. 
B.. The shape of the Allan Hills, showing the respective positions of Mount Watters 

(highestt point in the Allan Hills, 2123 masl), the Manhaul Bay and Odell Glaciers as 
welll  as contemporary ice flow direction (black arrowheads). 

C.. View of Allan Hill s from the south-east. Ice from the South Polar Plateau (left) is here 
deflectedd north before flowing east toward the Ross Sea (right). Thick arrows indicate 
contemporaryy ice flow direction for the Manhaul Bay and Odell Glaciers. 

Daviess et al., chapter 8) and striated clast and bedrock data (Atkins and 

Barrett,, 2000) demonstrate that the previous glacial event which 

depositedd the Sirius tillit e was from the south(west) to north(east). 

Thee shape of the Allan Hill s (Fig. 2) is dominated by the stepped relief 

decreasingg in elevation towards the lobes of the Manhaul Bay and Odell 

Glaciers.. Other significant features include Trudge Valley in central 

easternn Allan Hills, which is over lkm long and nearly lkm wide, its 

easternn end terminating at the Odell Glacier. Minor but locally significant 

featuress are two dolerite dykes, one aligned north-west to south-east 

acrosss central Allan Hills, and the other, north-south. Two canyons, 

containingg 'dry' fluvial channels, mark the ends of Trudge Valley on the 
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placee names. Figures referred to in the text are also labelled. (See enlarged colour 
versionn of map on pages 286-287 for a clearer viewing.) 
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southh side (Lloyd Davies and van der Meer, 2002). Parallel crested ridges 
off  possible aeolian origin cover large areas of floors and sides of valleys 
withinn Allan Hills and are found in clusters oriented east-west. They range 
fromm a few metres long and centimetres high, to over 200 metres long and 
nearlyy 4 metres in height. 

3.. METHODOLOG Y 

3.13.1 Field descriptions and sample collection 

Clasticc dykes and tillit e wedges were described in the field according to 
standardd field procedures regarding their context, dimensions, texture and 
structuree (Hiemstra and van der Meer, 1999; Lloyd Davies and van der 
Meer,, 2001). Eleven field samples yielding thirteen thin sections were 
collectedd in the 1999-2000/2001-2002 field seasons and their field site 
locationn is displayed in Fig. 2. The micromorphology sampling involved 
extractingg a mammoth sized (15 x 8cm) lump of sediment with a geological 
hammerr and chisel in the first field season and a StihlT$400© angle-
grinderr in the 2001-2002 field season. Material were successfully sampled 
fromm penetrative structures wider than the width of the desired large thin 
section,, i.e. >8cm, and most efficiently when using the angle grinder. The 
sampless were then labelled and orientated, wrapped in a sample bag, 
securedd with duck tape and returned to the camp site. A bulk-sample for 
particlee size and clay mineralogical analysis was also taken from the same 
locationn as the thin section. 

3.23.2 Laboratory work 

Micromorphologyy is the microscopic examination of the composition and 
constituentt structural elements of lithified and unlithified earth materials 
(vann der Meer, 1987; van der Meer et al., 2003b). In the laboratory the 
abovee field samples were oriented according to their cardinal points in the 
fieldfield and then slowly dried, cut and mounted following the procedure 
describedd by Jongerius and Heintzberger (1975) and van der Meer (1993). 
Alll  field sites had thin sections cut for vertical-longitudinal (V-L) analysis 
ass described in chapter 2 (Fuller and Murray, 2000). However, C.749Ü 
fromm the tillit e wedge and C.916Ü and C.917Ü from the clastic dykes were 
cutt vertical-transverse (V-T) and C.756 and C.759 were both cut 
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horizontal-longitudinall  (H-L). This was done to examine any structural 
relationshipp between thee different thin section orientations. The produced 
thinn sections are 15 x 8cm in size (C.749Ü and C.757 are 8 x 3cm), and 
analysedd with a Petroscope and the \YildM400© low magnification 
petrologicall  microscope. Photomicrographs were taken using a DC100 
digitaldigital camera© mounted on the M420 Leica Microscope©. The 
micromorphologyy descriptions follow the classifications of Brewer (1976), 
vann der Meer (1993,1997), Menzies (2000) and Stoops (2003). 

Particlee size analysis was conducted at the Physical Geography and Soil 
Sciencee department of the University of Amsterdam, following the method 
off  Gee and Bauder (1986). The results are displayed in Fig. 3. The 
procedureprocedure also concerned determination of the calcium carbonate and 
organicc carbon content in the samples following the methods of van 
Wesemaell  (1955) and Allison (i960) respectively. For the bulk texture 
samplee from thin section C.750, which was sampled from a brecciated coal 
unitt beneath a tillit e wedge, the organic carbon content was anomalously 
high.. This was therefore subject to differential thermal analysis (D.T.A.) 
followingg the methods of Tan et al., (1986), which confirmed that the high 
carbonn result was due to the presence of coal. Further discussion regarding 
carbonatee determination and D.T.A is beyond thee scope of this paper. 

Cldy y 

•• Clastic dyke 
oo Tillite wedge 
•• Brecciated coal beneath 

tillitee wedge 

20-VV -;;—.. .-.-• - . . ^ c . 7 5 2 . C.913> - - - - ->' 

/ \\ ,' 'iC.917i&ii)»^|c,iWil\ / \ / \ / 

-K-K K 7s A 7T 
1000 90 80 70 80 

Sand d 
200 10 

Fig.. 3 A Ternary plot of sand, silt and clay percentages. Note that all samples have a clay 
fractionn >10%, which is highest in a clastic dyke outlier, the tillit e wedge sample 
andd its underlying brecciated coal. 
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Thee clay mineralogy was conducted in the Physical Geography and Soil 
Sciencee department of the University of Amsterdam using a Philips 
diffractometerdiffractometer PW1050© and Cu Ka + monochromator in accordance 
withh the method outlined by Wilson (1987). All samples were pre-treated 
andd the diffractograms were visually analysed regarding the clay 
mineralogicall  content; the results of which are displayed in Fig. 4. 

4.. LABORATOR Y RESULTS AND FIEL D OBSERVATIONS 

4.14.1 Laboratory results 

Particlee size results demonstrate a tight cluster, where sand and silt are the 
dominatingg fractions (Fig. 3). C.914 is an outlier with a high clay and sand 
fractionn and relatively low silt content. C-749i & ii and C.750 from the 
tillit ee wedge have a higher clay fraction than the majority of clastic dyke 
thinn sections even though all exhibit a clay content >io%. 

Thee clay mineralogy results (Fig. 4) demonstrate, in particular, the presence of 
swellingg micas. However, the one sample discussed in this study (C.757) had 
thee lowest count. The results are similar to those from the Manhaul till ; a 
depositt attributed to local formation by the cold-based Manhaul Bay Glacier 
(Lloydd Davies et al., chapter 5; Lloyd Davies and van der Meer, chapter 6). 

4.24.2 Field observations 

Clasticc dykes are found both individually (Figs. 5 and 6) or in a swarm 
(Figs.. 7 and 8), the densest sightings being at the northern part of the 
'Banana'' where tillit e directly caps brecciated coal. All observed clastic 
dykess are appended to the capping tillite, penetrate lithified bedrock with a 
clearr boundary and taper downwards. They are unaffected in their strike/ 
dipp direction when encountering bedding planes, but occasionally change 
inn morphology (Fig. 5A-B). The rock immediately adjacent to clastic dykes 
iss often brecciated (e.g. Fig. 6A-B) and/or sheared with those clastic dykes 
withinn brecciated coal frequently dilating amid 'off-shoot' dykes and sills. 
Thee vast majority of clastic dykes dip northwards between ~30°-45° (Fig. 
6A-B)) with some more vertical (Fig. 5B) or oblique (Fig. 7A-B). Moreover, 
clasticc dykes laterally deviatee (Fig. 8A-B), although the prevailing strike 
trendd is east-west. 
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Fig.. 4 Clay mineralogy that illustrates the presence of vermiculite, chlorite and the rare 
swellingg mica. Thin section C.757 was examined by micromorphology in this study. 
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Fig.. 5 
A.. A clastic dyke at the southern end of the 'Contra-Banana'. The dyke is infilled with 

laminatedd and moderately sorted sediment, dips to the north and varies in width 
acrosss bedrock strata. Ice axe is 8ocm long. 

B.. Detail of a vertical clastic dyke at the north end of the 'Banana' (delineated by 
dashedd lines). Note its laminated 'liquid' appearance and sharp boundaryy with the 
adjacentt bedrock. Field-knife is 20cm long. 

Thee clastic dykes range in size from cm-scale dimensions up to ~o.5m 
widee and ~4m long. In the field, their sedimentary structure is often of a 
'liquidd nature' (Fig. 5A-B) and relatively well sorted. Pebble sized, sub-
roundedd envelopes of clasts occupy their centre and laminae their margins 
(Fig.. 6A-B). Many of the clasts are from the immediate bedrock strata and 
normallyy displaced down-fracture in the order of em's. Moderate to poorly 
sorted,, laminated clastic dykes are also noted, especially for dyke swarms 
associatedd with intensively sheared and brecciated bedrock (Fig. 7A-B). 

Thee distribution of tillit e wedges is more restricted than clastic dykes in 
thee Allan Hills, with the clearest example from JH7D (Fig. 9A-B). The 
tillit ee wedges are clearly 'wedge shaped', directly connected to the tillit e 
andd penetrate the subsoil dipping northwards. Glacitectonic fractures may 
bee traced from the 'wedge' into the penetrated substrate which is heavily 
shearedd and brecciated. The basal-contact between the wedge and 
deformedd substrate contains incorporated envelopes of attenuated breccia 
inn its lower 10cm. To the south of the tillit e wedge two cm-scale clastic 
dykess are evident and the brecciated coal to the immediate north of the 
tillit ee wedge is thought to be an incipient clastic dyke (Fig.9A). 
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fractured d 
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Fig.. 6 
A.. AHl in 'Camp Valley'-A sketch of a typical downward tapering clastic dyke in the 

Allann Hills. Note the adjacent, brecciated sandstone and coarse envelopes of sub-
roundedd pebbles within the sub-vertical laminated clastic dyke sediment. The 
laminaee are parallel to the dyke structure. 

B.. AHi-A photograph illustrating the sample location for thin section C.752. Ice axe is 
80cmm long. 

MICROMORPHOLOGICA LL  DESCRIPTIONS 

Thirteenn thin sections, eleven sampled from clastic dykes and two from a 
tillit ee wedge, are described. Their location and context are shown in Figs. 
2,, 6B, 7B, 9B and Table l. Selected thin sections are displayed in Fig. 10, 
withh certain features highlighted so to provide a micromorphological 
framework.. A summary of their micromorphological characteristics is 
displayedd in Tables 2-4 and 6-7, their particle size in Fig. 3 and clay 
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mineralogyy in Fig. 4. In terms of the additional orientation brought about 
byy the three V-T (C.749Ü, C.916Ü and C.917Ü) and two H-L (C.756 and 
C759)) thin sections, the V-T samples are useful in gaining a more 
completee picture of the laminated structure and the H-L thin sections 
provedd effective in tracing the presence and geometry of micro-Water 
Escapee Structures (micro-WESs). 

B B 
-<-SOUTHH NORTH-*-

Fig.. 7 
A.. JHl in 'Maarleveld Canyon'-A sketch of oblique north dipping clastic dykes 

surroundedd by glacitectonic fractures and sheared sandstone overlying brecciated 
coal. . 

B.. JHl-A photograph illustrating the sample location for thin section's C.914, C.915 
andd C.9161 and ii. Ruler (white circle) is 30cm long. 

Fig.. 8 
A.. 'Camp Valley'-A sketch (plane view) demonstrating clastic dyke lateral deviation in 

sandstonee (dash-dot lines). Numerous strike directions are illustrated and the small 
'triangle'' arrows indicate direction of displacement, which is in the order of cms. 

B.. 'Camp Valley'-A photograph demonstrating clastic dyke lateral deviation in 
brecciatedd coal. The dykes may be traced to the tillit e in the background. 

211 1 



ChapterChapter 9 

<1 1 

«« s 

» ? ? 

tcl l 

r—— LIJ co 

00

Fig.. 9 
A.. JH7D in 'Camp Valley'-A sketch of a tillit e wedge. Note the brecciated coal to its 

rightt (north) appears as an insipient clastic dyke. Sub-vertical clastic dykes are also 
apparentt within brecciated carbonaceous siltstone to the left (south). 

B.. JH7D-A photograph demonstrating detail of the tillit e wedge and sample locations 
forr C.749i and ii and C.750. Ice axe is 80cm long. 

212 2 



TheThe wet-based deforming bed of the Sinus Group 

Alll  thin sections are moderate to poorly sorted diamicts derived from the 
Sinuss Group tillite. Medium sized sand grains (sub-rounded) dominate 
andd express a smooth surface with different shapes (Table 2). Coal grains 
aree more angular, larger and varied in shape than other lithologies. Thin 
sectionn composition is derived from Permian and Triassic sandstones, 
carbonaceouss siltstone and coal measures of the Beacon Supergroup, with 
occasionall  grains of both Jurassic Ferrar Dolerite and the co-eval Mawson 
Formation.. In thin section, the Mawson has a similar matrix to the Sirius 
Groupp (Fig. 11A). The matrix structure is 'subtly' laminated in over half of 
thee clastic dyke thin sections (C.754, C.757, C.914, C.9i6i, ii, C.9i7i, ii) but 
thee plasma content and texture of the diamicts vary by field site (Table 3). 
Additionally,, all samples with the exception of C.759 have a low vugh 
densityy and low to medium fissure density. 

5.15.1 Observations relating to water movement 

Alll  thin sections demonstrate, to different degrees, evidence for water 
movement.. This is chiefly in the form of micro-WESs, where ten types are 
characterisedd according to their internal fabric and morphology, thereby 
providingg an in situ view into the nature of clastic dyke sedimentology 
(Tabless 4-5A-B). As Table 4 demonstrates the clastic dykes have the 
highestt number and diversity of micro-WESs, as well as clearest examples 
off  clay skins and cappings. Homogeneous micro-WESs are the most 
commonn type, followed by cross-cutting multi-phase and then chaotic 
micro-WESs;; all three forms being represented by fine, medium and 
coarsee textures. In terms of micro-WES shape the majority are linear and 
anastomosing.. Black precipitate is frequent, especially in thin sections with 
aa high coal content (C.750 and C.914), whereas orange precipitate and 
mamilatedd vughs are rare, except for C.759 where a high number of 
mamilatedd vughs are observed. 

Homogenouss micro-WESs include the dominance of one plasma texture 
typee (e.g. coarse) or the continuous grading between different textures, 
eachh expressing stages of sorting within the same micro-WES system. The 
homogeneouss micro-WES morphology is commonly found to be linear and 
anastomosingg with some cases noted around grains or as a separate 
gatheredd body (Table 4; Fig. 11A-E). Chaotic examples are less varied in 
morphology,, being usually gathered or linear in form. They are 
characteristicallyy poorly sorted, with different plasma textures, grain sizes 
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-SOUTH H 

Manyy discret e shea r line s are aligne d at thi s 
angl ee (15-20 degrees ) fro m the top 
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Fig.. 10 A collage of thin sections. The images provide a 
frameworkk for micromorphological features 
mentionedd in the text. See pages 303-304 for 
colourr versions. 
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Chapter9 Chapter9 

Tablee 5 A and B 
Glossaryy for the micro-water escape structures (micro-WESs) observed in thin section. 

5A-Type e 

TYPE E 

I I 

II I 

II I I 

NAME E 

Homogeneous s 

Chaotic c 

Cross-cuttingg multi-phase 

DESCRIPTION N 

Composedd of either one particle size texture or continuously 
gradess across fine-medium-coarse grained material 

Composedd of at least two different particle size textures (e.g. 
finefine and coarse-grained) and a random scattering of sand and 
finefine pebble sized grains. Associated micro-deformation 
structuress and a 'mixed-mélange' appearance are also 
characteristic c 

Composedd of at least two different particle size textures (e.g. 
finefine and medium-grained) that are either super-imposed (not 
laterallyy grading) upon each other or one particle size cuts 
acrosss another at an oblique angle 

5B-Morphology y 

MORPHOLOGY Y 

I I 

II I 

II I I 

IV V 

NAME E 

Linear r 

Anastomosing g 

Aroundd Grain 

Gathered d 

DESCRIPTION N 

Arrangedd and extending in a straight line 

Thee branching and merging of linear structures 

Positionedd fully or partially around a grain 

Groupedd with equal dimensions (i.e. width and height). A 
gatheredd morphology might represent a linear form viewed 
fromm a different angle 

andd a random internal structure (Fig. 11F). Cross-cutting multi-phase 
micro-WESss are mostly found in linear or anastomosing form and clearly 
demonstratee a superimposition and transecting of one plasma texture 
withinn or upon another. For example, anastomosing fine-grained plasma is 
foundd within or across a coarse-grained micro-WES, suggesting more than 
onee phase in their formation (Fig. 11G). 

Clayy cappings and clay skins are also present (Table 4). The ïooum thick 
clayy cappings are random, isolated, medium to fine-grained and often 
foundd on the upper surface of grains (Fig. 11H). Moreover, they are 
frequentlyy associated with micro-WESs (especially those around grains) 
andd plasma rich thin sections (e.g. C.752, C.759). Clay skins are equally 
prevalent,, but clustered in distribution. The skins are also thinner 
(<50um),, fine-textured, around the entire grain and found on grains 
borderingg fractures and/or portions of grain-rich matrix not associated 
withh micro-WESs (Fig. ill) . Infrequently, plasma in-filled porous grains 
aree also noted. 

Blackk precipitate is commonly found to surround or cover one side of a 
grain,, border fractures, have dendritic patterns within the matrix or occur 

2 2 0 0 



TheThe wet-based deforming bed of the Sinus Group 

Fig.. 11 Photomicrographs of features related to water movement. The top is above the 
imagee unless otherwise illustrated, and colour plate versions are on pages 296-297. 
A.. Detail of C.749i (tillit e wedge), plane light, field of view 7.0mm. A homogeneous, 
linearr and fine-textured micro-WES (white arrow) with a 'hidden' Mawson clast 
abovee it (highlighted by dashed lines and black arrow). B. Detail of C.914 (clastic 
dyke),, plane light, field of view 18.0mm. A homogeneous, linear, coarse-textured 
micro-WESS (white arrows) set amongst fine-grained coal-plasma. C. Detail of C.756 
(clasticc dyke), plane light, field of view 11.2mm (plane view). A homogeneous, 
anastomosingg micro-WES with different plasma textures in the same 'system': 
coarsee to medium plasma (white arrow) and fine-grained plasma (black arrow) are 
alll  represented. D. Detail of C.759 (clastic dyke), plane light, field of view 13.8mm 
(planee view). A homogeneous micro-WES around a grain (white arrows) with 
neighbouringg turbates (full circles) and vughs (black arrows). Note the texture 
gradingg within the micro-WES. 
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99 1. A 
v.«  IB* * , : . . .  ~ i» 

^ jj  ^ k i v s m t t * 

SfJL L 

Fig.. l i (cont.) E. Detail of C.752 (clastic dyke), plane light, field of view 4.5mm. A 
homogeneous,, gathered micro-WES with concentric fining outwards as elucidated in 
thee cartoon (darker grey depicts finer material). F. Detail of C.752 (clastic dyke), 
planee light, field of view 16.4mm. A chaotic, gathered micro-WES with a discrete 
shearr line above it (dashed line), partial turbate (black arrow) and peculiar fine-
grainedd 'rib-cage' structure (white arrows). G. Detail of C.756 (clastic dyke), plane 
light,, field of view 11.2mm (plane view). A cross-cutting multi-phase, anastomosing 
micro-WES.. The fine-grained plasma is transecting the coarser plasma as elucidated 
inn the cartoon (lighter grey depicts coarser material; quartz grains also grey). 
H.. Detail of C.759 (clastic dyke), plane light, field of view 9.0mm (plane view). Clay 
cappingss upon quartz grains (black arrows). 
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TheThe wet-based deforming bed of the Sinus Group 

Fig.. l l (cont.) I. Detail of C.752 (clastic dyke), plane light, field of view 3.5mm. Bordering 
aa fracture are clay skins (with thick 'horn') around quartz grains (black arrows) and 
clayy in-filled grain pores (white arrow). 

inn a mottled, vermiform shape. Its peak occurrence is in those samples 
withh a high coal content. In contrast orange coloured precipitate is far 
moree inconspicuous and found as random clusters in the matrix. 
Mamilatedd vughs are also atypical due to the high plasma or grain density, 
thee one exception being their frequent occurrence alongside micro-WESs 
andd grain cappings in C.759 (see Fig. 11D). 

5.25.2 Observations relating to further micro-deformation 

Ductilee deformation micro-structures are more abundant and varied than 
brittlee cases (Table 6), with turbates as the most prominent followed by 
strainn caps, augen morphologies and necking structures. Brittle 
deformationn micro-structures are mainly restricted to discrete shear lines, 
grainn lineations and brecciation. 

Thee clastic dyke micro-WESs themselves contain a number of soft 
sedimentt deformation features within their internal structure, pointing 
mainlyy to ductile behaviour. Two examples are from C.757 where coarse 
plasmaa jacks-up fine material in the downward direction of the clastic 
dyke.. Associated with this is a recumbent fold, potentially marking the 
initiall  stages of another jack-up processes, and underlying boudinage 
structuree (Fig. 12A). Furthermore, the same micro-WES has an envelope of 
grainss surrounded by strained fine-grained plasma to form a strain cap. 
Thiss is most clear under cross-polarised light due to its branching and 
mergingg masepic plasmic fabric (Fig. 12B). At the larger scale C.917Ü 
demonstratess a coarse textured and linear micro-WES engulfing a 
sandstonee grain. The plasma in direct contact with the grain is a darker 
colourr resembling a halo with dispersed material around it (Fig.i2C). 
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TheThe wet-based deforming bedoftheSirius Group 

C.7522 also demonstrates an impressive boudinage structure, where 
pinchedd plasma boudins at different scales are found (Fig. 12D). Augen 
shapedd bodies of coarse- or medium-grained material are commonly found 
inn micro-WESs, but also plasma rich areas (Fig. 12E) and infrequently as 
brecciatedd coal envelopes in the wider matrix of the tillit e wedge thin sections. 

Turbates,, necking structures and two forms of halos are found both within 
micro-WESss and the wider matrix for both clastic dyke and tillit e wedge 
thinn sections. Turbates are associated with discrete shear lines in the tillit e 
wedgee samples only (e.g. Fig. 12K) where they are more grouped and 
classicall  in terms of size (~50-500um; van der Meer, 1993,1997) and 
formationn around a central core grain. Those in the clastic dyke thin 
sectionss are often isolated, without a core grain and larger, being up to lcm 
inn diameter (e.g. Fig. 12F). Necking structures are most conspicuous in 
plasmaa rich areas with abundant coal (Fig. 12G). Halos noted in the matrix 
(opposedd to in the micro-WESs as described above) aree marginally 
differentt being found as thin (30um) rinds of fine plasma around grains in 
plasmaa rich regions or within multiple domains of coal breccia and tillite. 
Theyy are discernable from clay cappings, on this occasion, due to their 
thinnesss and from clay envelopes due to their association withh a plasma 
richrich matrix. Strain caps occurr in both micro-WESs and the wider matrix. 
Ann example is C.916Ü that illustrates brecciated coal shards swathing and 
pinchingg around a sandstone grain (Fig. 12H); note also the micro-fault. In 
clasticc dyke (C.750, C.914) and tillit e wedge (C.749i, ii) samples 
deformationn is also manifested where multiple linear or augen shaped 
domainss of coal breccia are found within adjacent tillit e matrix (Fig. 12I). 
Imbricatedd (overlapping) grains are uncommon, and are either observed 
amongg brecciated coal grains (Fig. 12J) or lining fractures (e.g. C.757, unit 
3).. In both thin sections grains are oriented towards the top and south. 
Foldd structures are the least common and a subtle asymmetrical fold is 
notedd in the matrix of C.752 and micro-WES of C.757 (unit 1). 

Thee most prominent brittle deformation micro-structures are discrete 
shearr lines. These are found (1) individually, (2) as anastomosing riedel 
shears,, (3) in a conjugate pattern (Fig. 12K), (4) as discrete, parallel shears 
(e.g.. C.756, C.917; Fig. 12L) and (5) within micro-WESs. Moreover, in 
severall  thin sections the majority of discrete shear lines are found to dip 
northwardss 'down' the thin section (see Fig. 10). Grain lineations (and at 
timess fractures) commonly follow the same sub-vertical alignment as 
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TheThe wet-based deforming bed of the Sinus Group 

Fig.. 12 Photomicrographs of features related to micro-deformation. The top is above the 
imagee unless otherwise illustrated, and colour plate versions are on pages 297-
300.. A. Detail of C.757 (clastic dyke), plane light, field of view 9.0mm. 
Deformationn within a micro-WES: coarse plasma 'jacks-up' an envelope of grains 
withinn fine plasma (black arrow), resulting in eye-shaped boudins (dashed lines). 
Notee recumbent fold (white arrow). B. Detail of C.757 (clastic dyke), cross-
polarisedd light, field of view 3.5mm. A strain cap of plasma around a pocket of 
grainss (white arrow). C. Detail of C.917Ü (clastic dyke), plane light, field of view 
11.2mm.. A halo (white arrow) and pressure shadow (black arrow) within a coarse 
texturedd micro-WES. Discrete shear lines are highlighted by dashed lines. 
D.. Detail of C.752 (clastic dyke), plane light, field of view 7.0mm. Eye-shaped 
boudinss of medium and fine-grained plasma at various scales (black envelopes in 
cartoon.. Coarse plasma is light grey, grains dark grey and fracture darkest grey). 
E.. Detail of C.750 (clastic dyke), plane light, field of view 4.5mm. Augen shaped 
bodiess (white arrows) of coarse plasma within fine-grained coal-plasma. F. Detail 
off  C.750 (clastic dyke), plane light, field of view 11.2mm. A large, isolated and 
'loose'' turbate (white arrow) as often noted in the clastic dyke sediments. 
G.. Detail of C.914 (clastic dyke), plane light, field of view 9.0mm. Two necking 
structures:: the perceived longest axis of smaller grains is oriented in towards the 
bottle-neckk of adjacent larger grains (white arrows). H. Detail of C.916Ü (clastic 
dyke),, plane light, field of view 9.0mm. Coal shards (black in cartoon) strain 
aroundd larger grains (dark grey) and are displaced by a micro-fault as elucidated 
inn the cartoon. Note also the homogeneous, linear micro-WES. I. Detail of C.749i 
(tillit ee wedge), plane light, field of view 18.0mm. Augen shaped domains of coal 
brecciaa (white arrows) are incorporated into sheared (dashed lines) tillite. 
J.. Detail of C.914 (clastic dyke), plane light, field of view 13.8mm. Imbricated 
(overlapping;; white arrows) coal grains aligned towards the top and south of thin 
section.. K. Detail of C.74gi (tillit e wedge), plane light, field of view 16.4mm. 
Densee conjugate discrete shear lines (dashed lines) and turbates (full circle) 
positionedd around three adjacent grains (labelled 1, 2 & 3). L. Detail of Cgrzi 
(clasticc dyke), plane light, field of view 18.0mm. Densely packed, sub-vertical 
discretee shear lines (dashed lines). M. Detail of C.749i (tillit e wedge), plane light, 
fieldfield of view 18.0mm. A sub-horizontal grain lineation and its adjoining discrete 
shearr line (dashed lines) above turbates (full circles). N. Detail of C.914 (clastic 
dyke),, plane light, field of view 18.0mm. Brecciated coal grains and coal-plasma as 
elucidatedd in the cartoon. Coal grains are black, darkest grey is the fracture and 
coall  plasma is dark grey. O. Detail of C.752 (clastic dyke), cross-polarised light, 
fieldd of view 3.5mm. Pebble type II features, ~2soum in diameter, and discernable 
byy their birefringent plasmic fabric (white arrows). 

discretee shears, but are also found sub-horizontally (Fig. 12M). Brecciation 
iss abundant in all but three thin sections (Table 6). The most obvious 
instancess regard brecciated coal, where units of coal breccia are found in 
C.7491,, C.750 and C.914 (Fig. 12N). In C.9i6ii a brecciated coal 'laminar 
micro-fabric'' is very clearly dipping by ~30° to the north (Fig. 10E). 
Overalll  very few crushed, split quartz grains and micro-faults are observed, 
occurringg infrequently in the clastic dyke thin sections (Table 6). 

Typee III pebbles (~0.7-2.5mm and up to 6mm in diameter) are well 
developedd in C.749i, ii, C.752, C.760 and C.9i6i, ii and weakly in four other 
thinn sections. Only C.752 has both type III and prominent type II pebbles 
(Fig.. 12O). 
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5.35.3 Observations relating to theplasmic fabrics 

Skelsepicc plasmic fabric (Fig. 13A) is well represented in most thin sections 
(Tablee 7). The remaining plasmic fabrics are predominantly found in either 
brecciatedd coal plasma or homogenous and chaotic micro-WESs. Unistrial 
(Fig.. 13 B) and masepic (Fig. 13C) plasmic fabrics are mildly developed so 
too be less prominent than skelsepic plasmic fabric (Table 7). The 
omnisepicc variety is well developed when found in the homogenous and 
chaoticc micro-WESs (e.g. C.752 and C.757~unit 3) or areas of brecciated 
coall  (e.g. C.749i, C.750; Fig. 13D). Banded plasmic fabric is sometimes 
foundd in chaotic, gathered micro-WESs (Fig. 13E), but is otherwise 
confinedd to intercalated linear micro-WESs or plasma between pebble 
sizedd grains. The latter is also where kinking plasmic fabric (Fig. 13F) is 
noted.. Finally, insepic plasmic fabric is rare, weakly developed and 
confinedd to clusters of plasma. 

6.. DISCUSSION 

6.16.1 Laboratory results 

Particlee size results (Fig. 3) demonstrate a dominance of sand and silt, 
withh a high clay fraction (11.4-25.9%), an observation also reported by 
Passchierr (2002) for Sirius Group diamicts in the more southerly Queen 
Maudd Mountains. The dominance of sand followed by silt are inferred to 
bee the terminal grades brought about by subglacial comminution 
(Haldorsen,, 1981) in a wet-based system upon local bedrock (Dreimanis 
andd Vagners, 1972) with subsequent deposition in either the tillit e wedges 
orr clastic dykes. High quantities of clay-sized particles in diamicts have 
beenn reported from glacial erosion of weathered bedrock (Mulholland, 
1976)) or fine-grained marine and lacustrine sedimentary rocks (Haldorsen 
ett al., 1989) as well as Sirius Group diamicts immediately above dolerite 
erosionn surfaces (Passchier, 2002). We therefore propose that the e 
relativelyy high clay fraction is also locally determined. This is due to the 
sedimentaryy nature and presence of clay fragments in the coal measures of 
thee underlying Beacon Supergroup bedrock at Allan Hill s (Ballance, 1977). 

Thee clay mineralogy results (Fig. 4) exhibit the presence of swelling clays, 
whichh have implications regarding swelling plasmic fabrics (Dalrymple 
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Fig.. 13 Photomicrographs of various plasmic fabrics (all cross-polarised light). The top is 
abovee the image unless otherwise illustrated, and colour plate versions are on 
pagess 300-301. A. Detail of C.760 (clastic dyke), field of view 3.5mm, showing 
skelsepicc plasmic fabric (white arrow) around a grain. B. Detail of C.752 (clastic 
dyke),, field of view 3.5mm, showing unistrial plasmic fabric (white arrows) and 
somee omnisepic plasmic fabric (black arrow). C. Detail of C.756 (clastic dyke), 
fieldd of view 3.5mm (plane view), demonstrating branching and merging discrete 
domainss (masepic plasmic fabric; white arrows). D. Detail of C.749i (tillit e 
wedge),, field of view 13.8mm, showing omnisepic plasmic fabric (white arrow) 
withinn coal breccia. E. Detail of C.756 (clastic dyke), field of view 3.5mm (plane 
view),, demonstrating banded plasmic fabric (white arrows) within a 
homogeneous,, linear micro-WES intercalated between grain rich portions of the 
matrix.. F. Detail of C.752 (clastic dyke), field of view 3.5mm, showing kinking 
plasmicc fabric within a micro-WES clay band (white arrows). 

andd Jim, 1984) and water retention in the clay structure (van der Meer et 
al.,, 2003a). Normally (Verstraten, pers. comm.), swelling mica is 
uncommon,, but in this case (Fig. 4) it is not. Moreover, the overall clay 
mineralogy,, including the distinctive dominance of mica, resembles the 
resultss reported by Lloyd Davies and van der Meer (chapter 6) for the 
locallyy produced Manhaul til l in the Allan Hills. This therefore suggests 
thatt the Sirius Group tillit e also in the Allan Hill s is of local provenance. 

6.26.2 Field observations 

Clasticc dykes and tillit e wedges have been described separately due to their 
differencess in morphology and sedimentology as discussed by Dreimanis 
(1992).. Both structures taper downwards in the Allan Hills, but tillit e 
wedgess are 'wedge shaped' as opposed to linear or anastomosing and 
composedd entirely of tillite. Clastic dykes on the other hand contain 
laminated,, mostly sorted material. In terms of age, both types of structure 
aree immediately associated with the overlying Sirius Group tillite, meaning 
thatt they are between 2.2 million years old, based upon surface boulder 
datingg from the Sirius Group tillit e (Tschudi et al., 2003), or up to -15 
millionn years old based on studies of landscape evolution in the Dry 
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Valleyss region (Summerfield et al., 1999). However, as the Sirius Group 
tillit ee may have been deposited by multiple glacial events throughout the 
Neogenee (see Lloyd Davies et al., chapter 8) we do not want to label the 
clasticc dykes and tillit e wedges collectively as one age. 

6.2.16.2.1 Clastic dykes. The down-glacier tapering and connection to overlying 
tillit ee for all clastic dykes infer downward penetration of the infil l material 
(e.g.. Figs. 5 and 6; Amark, 1986; Larsen and Mangemd, 1992; Dreimanis 
andd Rappol, 1997). Particle size of the infillin g sediment has been 
discussedd (Fig. 3), but the upper limit of pebble sized, sub-rounded clasts 
iss probably controlled by hydraulic pressure gradients across the dyke 
(Lowe,, 1975; Nichols et al., 1994) and dyke/fracture width and shape 
(Rijsdijkk et al., 1999)- The dyke's disregard for bedding planes suggest high 
subglaciall  hydrostatic pressures (Larsen and Mangerud, 1992; Boulton 
andd Caban, 1995) exploiting weaker pre-glacial cracks or those formed by 
glaciall  drag and brittle fracture (Broster et al., 1979; Broster, 1991; Boulton 
ett al., 1993). These cracks or fractures are envisaged to have widened with 
penecontemporaneouss infillin g of saturated sediment, an inference 
compatiblee with the laminated nature of the clastic dykes (Fig. 6; 
Mangerudd et al., 1981; Larsen and Mangerud, 1992; Boulton and Caban, 
1995)) and brecciated adjacent bedrock (e.g. AHi and JHi in Figs. 6 and 7). 
Moreover,, the vast majority of clastic dykes dip towards the north, 
pointingg towards former ice movement from the south (Amark, 1986; 
Boultonn and Caban, 1995; Lloyd Davies et al., chapter 8). However, the 
laterall  deviation of clastic dykes (Fig. 8A-B) should be noted in relation to 
palaeoo ice-flow reconstruction, because section view exposures have the 
potentiall  to mislead investigators as to the direction of deformation force 
(Amark,, 1986; cf Mörner, 1972; Humlum, 1978; van der Meer, 1980). This 
studyy found that clastic dykes are especially anastomosing in highly 
brecciatedd and weak lithologies such as coal. 

6.2.26.2.2 Tillite wedges. The tillit e wedges are also interpreted to have formed 
subglaciallyy by injection from the base of the glacier into fractures 
(Dreimanis,, 1969) formed under subglacial shearing and wet conditions 
(Dreimanis,, 1992). In JH7D (Fig. 9A-B) the wedge dips to the north or 
down-glacierr (Dreimanis, 1969), and their association with brecciated 
bedrockk points towards formation under subglacial shear. 
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6.36.3 Micromorphology 

6.3.16.3.1 Water movement. As suggested by van der Meer et al., (1999) and 
Rijsdijkk et al., (1999), clastic dykes may be seen as WESs with a complex 
sedimentaryy geometry and character. Although WESs (macro- or micro-) 
aree not considered a standard 'feature' in the subglacial environment, the 
mostt striking micromorphological observations in this paper regard 
complexx micro-WESs within clastic dykes as discussed below. 

Thee laminated structure in some of the thin sections (e.g. C.giói & ii in Fig. 
10)) is interpreted to form under ductile deformation during saturated 
sedimentt flow (Lachniet et al., 1999). Table 4 also illustrates further 
evidencee for water movement in both the clastic dykes, and to a smaller 
degree,, the tillit e wedges. This supports the premise that the clastic dykes 
andd tillit e wedges formed under wet conditions and that the clastic dykes 
weree highly saturated. The shapes of the micro-WESs vary, with up to four 
formss identified (Tables 4 and 5A-B). We interpret the variation in 
morphologyy as a consequence of water following a pressure gradient, as 
opposedd to a velocity gradient by moving along exploitable zones of 
weaknesss so to 'escape' towards lower pressure zones. As a result 
anastomosingg micro-WESs exploit branching and merging fractures or 
fissuresfissures (shears), as do linear micro-WESs, which are also associated with 
grains.grains. Around grains water makes use of the 'space' between the grain and 
surroundingg matrix and moves laterally along adjoining fissures. This 
explainss linear micro-WESs forming fully around grains and tapering away 
soo to 'pinch out' (Fig. 11D). As there is no erosion associated with the 
micro-WESs'' 'pinching out', it must mean that the micro-WES followed a 
pressuree gradient in the vertical for Fig. 11D (C.759; plane view), with 
horizontall  examples also apparent (e.g. C.752 in Fig.nE). The gathered 
morphologiess demonstrate the potential infillin g of a vugh or a type of 
microo 'burst out structure', where plumes of sand or silt are ejected by 
waterr into lower pressure regions of the sediment matrix (Rijsdijk et al., 1999)-

Inn examining the type of micro-WESs (Tables 4 and 5A-B) the most 
diversee and abundant are the homogeneous micro-WESs, which 
demonstratee either the dominance of one texture or grading between fine 
too coarse material (e.g. Fig. 11A-E). Examples include micro-WESs where 
thee thicker 'trunk' or centre of the micro-WES is coarse and fines out to 
moree distal parts of its 'system' (e.g. Fig. 11C). The grading and fining of 
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materiall  in different directions again indicate that the micro-WESs cannot 
bee associated with a velocity gradient but instead a pressure gradient. This 
iss because we do not see a uniform linear distribution of coarse material at 
thee top and finer material towards the bottom of the micro-WESs, but 
insteadd differential grading in both vertical and lateral directions. In the 
casee of Fig. 11E grading may be observed in all directions, emanating from 
ann oval core of uniform silty grain size, which strongly points towards 
formerr water flow. These inferences agree with former micromorphological 
findingsfindings by van der Meer et al., (1994) who described the micromorphology of 
micro-WESss in downward clastic dykes in Argentina and Switzerland. 

Chaoticc micro-WESs (Fig. 11F) are larger in scale and less sorted with 
gravell  sized grains in them. Their larger size is interpreted to be the result 
off  forming along fractures or fissures to become 'micro' pipe flows (Fuller 
andd Murray, 2002) or a smaller version of Alley's (1989) til l channels. 
Furthermore,, the poorer sorting is inferred to result from changing fluvial 
competencyy generated by variable hydrostatic pressure gradients. The 
occasionall  presence of turbates and discrete shears in many chaotic micro-
WESss (Fig. 11F) points also towards deformation processes. 

Thee cross-cutting multi-phase micro-WESs (Fig. 11G) indicate formation 
underr high pressures (van der Meer at al., 1994; 1999). This is because in 
thee absence of available conduits to move along, it was preferential for the 
'escaping'' pressurised water to cut across a former micro-WES, than move 
throughh the wider matrix and create its own path. 

Clayy skins and clay capping are abundant in clastic dyke thin sections and 
consideredd diagnostic for water movement (Stoops, 2003); an 
unsurprisingg premise considering the fact they were sampled from clastic 
dykess and are found in close association with micro-WESs. The thicker 
clayy cappings (Fig. 11H) represent periods of relatively low pressure where 
percolatingg water would cause local clay illuviation. However, some of the 
thicker,, fine-grained clay caps may also be the insipient stages of micro-
WESS formation. The clay skins (Fig. ill ) are the result of illuviated clay 
movingg along fractures and then coating neighbouring grains, whilst any 
grainn rotation would increase the efficacy of this process. However, a post-
depositionall  origin for the clay illuviation should not be disregarded 
(MacNamara,, 1969; van der Meer et al., 1993). Orange and opaque 
colouredd precipitates are also due to water flow and often found on the 
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facee of structural units (van der Meer, 1987). The origin of the former is 
unknown,, but may be from leaching of Mawson clasts or other basaltic 
grainss (see Fig. 11A colour plate; page 296), whereas the black precipitate 
appearss to originate from coal grains. 

Overalll  thin section void density is low (Table 3), because high hydrostatic 
pressuree gradients afford littl e opportunity for matrix dilatancy and void 
formation.. Mamilated vughs, which point towards the former existence of 
vesicless formed under saturated sediment conditions (van Vliet-Lanoë et 
al.,, 1984; van der Meer et al., 1993) are relatively scarce, but are 
anomalouslyy high in C.759 (Fig. 11D). We are unsure as to why this is the case. 

Inn summary, we propose that all thin sections demonstrate evidence for 
waterr movement ranging from 'subtle' percolation through to intense 
'injection'.. Evidence for rapid water movement is most convincing in the 
clasticc dyke thin sections, where micro-WES morphology demonstrates 
waterr movement from high to low pressure regions following a pressure 
gradientt and not a velocity gradient. Additionally, the inherited (sheared) 
structuree of the matrix (e.g. fractures) is thought to facilitate micro-WES 
shapee and extent. 

6.3.26.3.2 Other micro-deformation structures. Micro-deformation structures 
aree commonly observed in all thin sections (Table 6). In the clastic dyke 
sampless a suite of ductile micro-deformation structures are observed in 
conjunctionn with the micro-WESs and other water related features (e.g. 
Figs.. 11D; 11F and 12A). One example is the processes of shearing of a 
coarse-grainn envelope 'down' a micro-WES (Fig. 12A). Strain caps, 
shadowss and halos are also common within micro-WESs (Fig. 12B) 
pointingg towards ductile deformation (Menzies, 2000) and a deviatoric 
stresss field (Hiemstra and Rijsdijk, 2003). The halos observed in the 
clasticc dyke micro-WESs occur via the unidirectional movement of 
fluidisedd fines enveloping a grain (Fig. 12C) with the common outcome of a 
lee-sidee pressure shadow. These are distinguished from strain caps as 
theree is no appreciable strain under plane or cross-polarised light, 
meaningg that the grain must have also been in motion with the fines, but at 
aa slower rate (because of the pressure shadow). The reported turbates 
(somee >icm in diameter) in combination with the above, clearly points 
towardss deformation by rotation (van der Meer, 1993,1997; Menzies et al., 
1997).. Boudinage features in micro-WESs are thought to have formed by 
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extensionall  deformation by flow due to their smooth, lobate form (Fig. 
12D)) an inference also reported from sediment flow deposits (Lachniet et 
al.,, 2001). Isolated eye-shaped morphologies in micro-WESs (Fig. 12D) are 
probablyy the end result of boudinaging. Folds are rarely noted and thought 
too also occur under a ductile regime where there is sufficient interlayer 
viscosityy contrast (van der Wateren, 2002). The inconspicuous nature of 
thee folding, leads us to suggest that any compressive deformation is a 
secondaryy process in clastic dyke sediment deformation. Furthermore, the 
occasionall  imbricate clasts are interpreted to be formed via fluid flow 
(Passchierr and Trouw, 1996) and have been reported in thin sections from 
mud-filledd joints (Seret, 1993). 

Thee majority of turbates, necking structures and an additional form of 
haloss are also found in the wider matrix for both the clastic dyke and tillit e 
wedgee samples. As described, those turbates in the clastic dykes are often 
largerr and without a core grain (e.g. Figs. 11D and 12F), whereas those in 
thee tillit e wedge samples are more classical as described by van der Meer 
(1993»» 1997)- Turbates are the most common ductile related micro-
deformationn structure (van der Meer et al., 2003a) and account for the 
bulkk of the strain in sediment deformation (van der Meer, 1997; Hiemstra 
andd Rijsdijk, 2003). The second form of halos are thought to form by clast 
rotation,, which induces smaller grain accretion around the core grain to 
resultt in a casing of fine-grained material (van der Meer, 1993; Hiemstra, 
1998,1999;; Lachniet et al., 2001). Such halos are found in plasma rich 
areass alongside a high number of turbates and are a stark contrast to the 
discussedd micro-WES turbates formed by unidirectional movement of 
fluidisedd fines. Furthermore, necking structures maybe considered as 
'partiall  turbates' and are further evidence for rotational deformation of the 
matrixx (van der Meer, 1993; Menzies, 2000). 

Discretee shear lines, grain lineaments and brecciation are the most 
dominantt forms of brittle deformation (Table 6) for both clastic dyke and 
tillit ee wedge thin sections. Their occurrence is suggestive of a low 
subglaciall  pore-water content (Menzies et al., 1997) and therefore may 
havee formed after deposition so to be tectonic rather than sedimentary in 
originn (cf Lachniet et al., 2001). The discrete shears (whether conjugate 
(Fig.. 12K) or parallel (Fig. 12L)) and the grain lineaments (Fig. 12M) all 
pointt towards brittle deformation by shear (Menzies, 2000; van der 
Wateren,, 2002; van der Wateren et al., 2000). 
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Brecciatedd clasts are by vast majority coal in both the clastic dyke and 
tillit ee wedge thin sections (Figs. 10 and 12N), as this lithology is frequently 
brecciatedd in the Allan Hills (Hiemstra and van der Meer, 1999; Holme, 
2001).. Coal clast incorporation into the clastic dykes is thought to occur 
whenn the dykes widen within weaker brecciated strata such as coal. In the 
tillit ee wedge thin sections, brecciated coal is incorporated along the 
discretee shear lines (Fig. 12I). Furthermore, coal and matrix brecciation 
wouldd continue under dry conditions, a premise supported by the pebble 
typee III intraclasts (van der Meer, 1993; Menzies, 2000). 

Ass stated, the occurrence of brittle deformation structures is interpreted to 
bee the result of dry conditions, at one point in time, for both the clastic 
dykee and tillit e wedge thin sections. This may occur during or after the 
sedimentss have been glacially overridden. Under active glaciation, 
subglaciall  water quantities and pressures are highly variable over time and 
spacee (Boulton et al., 2001; Fischer and Clarke, 2001; van der Meer et al., 
2003a)) meaning that wet and dry conditions and subsequent deformation 
modess are spatially and temporally proximal. Moreover, upon departure of 
glaciall  ice we envisage that drying out would induce sediment relaxation 
andd resultant brittle deformation. This may occur along former ductile 
rotationalrotational deformation zones; for once formed shear zones are easily 
reactivatedd (Passchier and Trouw, 1996). Vertically oriented discrete shear 
liness and micro-faults in the clastic dykes are probably, for example, the 
resultt of sediment relaxation upon drying (van der Meer et al., 1994; 
McCarrolll  and Rijsdijk, 2003), explaining the apparent polyphase micro-
deformationn (Fig. 12H-I). Finally, a significant inference is that those 
discretee shears and grain lineations found in conjunction with turbates, in 
thee tillit e wedge samples only, must have formed through subglacial 
simplee shear (Hiemstra, 2001; Hiemstra and Rijsdijk, 2003). 

6.3.36.3.3 Plasmicfabrics. The type II pebbles found in C.752 and C.757 are 
onlyy discernable by their internal plasmic fabric (Fig. 12O) indicative of 
plasticc deformation under high strain (van der Meer, 1993). Skelsepic 
plasmicc fabric (Fig. 13A) is the most common (Table 7) and associated with 
turbatess substantiating rotational movement in all thin sections (Jim, 
1990;; van der Meer, 1993,1997). However, the presence of swelling micas 
(Fig.. 4) and consequent water absorption inducing 'false'' plasmic fabric 
birefringencee needs to be considered (Dalrymple and Jim, 1984). 
Therefore,, plasmic fabrics taken in association with other micro-structures 
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aree regarded as 'genuine' and indicative of a stress field other than clay 
swelling.. Unistrial and masepic plasmic fabrics (Fig. 13B-C respectively) 
aree interpreted to be indicative of unidirectional stresses and not simply 
thee result of sedimentation (van der Meer and Warren, 1997). Omnispeic 
plasmicc fabric is well developed (Table 7) and insinuates extremely high 
deformationn stresses (Menzies, 2000); a likely scenario considering its 
occurrencee in both micro-WES rotational deformation zones and brecciated 
coall  regions (Figs.10 and 13D). Banded plasmic fabric is inferred to be the 
resultt of plasma fines intercalated between large grains (Menzies, 2000), 
whereass the faint kinking plasmic fabric points towards compressive 
deformationn (Menzies, 1990; Bordonau and van der Meer, 1994). Finally, 
thee insepic plasmic fabric is considered too inconspicuous to allow faithful 
insightt into subglacial sedimentary and deformation processes. 

7.. SYNTHESIS 

Initiall  particle size (Fig. 3) and clay mineralogy (Fig. 4) results indicate 
thatt the Sirius Group tillit e and sediment occupying clastic dykes in the 
Allann Hills is locally derived. Field descriptions of the tillit e wedges point 
towardss tillit e injection into subglacially sheared bedrock fractures. The 
clasticc dykes provide further evidence for simple shear (McCarroll and 
Rijsdijk,, 2003) and subglacially wet conditions where water saturated 
sedimentt exploited either pre-glacial or glacitectonic bedrock fractures to 
resultt in sub-vertical bedrock penetration. As the clastic dykes are top-
filledfilled (i.e. where fully exposed they close off at the base), an unfrozen 
aquiferr through which water saturated sediment penetrates is required. 
Thiss means that this mechanism would not take place within deep 
subglaciall  permafrost (Boulton and Caban, 1995) and that clastic dykes 
mustt influence subglacial hydrology by acting as 'water sinks' so to 
increasee the anisotropic permeability of till . 

Suchh proposals are further supported by the micromorphological 
observations.. Abundant micro-WESs present in the thin sections 
demonstratee the presence of forceful dewatering and water flow (van der 
Meer,, 1987; 1993) at subglacial depths of at least -4m. Moreover, the 
micro-WESss have a complex three-dimensional geometry as alluded to by 
Rijsdijkk et al., (1999) insinuating that apparently impermeable till s have 
thee potential to drain large fluxes of subglacial meltwater downward and 
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laterallyy via clastic dykes (and tillit e wedge) formation. The 
sedimentologicall  legacy is a suite of micro-WESs formed by a variable 
pressuree gradient determined primarily by water content but also other 
variabless such as clay and carbonate content, bedrock composition, ice 
thicknesss and velocity (van der Meer et al., 2003a). We therefore reject the 
notionn that micro-WESs formation is facilitated by a velocity gradient, but 
insteadd a pressure gradient. Moreover, all micro-deformation observed in 
thee micro-WESs are ductile and point towards rotational deformation 
underr extremely high pressures as substantiated by the omnisepic plasmic 
fabric.. Those ductile micro-structures in the wider matrix of the clastic 
dykee thin sections still demonstrate the presence of water and rotational 
deformation,, whereas the brittle features insinuate that tectonic deformation 
occurredd syn- and/or post- depositionally under drier conditions. 

Inn light of the laboratory, field and thin section findings above we propose 
thatt the clastic dykes are the result of the subglacial environment 
contendingg with high levels of meltwater. If the water was unable to escape 
throughh the frozen glacial snout or laterally, the subglacial system must 
havee had great difficulty in storing the meltwater. This may especially have 
beenn the case close to the ice sheet margin, where a pressure gradient 
wouldd instigate preferential water escape through bedrock joints and 
fracturesfractures following til l dilation. Such an inference is similar to the WESs 
reportedd by van der Meer et al., (1999) in Iceland but with two significant 
differences.. The first is that they attribute their excess water as a result of 
thee subglacial Katla eruption in 1918, whereas we see no evidence for such 
ann event. The second issue is that of scale: van der Meer et al.,'s (1999) 
examplee is a subglacial system within the comparatively small 
Myrdalsjökulll  ice cap, whereas our subglacial system is part of the massive 
EAISS and thereby directly comparable to Pleistocene ice sheets. 

Evenn though only two tillit e wedge thin sections were examined, a slightly 
differentt story emerges. Unlike the clastic dyke samples, micro-WESs are 
farr less common (Table 4) and despite experiencing 'wet' conditions, the 
tillit ee wedge thin sections do not demonstrate the same density and 
diversityy of ductile micro-structures (Table 6). In this paper, both field and 
micromorphologicall  observations point towards a direct subglacial origin 
forr the tillit e wedge. This is primarily due to the glacitectonic combination 
off  rotational and planar deformation features meaning that the tillit e 
wedgee is a tectomict (van der Meer et al., 2003a). In contrast the clastic 
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dykee thin sections are 'fluid' in nature and indicative of sedimentary 
conditionss determined by a pressure gradient. We therefore think that 
clasticc dykes do not contain til l stricto sensu, but sediment derived from 
(dilated)) til l and should not be referred to as til l dykes (cf Larsen and 
Mangerud,, 1992). One might argue that there is an overlap between the 
clasticc dyke and subglacial til l micro-structures, but this phenomenon has 
beenn previously encountered and overcome by authors comparing 
subglaciall  till s and flow deposits. This was achieved by evaluating the e 
overalll  context and nature of the micro-structures (van der Meer and 
Laban,, 1990; Lachniet et ah, 2001; Menzies and Zaniewski, 2003). In 
doingg the same, we therefore tentatively propose that the combination of 
extensivee and diverse micro-WESs with large, isolated rotational features, 
grainn lineations and a laminar, imbricate fabric might be regarded as 
diagnosticc for clastic dyke sediments examined in thin section. 

8.. CONCLUSION 

Wee conclude that: 

 Clastic dykes and tillit e wedges are formed subglacially, close to an 
icee mass margin and taper down-glacier so to be effective in palaeo 
ice-floww reconstruction. In the Allan Hills, these features are likely 
too have formed by the over-riding of a Neogene temperate EAIS, 
whichh was experiencing huge amounts of subglacial meltwater. The 
scalee of the EAIS, and therefore the clastic dykes, are directly 
comparablee with former Pleistocene ice masses. 

 Clastic dykes spread laterally and therefore caution must be 
exercisedd when assessing their strike in section view. 

 The tillit e at Allan Hill s was formed locally and contains relatively 
rare,, swelling micas. 

 Clastic dykes contain abundant micro-WESs that are formed by a 
hydrostaticc pressure gradient and not a velocity gradient. 

 These micro-WESs in the clastic dykes contain rotational 
deformationn zones that occur under ductile conditions, although 
brittle,, planar features formed under relatively dry conditions are 
alsoo present. 

 Diagnostic evidence for subglacial deformation was found in the 
tillit ee wedge. 
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 Tillit e wedge and clastic dyke thin sections share a number of 
micro-structuress in common with subglacial till s and flow deposits. 

 The combination of extensive, diverse micro-WESs with large, 
isolatedd rotational features, grain lineations and a laminar, 
imbricatee fabric could be tentatively regarded as diagnostic for 
clasticc dyke sediments examined in thin section. However, this 
shouldd be viewed as an initial step, and further research into clastic 
dykee micromorphology and other diamicts is first required. 
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Conclusion Conclusion 

CHAPTERR 10: CONCLUSION 

1.11.1 Methods employed 

Thee collection of micromorphology samples in the field is a time-
consumingg and sensitive operation usually requiring mammoth or 
Kubienaa sample tins. However, this study has demonstrated that clast rich 
andd friable diamicts may be sampled without use of the conventional tins 
onn the condition that they are pre-impregnated in the field as soon as 
possible.. This is done by following the technique described in chapter 3, 
whichh is effective, cheap, safe and simple. Secondly, when sampling semi-
lithifiedd sediments, an angle grinder may be employed to rapidly extract 
mammothh or Kubiëna tin sized blocks for micromorphological analysis. 
Thee thin sections derived from this field method demonstrated no 
appreciablee damage when viewed under the microscope. From our 
experiencee the cost of such an angle grinder (-€2,000, including 
additionall  cutting blades) as a medium to long term investment is well 
worthh the time gained in the field; especially in polar or mountainous 
regionss where poor weather can make short shrift of a field season. 

Micromorphologyy is shown to be an effective tool in distinguishing 
betweenn different glacial diamicts, and providing insight as to the 
processess responsible for their formation. Examples taken from chapters 
6,, 7 and 9 are provided below. 

Inn chapter 6 a deposit attributed to formation by a cold-based glacier has 
beenn described by Atkins et al., (2002) as a 'sandstone and siltstone 
breccia',, and later informally termed a til l (Lloyd Davies et al., chapter 5). 
However,, micromorphology has added two important aspects that are less 
obviouss in the field: (1) the style of cold-based subglacial deformation is 
planarr and brittle and (2) the tectomicts (tills) have experienced 
substantiall  post-depositional change. 

Inn chapter 7, it was demonstrated that non-glacigenic sediments, glacial 
diamictss and till s exist side by side along the relatively small terminus of 
Taylorr Glacier in the Dry Valleys. One might argue that this could be 
achievedd by standard field work, but micromorphology permits additional 
insightt into those processes accountable for the sediment texture and 
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structure,, which in turn facilitates discrimination between the sediments. 
Onee example is the glacilacustrine deposit of thin section C.911. Here the 
laminaee demonstrate micro-scale boudinaging, folding and kinking 
plasmicc fabric, pointing towards extensional and compressional 
deformation.. Even though the deposits may still have been regarded as 
glacilacustrinee in the field, an inference regarding the nature of its 
deformationn would have gone unnoticed to the naked eye. 

Inn chapter 9, micromorphology supported field observations, in being able 
too distinguish between the subglacially deformed tillit e wedge thin sections 
andd those taken from within clastic dykes. Additionally, it provided an 'in 
situ'' view as to the nature of clastic dyke sedimentology. Clastic dykes are 
themselvess considered Water Escape Structures (WESs) but the fact that 
theyy contain a range of diverse micro-WESs and micro-deformation 
structuress allows improved understanding as to the processes responsible 
forr their formation. For example, if the clastic dyke sediments were 
subjectedd to particle size analysis, the three dimensional geometry and 
structuree of the micro-WESs would be lost and by examining the 
propertiess of single sized fractions the overview and nature of grading 
withinn the micro-WESs might be misrepresented. 

However,, as with many techniques they have the potential to cause more 
harmm than good if used in isolation or if one were to approach glacial 
geologyy from purely a micromorphological viewpoint. Therefore, field 
observations,, particle size analysis and clay mineralogy supported 
micromorphologyy throughout this study. It was found that the prevailing 
particlee size fraction(s) was also prominent in the local bedrock geology in 
thee case of the Allan Hill s or debris-rich basal ice in Taylor Glacier. The 
clayy fraction is low in the Manhaul tectomict, in all but two samples that 
weree found upon mudstone/lithified clay bedrock. This suggests that cold-
basedd tectomict (till ) particle size is directly determined by the glacially 
overriddenn parent material. In contrast the Sirius Group derived clastic 
dykee sediments and tillit e wedge, from the same locality as the Manhaul 
tectomictt (till) , demonstrate a relatively high clay fraction (>io%; 
Passchier,, 2002). This indicates the increased significance of comminution 
andd abrasion in temperate-based ice masses. A high carbonate content was 
foundd in several thin sections from the Taylor Glacier study, thus 
explainingg their poorr plasmic fabric development. The clay mineralogy of 
thee Manhaul tectomict (till ) and Sirius Group tillite, both from Allan Hills, 
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demonstratedd the occurrence of the relatively rare swelling mica. As this is 
alsoo reported in the local bedrock geology of the Allan Hill s (Ballance, 
1977)»» a local provenance origin for both deposits is plausible. 
Furthermore,, the clay mineralogy supported a diagenetic opposed to 
deformationall  interpretation for the skelsepic plasmic fabric found in the 
Manhaull  tectomict (till) . 

1.21.2 Take-home 'pointsfrom the chapters 

Chapterr 3 concludes that a clast rich, friable diamict may be pre-
impregnatedd in the polarfield, with no significant alteration to the sample 
whenn viewed in thin section. The materials are easily obtained and safe if 
usedd with adequate ventilation. The rate of induration appears related to 
ambientt temperature, meaning that the colder the conditions the slower 
thee rate of hardening. The fact that this method is successful in the 
polarfieldd means that it is also most likely applicable to other warmer 
environmentss where rate of hardening would be more rapid. 

Chapterr 4 is a review chapter that sets the scene regarding the growing 
evidencee for cold-based glacial activity. Such evidence concerns cold-based 
glaciall  entrainment, ductile and brittle subglacial sediment deformation, 
thrust-blockk moraine formation, erosion, deposition and glacitectonism of 
lithifiedd bedrock. The range of observations come from South Victoria 
Landd only, suggesting they may also be found in other (high elevation) 
regionss in Antarctica so to add more weight to the case for cold-based 
glaciall  activity. Chapter 4 concludes that the existing assumption 
regardingg cold-based glacial inactivity should be abandoned. This, in 
particular,, has implications for modelling ice sheet dynamics (cf Naslund 
ett al., 2000, 2003) or automatically equating glacially modified landscapes 
too temperate-based glaciers only. 

Chapterr 5 documents first hand evidence for cold-based glacial advance 
duringg the Last Glacial Maximum (LGM) in the Allan Hills. In particular, 
evidencee is provided for cold-based subglacial erosion, deposition and 
glacitectonism,, with the latter being the most conspicuous. The chapter 
alsoo speculates as to the low preservation potential of these cold-based 
featuress upon climatic amelioration, explaining their 'perceived absence' in 
thee Pleistocene record. 
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Chapterr 6 concludes that the Manhaul Bay Glacier is capable of producing 
aa locally derived tectomict (till) , by subglacial deformation. The til l 
demonstratess a glacitectonic rather than sedimentary signature and is thus 
termedd a tectomict following the recommendation of van der Meer et al., 
2003a.. The planar (brittle) mode of deformation is acutely different to that 
observedd in temperate till s due to its low clay and (presumably) water 
content.content. All samples analysed are susceptible to water facilitated post-
depositionall  changes in polar, arid environments. This has implications 
regardingg their preservation potential, especially under wetter regimes. 

Chapterr 7 concludes that Taylor Glacier terminus should not be regarded 
ass one of the classical sublimation til l sites. In contrast, ~<iooum thick 
clayy coated grains observed in thin section are proposed as indicative for 
meltoutt til l that has subsequently experienced wet flow in contemporary 
ice-marginall  environments. The sedimentary regime at Taylor Glacier 
terminuss is dynamic, with proglacial lacustrine deposits, aeolian fines, 
meltoutt til l (including that subjected to syn- and/or post-depositional wet 
sedimentt flow) all being observed. Many of the sediments at Taylor Glacier 
terminuss have a high salt and carbonate content. 

Chapterr 8 concludes that fracturing is the first stage in subglacial 
(temperate)) bedrock tectonism, and its density is related to bedrock 
competencyy and thickness. The fractures also move from a vertical to 
obliquee orientation in the direction of former ice-flow. All of the sandstone 
strataa overlying brecciated coal or carbonaceous siltstone are not in situ 
butt have been laterally displaced and used as the deforming tool. 
Moreover,, bedrock glacitectonism contributes significantly to local til l 
production,, but without direct glacial ice contact. In a generalized sense 
thee former ice sheet(s) that deposited the Sirius Group at Allan Hill s 
flowedd from the south(west) to north(east) and were warm-based. 

Chapterr 9 reports the first time finding of clastic dykes and tillit e wedges 
inn Antarctica, and that they were formed subglacially, close to an ice mass 
margin.. This was most likely during the over-riding of a Neogene 
temperatee East Antarctic Ice Sheet (EAIS), which was experiencing huge 
amountss of subglacial meltwater. The scale of the EAIS is directly 
comparablee with former Pleistocene ice masses. All of the examined clastic 
dykess contain micro-WESs formed by a hydrostatic pressure gradient and 
nott a velocity gradient, and express evidence for deformation. The tillit e 
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wedgee and clastic dyke thin sections have a number of micro-structures in 
commonn with subglacial till s and flow deposits. However, the combination 
off  extensive, diverse micro-WESs with large, isolated rotational features, 
grainn lineations and a laminar, imbricate fabric could be tentatively 
regardedd as diagnostic for clastic dyke sediments examined in thin section. 
Finally,, caution must be exercised when assessing clastic dyke strike in 
sectionn view, as it was noted they tend to spread laterally. 

1.31.3 The last word 

Inn studying the contemporary glacial environments of South Victoria 
Land,, Antarctica, a significant amount of information has been obtained in 
relationn to its glacial nature and history. Evidence is presented for cold-
basedd glacial activity in a relatively small area of Antarctica. It is hoped 
thatt future research will uncover further evidence for cold-based glacial 
dynamicss across the ice free regions of the continent. As the 'classic 
sublimationn till ' site of Taylor Glacier terminus is challenged, in one of the 
mostt arid and cold places on Earth, its current existence on our planet 
mustt be questioned. Glacitectonised bedrock and clastic dykes related to 
formerr glaciations that deposited the Sirius Group in the Allan Hills, 
demonstratee a warmer, wetter and dynamic past in Antarctica. 

Thee timing of this is still an ongoing debate. However, all the above 
findingsfindings confirm that the Antarctic is a dynamic and changing 
environment.. The more wee understand its history, the better the profile of 
thee continent's nature and character. In this way a 'ground truth' is 
provided,, that improves our predictions regarding inevitable climatic and 
environmentall  change, and in turn supplements a framework for 
environmentall  stewardship. 
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SUMMAR Y Y 

Antarcticaa is unique among continents, being the world's most windy, cold, 
aridd and high land-mass and the last pristine environment on Earth. The 
substantiallyy lower radiation levels received by Antarctica, means that it is 
highlyy sensitive to global climatic change. Consequently, it remains critical 
thatt we improve our understanding of Antarctica's nature and past, so to 
enhancee predications regarding its future under inevitable climatic change. 
Forr example, the Intergovernmental Panel on Climate Change have 
announcedd that recent modelling results project a rise in average global 
temperaturee from C02 emissions of between i.4°C and 5.8°C by the end of 
thiss century. 

Appreciationn of glaciers and glaciation is also of wider significance because 
EarthEarth could be viewed as a Glacial Planet, which occasionally experiences 
conditionss similar to the warmer periods of today. Moreover, glaciers are 
essentiallyy filters that translate a complex climate signal into a relatively 
simplee landform record. The investigation of this record allows a 
'backwardd glance' into the environmental conditions under which the 
glacierr once existed. Micromorphology is the technique employed in this 
thesis,, because it has proven to be highly effective in gleaning information 
fromm glacially induced landform records. 

Thee field methods used in this study (chapter 2) follow conventional 
micromorphologicall  sampling techniques, but two new methods are also 
instigated.. Firstly, the StihlTS400© angle grinder proved effective in 
ambientt temperatures as low as -30°C when sampling semi-lithified 
tillites.. In contrast, the Stihl handheld drill core was ineffective as there 
wass no way it could remove the gouge as it drilled. Secondly, a 'field 
laboratory'' technique is developed (chapter 3), which allows sufficient 
indurationn of diamicts in the polar field. The primary laboratory technique 
usedd in this thesis is micromorphology, although particle size analysis, clay 
mineralogicall  analysis and differential thermal analysis are also employed 
inn a supportive role. 

Chapterss 4 and 5 provide evidence for cold-based glacial activity in South 
Victoriaa Land, Antarctica. Chapter 4 reviews recent developments in 
glaciologyy and three case studies of cold-based glacial activity. These 
findingsfindings challenge the conventional view that cold-based glaciers are 
basallyy inactive because basal sliding does not occur. The three case 
studiess differ in several respects, such as the scale of cold-based activity, 
thee environmental context and type of overridden substrate. Chapter 5 is a 
researchh paper providing new evidence from the Allan Hills, which 
confirmss that cold-based glaciers are capable of erosion, substrate 
deformationn and deposition. Four types of erosion, three types of 
depositionn and three scales of glacitectonism resulting from cold-based 
glaciall  advance during the Last Glacial Maximum (LGM) are described. A 
modell  derived from these observations and those of advancing cold-based 
glacierss elsewhere is also proposed. The model entails: (i) ice block apron 
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overridingg and entrainment and, (ii) ice bed separation leading to the 
formationn of a cavity on the down-glacier side of escarpments. The model 
iss most effective for a horizontally stratified, lithified sedimentary bedrock 
substrate.. The preservation potential for cold-based glacial features is also 
discussed,, and found to be high in polar climates (e.g. Antarctica) but very 
loww beyond on account of the more rapid weathering in sub-polar or 
temperatee climates. This explains the perceived absence of cold-based 
glaciall  features in the Pleistocene record of today's temperate regions that 
mostt likely experienced cold-based glaciation during past glacial maxima. 

Chapterr 6 takes a close look at a cold-based tectomict by use of 
micromorphology.. The tectomict is found in the Allan Hills, and is the 
resultt of an advance of the cold-based Manhaul Bay Glacier during the 
LGM.. The descriptions reveal many features recognisable in temperate 
subglaciall  tills, but the difference lies in the style of deformation: the cold-
basedd Manhaul til l is dominated by a planar style whereas temperate till s 
aree normally characterised by rotational deformation. A model, compatible 
withh both field and micromorphological observations is described for 
Manhaull  tectomict formation. Another micromorphological observation is 
thatt all Manhaul tectomict samples have been subjected to extensive post-
depositionall  alteration despite the stable, polar arid environment in which 
theyy were collected. This again has implications regarding their 
preservationn potential. 

Chapterr 7 is another micromorphological study set in the warmer and 
lowerr elevation Dry Valleys of South Victoria Land. Here the terminus of 
Taylorr Glacier is widely regarded as one of the classic sites for sublimation 
till :: the rarest til l on Earth. The till is thought to cap ice-cored thrust 
morainess which are positioned as arcuate ridges flanking the north-eastern 
andd south-eastern sides of Taylor Glacier snout. Field observations and 
thinn section analysis of spatially varied til l deposits around the glacial 
snout,, reveal a dynamic sedimentological history, but no sublimation till . 
Therefore,, sublimation til l is presumed to only exist at Taylor Glacier 
terminuss on theoretical grounds. In contrast, four other sediment types are 
identifiedd in thin section from the relatively small area of Taylor Glacier 
terminus.. These are: (i) aeolian fines, (ii) meltout till , (iii ) meltout til l that 
hass experienced syn- and/or post-depositional flow and (iv) deformed 
proglaciall  lacustrine deposits. Furthermore, ~ioo|im thick clay coatings 
observedd around grains in thin section are proposed as evidence for 
meltoutt till , and the high salt and carbonate content in the moraines at 
Taylorr Glacier terminus severely inhibit plasmic fabric birefringence. 
Finally,, the chapter concludes that Taylor Glacier terminus should no 
longerr be regarded the classic sublimation til l site. 

Chapterr 8 returns to the Allan Hill s and describes 22 glacitectonised 
bedrockk sections and discusses their significance in terms of tectonic 
processess and regimes. This is especially pertinent because relatively few 
studiess have focused on glacitectonised bedrock and its rolee in subglacial 
processess and local till production. A further objective of the chapter is to 
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providee an initial proposal for palaeo ice sheet flow in the Allan Hills, by 
combiningg strike and dip measurements from glacitectonised bedrock and 
striaee data. Glacitectonic structures are readily distinguished from those of 
thee 'original' bedrock geology, and are found to be formed primarily by 
subglaciall  simple shear. Examples include the first time reporting of clastic 
dykess from Antarctica, which are also diagnostic of high subglacial 
pressuress and wet conditions. Fracturing is found to be the first stage in 
bedrockk glacitectonism, and all sandstone cycles overlying brecciated beds 
aree not in situ, but are proposed to have been horizontally displaced by 
overridingg ice masses. It is further suggested that bedrock glacitectonism 
significantlyy contributes to local til l production; but without direct glacial 
icee contact. The final conclusion is that former Neogene ice sheet(s) 
depositingg the Sirius Group at Allan Hill s flowed from the south(west) to 
north(east)) and were warm-based. . 

Chapterr 9 combines micromorphology and field observations so to 
investigatee the clastic dykes and tillit e wedges observed in the Allan Hills. 
Thiss is of significance because hitherto clastic dykes and tillit e wedges have 
nott been reported from Antarctica. Moreover, their occurrence and 
connectionn with the wet-based Sirius Group tillit e represents the existence 
off  a more dynamic East Antarctic Ice Sheet (EAIS) in the past. This is in 
starkk contrast to the stable ice sheet-landscape configuration that has 
remainedd relatively inactive throughout the Quaternary. Thin section 
analysiss of the clastic dyke sediments, reveals evidence for rotational 
deformationn and syn- or post-depositional brittle deformation; but no 
tillite .. Additionally, the combination of extensive, diverse micro-Water 
Escapee Structures (micro-WESs) with large, isolated turbates,, grain 
lineationss and a laminar, imbricate fabric are tentatively regarded as 
diagnosticc for clastic dyke sediments examined in thin section. In contrast, 
thee tillit e wedge thin sections express evidence for subglacial shearing. The 
occurrencee of complex three-dimensional micro-WESs is inferred to be the 
resultt of a pressure gradient generated by forceful dewatering in an 
unfrozenn aquifer. This suggests that impermeable till s have the potential to 
drainn large fluxes of subglacial meltwater downward and laterally. Field 
observationss of downward tapering, bedrock-penetrating clastic dykes and 
tillit ee wedges are also compatible with such inferences, and the scale of the 
EAISS is comparable to that of former Pleistocene ice sheets. Moreover, 
fieldfield observations conclude that caution should be exercised when 
assessingg clastic dyke strike in section view, as they tend to spread 
laterally.. Finally, the particle size and clay mineralogy points towards a 
locall  genesis for the Allan Hill s Sirius Group tillite, which contains rare 
swellingg micas. 

Inn conclusion, when studying contemporary glacial environments of South 
Victoriaa Land, Antarctica, a significant amount of information has been 
obtainedd in relation to its glacial nature and history. In essence, the new 
contributionn that this thesis brings to the Antarctic Earth Sciences 
communityy and society at large is as follows: 
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 Micromorphology has survived the 'Antarctic terrestrial test' and 
remainss an effective tool in differentiating between diamictons of 
differentt origin. 

 Evidence is presented for cold-based glacial activity and tectomict 
formation.. It is hoped that further research in ice free regions of the 
continentt will verify this conjecture. 

 As the 'classic sublimation till ' site of Taylor Glacier terminus is 
challenged,, in one of the most arid and cold places on Earth, its 
currentt existence on our planet must be questioned. 

 Glacitectonised bedrock and clastic dykes relating to former 
glaciationss that deposited the Sirius Group in the Allan Hills, 
demonstratee a warmer, wetter and more dynamic past in 
Antarctica.. The timing of this is still an ongoing debate. 

Thee above findings confirm that the Antarctic is a dynamic and changing 
environment.. The more we understand its history, the better the profile on 
thee continent's nature and character. In this way a 'ground truth' is provided, 
thatt improves our predictions regarding inevitable climatic and environmental 
change,, and in turn supplements a framework for environmental stewardship. 
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SAMENVATTIN G G 

Alss meest winderige, koude, droge en hoge landmassa en als laatste 
ongereptee gebied op aarde, neemt Antarctica een unieke plaats in tussen 
dee continenten. Antarctica ontvangt substantieel minder zonnestraling dan 
anderee continenten en is daardoor zeer gevoelig voor 
klimaatveranderingenn (global change). Het is daarom van groot belang 
datt we ons inzicht in de natuur en de historie van Antarctica vergroten, om 
zoo onze voorspellingen met betrekking tot de toekomst van Antarctica ten 
gevolgee van de onvermijdelijk geachte klimaatveranderingen te verbeteren. 
Uitt aankondigingen van het 'Intergovernmental Panel on Climate Change' 
blijktt bijvoorbeeld dat recente modelresultaten ten gevolge van C02 
emissiess een gemiddelde globale temperatuursstijging van tussen de i.4°C 
enn 5<8°C tegen het einde van deze eeuw voorspellen. 

Eenn beter begrip van gletsjers en gletsjervorming is ook van breder belang, 
omdatt de aarde in principe gezien kan worden als een Glaciale Planeet die 
slechtss af en toe warmere klimaatsomstandigheden meemaakt 
vergelijkbaarr met die van vandaag de dag. Daarnaast zijn gletsjers 
essentiëlee filters in die zin dat ze een complex klimaatsignaal vertalen naar 
eenn relatief simpele landvorm record. Het onderzoek van dit record geeft 
onss een 'terugblik' op het milieu waarin de gletsjer zich ooit bevond. 
Micromorfologiee is de techniek die in dit promotieonderzoek gebruikt is, 
omdatt gebleken is datje hiermee op een zeer effectieve manier informatie 
uitt glaciaal geïnduceerde landvorm records kunt extraheren. 

Dee veldmethodes die in dit onderzoek zijn gebruikt (hoofdstuk 2) bestaan 
naastt conventionele micromorfologische bemonsteringstechnieken uit 
tweee nieuwe methodes. Ten eerste, bleek de StihlTS400© hoekmolen 
zeerr effectief bij het bemonsteren van semi-gelithiflceerde tillieten, zelfs bij 
omgevingstemperaturenn van -30°C. De Stihl handboor daarentegen was 
niett bruikbaar, omdat deze niet in staat bleek tijdens het boren het boorsel 
tee verwijderen. Ten tweede, werd een Veld laboratorium' techniek 
ontwikkeldd (hoofdstuk 3), die voldoende induratie van diamicten in het 
veldd in de poolstreek mogelijk maakte. De primaire laboratorium techniek 
diee in dit promotieonderzoek is gebruikt is micromorfologie, daarnaast 
speeldenn korrelgrootte analyse, kleimineralogische analyse en differentiële 
thermischee analyse een ondersteunende rol. 

Inn hoofdstukken 4 en 5 wordt bewijs gepresenteerd voor cold-based 
glacialee activiteit in South Victoria Land, Antarctica. In hoofdstuk 4 
wordenn recente ontwikkelingen in de glaciologie en drie case studies van 
cold-basedd glaciale activiteit samengevat. De resultaten trekken het 
conventionelee idee dat cold-based gletsjers inactief zijn aan de basis omdat 
schuivenn daar niet voorkomt, in twijfel. De drie case studies verschillen op 
eenn aantal punten, zoals de schaal van de cold-based activiteit, de 
milieucontextt en het type overschoven substraat. Hoofdstuk 5 is een 
researchh paper dat nieuw bewijs uit de Allan Hill s levert, dat cold-based 
gletsjerss in staat zijn tot erosie, substraat deformatie en depositie. Er 
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wordenn vier erosietypen, drie depositietypen en glacitektoniek op drie 
schaalniveauss beschreven, alle ten gevolge van cold-based gletsjer 
uitbreidingenn ten tijde van het Laatste Glaciale Maximum (LGM). Verder 
wordtt een model voorgesteld dat is ontwikkeld op basis van de huidige 
bevindingenn en waarnemingen van cold-base gletsjers elders. Het model 
omvat:: (i) het meesleuren en overschuiven van een ijsblok schorten, (ii) 
hett loskomen van het ijs van de bedding hetgeen aanleiding geeft tot de 
vormingg van een holte aan de lijzijde van terreinverhogingen. Het model is 
hett meest effectief voor horizontaal gelaagd, gelithificeerd, sedimentair 
gesteente.. Het preservatiepotentiaal van cold-based glaciale verschijnselen 
wordtt besproken en er wordt geconcludeerd dat deze hoog is in polaire 
klimatenn (bijv. Antarctica), maar erg laag daarbuiten ten gevolge van de 
snelleree verwering in sub-polaire of gematigde klimaten. Dit verklaart de 
schijnbaree afwezigheid van cold-based glaciale kenmerken in het 
Pleistocenee record van hedendaagse gematigde streken die naar alle 
waarschijnlijkheidd cold-based glaciatie hebben gekend tijdens vroegere 
glacialee maxima. 

Inn hoofdstuk 6 wordt met behulp van micromorfologie een cold-based 
tectomictt nader beschouwd. De tectomict bevindt zich in de Allan Hills en 
wordtt verondersteld subglaciaal te zijn gevormd door het uitbreiden van 
dee cold-based Manhaul Bay Glacier tijdens het LGM. In de beschrijving 
wordenn veel kenmerken genoemd die ook in subglaciale til l uit de 
gematigdee zone gevonden worden. Het verschil zit hem echter in de 
deformatiestijl:: de cold-based Manhaul til l wordt gedomineerd door 
vlakmatigee deformatie, terwijl gematigde til l doorgaans gekenmerkt wordt 
doorr rotationele deformatie. Een model voor de vorming van de Manhaul 
tectomictt wordt gepresenteerd, welke in overeenstemming is met zowel de 
veld-- als de micromorfologische observaties. Een verdere 
micromorfologischee observatie is dat alle Manhaul tectomict monsters zijn 
blootgesteldd aan uitgebreide post-depositionele veranderingen, ondanks 
hett stabiele, droge, polaire klimaat waarin ze zijn bemonsterd. Ook deze 
constateringg heeft implicaties voor hun preservatiepotentiaal. 

Hoofdstukk 7 beschrijft wederom een micromorfologische studie, ditmaal in 
dee warmere en lager gelegen Dry Valleys van South Victoria Land. Het 
uiteindee van Taylor Glacier op deze locatie is de klassieke site voor 
sublimatiee till : de meest zeldzame til l op aarde. De til l blijkt ice-cored 
thrustt moraines te overkappen, die zijn afgezet als boogvormige ruggen die 
dee noordoost- en zuidoostkant van de tong van Taylor Glacier flankeren. 
Uitt veldobservaties en slijpplaatanalyse van ruimtelijk gevarieerde till 
afzettingenn rond de gletsjertong blijkt een dynamische sedimentologische 
historie,, maar geen sublimatie till . De veronderstelling van de 
aanwezigheidd van sublimatie till bij het uiteinde van Taylor Glacier berust 
daaromm uitsluitend op theoretische overwegingen. Vier andere typen 
sedimentt kunnen daarentegen wel in slijpplaten uit het relatief kleine 
gebiedd ronde het uiteinde van de Taylor Glacier worden aangetoond. Deze 
bestaann uit: (i) eolisch stof, (ii) meltout till , (iii ) meltout til l die syn- en/of 
postdepositionelee afglijding heeft ondergaan en (iv) gedeformeerde 
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proglacialee lacustrine afzettingen. Een ïooum dikke kleicoating die om 
korrelss in slijpplaten werd aangetroffen kan aangemerkt worden als verder 
bewijss voor meltout till , terwijl het hoge zout- en carbonaatgehalte in de 
moreness bij het uiteinde van Taylor Glacier de zichtbaarheid van de 
plasmicc fabric sterk onderdrukken. Tenslotte wordt in dit hoofdstuk de 
conclusiee getrokken dat het uiteinde van Taylor Glacier niet als dé 
klassiekee sublimatie til l site mag worden beschouwd. 

Inn hoofdstuk 8 worden wederom de Allan Hills bezocht en worden 22 
glacitektonischh gedeformeerde vast gesteente secties beschreven en wordt 
hunn belang in termen van tektonische processen en regimes besproken. Dit 
iss van speciaal belang, omdat er nog maar weinig studies zijn die 
glacitektonischh gedeformeerd vast gesteente en de rol daarvan in 
subglacialee processen en locale til l productie onder de loep hebben 
genomen.. Een verder doel van dit hoofdstuk is een eerste voorstel voor de 
stromingsrichtingg van de paleo ijskap in de Allan Hill s te doen, gebaseerd 
opp een combinatie van strike en dip metingen van glacitektonisch 
gedeformeerdd vast gesteente en van striae data. Glacitektonische 
structurenn bleken primair gevormd te worden door subglacial simple 
shear,, en konden gemakkelijk onderscheiden worden van structuren in de 
oorspronkelijkee geologie van het gesteente. Een voorbeeld hiervan is dat 
voorr de eerste keer clastic dykes gevonden werden. Deze zijn diagnostisch 
voorr hoge subglaciale druk en natte condities. Het eerste stadium van 
glacitektoniekk bleek vertegenwoordigd te worden door breuken. Verder 
bleekk geen van de zandsteen cycli bovenop gebreccieerde gesteentelagen in 
situu te zijn, maar zijn deze waarschijnlijk horizontaal verplaatst door de er 
overr heen schuivende ijsmassa. Verder wordt aangevoerd dat 
glacitektonischee bewerking van vast gesteente waarschijnlijk een 
belangrijkee bijdrage aan de locale til l productie levert; echter zonder direct 
contactt met het ijs. De laatste conclusie van dit hoofdstuk is dat de 
voormaligee Neogene ijskap(pen) die de Sirius Group in de Allan Hill s heeft 
afgezett van het zuid(westen) naar het noord(oosten) stroomde en warm-
basedd was. 

Inn hoofdstuk 9 worden de micromorfologie en veldobservaties 
gecombineerdd om de clastic dykes en tilliet wiggen te onderzoeken die zijn 
aangetroffenn in de Allan Hills. Dit is van belang, omdat het voorkomen van 
clasticc dykes en tilliet wiggen in Antarctica nog niet eerder is gemeld. 
Daarnaastt is het feit dat ze voorkomen en hun verband met de wet-based 
Siriuss Group tilliet, een aanwijzing voor het bestaan van een actievere East 
Antarcticc Ice Sheet (EAIS) in het verleden. Dit staat in schril contrast tot 
dee stabiele ijskap die relatief inactief is gebleven gedurende het Kwartair. 
Bestuderingg van slijpplaten van clastic dyke vullingen leverde bewijs voor 
rotationelee deformatie en syn- of post-depositionele brittle deformatie, 
maarr geen bewijs voor tilliet. Verder kan de voorzichtige conclusie worden 
getrokkenn dat de combinatie van uitgebreide, uiteenlopende micro-Water 
Ontsnappingss Structuren (micro-WES's) met grote, geïsoleerde 
draaingstrukturen,, korrel lineaties en een laminaire, imbricate struktuur, 
diagnostischh zijn voor clastic dyke sedimenten zoals onderzocht in 
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slijpplaten.. Daarentegen wijzen de slijpplaten van de tilliet wiggen op 
subglacialee shearing. Het voorkomen van complexe, driedimensionale 
micro-WES'ss wordt waarschijnlijk veroorzaakt door een drukgradiënt ten 
gevolgee van krachtige ontwatering in een niet bevroren aquifer. Dit 
suggereertt dat impermeabele till s toch mogelijkheden hebben om voor 
zowell  neerwaartse als laterale drainage van grote smeltwaterfluxen te 
zorgen.. Dergelijke gevolgtrekkingen worden ondersteund door het feit dat 
inn het veld neerwaarts vernauwende, gesttente doorbrekende clastic dykes 
enn tilliet wiggen werden waargenomen, terwijl de afmetingen van de EAIS 
vergelijkbaarr is met die van eerdere Pleistocene ice-sheets. Daarnaast, 
moett uit veldobservaties worden geconcludeerd dat de interpretatie van de 
oriëntatiee van clastic dykes in secties met de nodige voorzichtigheid moet 
wordenn uitgevoerd, aangezien deze dykes de neiging hebben zich lateraal 
tee verspreiden. Tenslotte wijzen de korrelgrootte verdelingen en de 
kleimineralogiee in de richting van een lokale oorsprong van de Allan Hill s 
Siriuss Group tilliet, die zeldzame zwellende micas bevat. 
Concluderendd kan worden gesteld dat de studie van het glaciale milieu van 
Southh Victoria Land, Antarctica, geresulteerd heeft in een aanzienlijke 
hoeveelheidd informatie over haar glaciale aard en geschiedenis. In essentie 
levertt dit proefschrift de volgende nieuwe bijdrage aan de Antarctische 
aardwetenschappelijkee gemeenschap in het bijzonder en aan de 
maatschappijj  in het algemeen: 

 Micromorfologie heeft de 'Antarctisch terrestrische test' doorstaan 
enn blijkt ook hier een effectief middel om diamicten van 
verschillendee oorsprong te onderscheiden. 

 Er wordt bewijs aangedragen voor cold-based glaciale activiteit en 
tectomictt formatie. Hopelijk kan verder onderzoek in de ijsvrije 
delenn van het continent deze waarnemingen verder onderbouwen. 

 Omdat de 'classic sublimation till ' site aan het uiteinde van Taylor 
Glacierr wordt aangevochten, terwijl deze in een van de droogste en 
koudstee plaatsen op aarde ligt, is het zeer de vraag of dit type til l 
hedenn ten dage überhaupt op aarde voorkomt. 

 Glacitektonissch gedeformeerd gesteente en clastic dykes die 
samenhangenn met eerdere glaciaties waarbij de Sirius Group in de 
Allann Hill s is afgezet, geven aanleiding tot de reconstructie van een 
warmer,, natter en dynamischer verleden in Antarctica. De timing 
hiervann blijf t onderwerp van discussie. 

Bovengenoemdee bevindingen bevestigen dat Antarctica een dynamische en 
veranderendee omgeving is. Hoe meer we van de historie van Antarctica 
afweten,, des te vollediger wordt ons beeld van de huidige aard en karakter 
vann dit continent. Op deze manier beschouwd, levert dit proefschrift een 
basiss om onze voorspellingen ten aanzien van de invloed van de 
onvermijdelijkee veranderingen in het klimaat en het milieu te verbeteren, 
enn levert het een kader voor goed rentmeesterschap van dit continent. 
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ZUSAMMENFASSUNG G 

Alss windigste, kalteste, trockenste und höchstgelegene Landmasse und 
gleichzeitigg als letztes unberührtes Umweltsystem der Erde ist die 
Antarktiss einzigartig unter den Kontinenten. Da die Antarktis geringerer 
Sonneneinstrahlungg unterliegt als andere Kontinente, ist sie für globalen 
Klimawechsell  aussergewöhnlich empfindlich. Es ist daher unerlasslich, 
unserr Verstandnis der Natur und Vergangenheit der Antarktis immer 
weiterr zu verbessern, um genauere Vorhersagen über ihre Zukunft vor dem 
Hintergrundd unvermeidlichbaren Klimawechsels treffen zu können. So hat 
zumm Beispiel das Intergovernmental Panel on Climate Change (IPCC) 
angegeben,, dass jüngste Simulationsergebnisse auf einen durchschnitüichen 
Anstiegg globaler Temperaturwerte aufgrund von C02 Emissionen von 
zwischenn i.4°C und 5.8°C bis zur Jahrhundertwende hindeuten. 

Einn besseres Verstandnis von Gletschern und Gletscherbildung ist auch in 
sofernn von Bedeutung, als die Erde als Eisplanet angesehen werden darf, 
derr nur zeitweise den heute vorherrschenden Temperaturen 
entsprechendee Klimabedingungen vorweist. Gletscher können insofern als 
Filterr verstanden werden, als sie komplizierte klimatische Signale in 
vergleichsweisee einfache Landformen übertragen. Die Untersuchung dieses 
Nachweisess erlaubt einen „Rückblick" auf die Umweltbedingungen, denen 
derr Gletscher in der Vergangenheit ausgesetzt war. Die vorliegende Arbeit 
hatt als Arbeitsmethode die Mikromorphologie gewahlt, die in der Untersuchung 
durchh Gletscher gebildeter Landformen als hocheffektiv erwiesen ist. 

Zuu den in dieser Studie (Kapitel 2) vorwiegend angewandten konventionellen 
mikromorphologischenn Untersuchungstechniken kamen zwei neue 
Arbeitsmethoden.. lm ersten Fall erwies sich der Winkelschleifer Stihl7$4O0© als 
tauglichh zur Probennahme von serni-ïïthifizierten TiDiten in Aussentemperaturen 
vonn bis zu -30°C. lm Gegensatz dazu zeigte sich der Stihl Handbohrer als 
untauglich,, da es unmöglich war, wahrend der Bohrung den Hohlmeissel zu 
entfernen.. Weiterhin wurde eine Teldlabor'-Technik entwickelt (Kapitel 3), 
diee eine ausreichende Verhartung von Diamikten im Polargebiet ermöghchte. 
Diee in dieser Arbeit primar verwandte Labortechnik war die Mikromorphologie, 
obgleichh Partikelgrössenanalyse, mineralogische Bodenanalyse und 
Differenzialthermischee Analyse (DTA) unterstützend auch zur Anwendung kamen. 

Kapitell  4 und 5 setzen sich mit Untersuchungsergebnissen zur Aktivitat 
kalterr Gletscher im antarktischen South Victoria Land auseinander. 
Kapitell  4 stellt neuere Entwicklungen in der Glaziologie und drei 
Fallstudienn zur Aktivitat kalter Gletscher vor. Die Berande stellen die 
bisherigee Forschungsmeinung, dass kalte Gletscher an ihrer Basis inaktiv 
sind,, weil kein basales Gleiten stattfindet, in Frage. Die drei Fallstudien 
unterscheidenn sich in verschiedener Hinsicht, so z.B. im Grad der 
Aktivitat,, dem Umweltkontext, und der Art des überschobenen Substrates. 
Kapitell  5 ist ein Forschungsaufsatz, der neue Erkenntnisse aus den Allan 
Hill ss vorstellt, die bestatigen, dass kalte Gletscher zur Erosion, 
Substratdeformationn und Deposition im Stande sind. Vier Typen der 
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Erosion,, drei Typen der Deposition und drei Grade der Glaziotektonik, die 
allee aus dem Vorriicken kalter Gletscher wahrend des Letzten Glazialen 
Maximumss (LGM) resultieren, werden beschrieben. Aus diesen 
Beobachtungenn und denen anderer kalter Gletscher wird ein Modell 
entwickelt,, das im Weiteren genauer vorgestellt wird. Dies Modell umfasst: 
(i)) das Überschieben und Mitführen einer Eisblockschürze und, (ii) die 
Loslösungg des Eises aus seinem Bett und die daraus resultierende 
Formationn einer Höhlung auf der gletscherabwartigen Seite eines 
Escarpments.. Das Modell eignet sich am Besten fur horizontal gelagerte, 
lithifiziertee Sedimentgesteine. Das Erhaltungspotential der Merkmale 
kalterr Gletscher wird besprochen und in polaren Klimazonen (z.B. der 
Antarktis)) fii r hoch befunden, in anderen Regionen aufgrund schnellerer 
Verwitterungg in sub-polarem or gemassigtem Klima dagegen aber fur sehr 
niedrig.. Dies erklart das scheinbare Fehlen von Kennzeichen kalter 
Gletscherr in den pleistozanen Schichten der heutigen gemassigten 
Regionen,, die aller Wahrscheinlichkeit nach in vergangenen glazialen 
Maximaa Vergletscherung durch kalte Gletscher erlebten. 

Inn Kapitel 6 wird unter Anwendung der Mikromorphologie ein Tektomikt 
einerr kalten Gletscher naher untersucht. Dieses Tektomikt beflndet sich in 
denn Allan Hills, und entstand subglazial durch ein Vorriicken des kalten 
Manhaull  Bay Gletschers wahrend des LGM. Seine Beschreibung zeigt viele 
Merkmalee auf, die mit denen des Till s der gemassigten subglazialen Zone 
übereinstimmen,, wesentliche Unterschiede bestehen aber in der Art der 
Deformation:: der Till des kalten Manhaul Gletschers weist vorwiegend 
planaree Deformation auf, wahrend die „gemassigten" Tille sich 
normalerweisee durch rotationale Deformation auszeichnen. Ein Modell fii r 
diee Entstehung des ManhaulTektomikt, das sowohl mit den 
Feldbeobachtungenn als auch mit den mikromorphologischen 
Untersuchungsergebnissenn iibereinstimmt, wird vorgestellt. Eine weitere 
mikromorphologischee Beobachtung ist, dass alle Proben vom Manhaul 
Tektomiktt trotz des stabilen, trockenen Polarklimas in dem sie 
entnommenn wurden, extensive post-depositionale Veranderungen 
aufweisen.. Dieser Befund hat weitere Implikationen mit Bezug auf ihr 
Preservationspotential. . 

Kapitell  7 stellt eine weitere mikromorphologische Untersuchung, diesmal 
auss den warmeren und niedrigergelegenen Dry Valleys des South Victoria 
Land,, vor. Hier wurde der Terminus des Taylor Gletschers bisher als 
klassischess Vorkommen des Sublimationstills, des seltensten Tills der 
Erde,, angesehen. Der Till soil als Kappe der Stauchmoranen mit Eiskern, 
diee als bogenförmige Rücken die nord-östlichen und süd-östlichen Seiten 
derr Zunge des Taylor Gletschers flankieren, vorkommen. 
Feldbeobachtungenn und Dünnschliffanalyse von Tillablagerungen aus 
verschiedenenn Entnahmesstellen um die Gletscherzunge erwiesen eine 
dynamischee sedimentologische Vergangenheit, fanden aber keinen 
Sublimationstill.. Die Annahme eines Vorkommens des Sublimationstills 
amm Taylor Gletscher Terminus beruht ofïensichtlich auf rein theoretischer 
Basis.. lm Gegensatz dazu können auf dem beschrankten Raum des Taylor 
Gletscherr Terminus vier andere Sedimenttypen in dunnen Schichten 
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angetroffenn werden. Es handelt sich dabei urn: (i) Aeolisches Feinmaterial, (ii) 
Schmelztill,, (iii ) Schmelztill der syn- und/oder post-depositionaler Bewegung 
unterworfenn war, (iv) deformierte proglaziale lakustrine Ablagerungen. Die 
~iooumm dicken Lehmmantel, die in Dünnschliffen um Körner geninden 
wurden,, werden als Beweise des Schmelztills angefiihrt, wahrend der hohe 
Salz-- und Karbonatgehalt der Moranen des Taylor Gletscher Terminus die 
Sichtbarkeitt der Mikrogefuge stark behindert. Das Kapitel kommt zu dem 
Schluss,, dass der Terminus des Taylor Gletschers nicht als Massisches 
Vorkommenn des Sublimationstills angesehen werden sollte. 

Kapitell  8 kehrt abermals zu den Allan Hill s zurück, beschreibt 22 
glazialtektonischh bearbeitete Gesteinssektionen, und bespricht ihre 
Bedeutungg in Bezug auf tektonische Entwicklungen und Regime. Dies ist 
inn sofern von besonderer Bedeutung, als nur relativ wenige Studiën bisher 
glazialtektonischh geformtes Grundgestein und seine Stellung in 
subglazialenn Prozessen und lokaler Tillproduktion genauer untersucht 
haben.. Ein weiteres Ziel dieses Kapitels ist es, durch eine Kombination von 
Neigungsmessungenn von glazialtektonisch geformtem Grundgestein und 
Striaee Daten eine erste Vorstellung der Strömungsrichtung der Palao-
eiskappee in den Allan Hill s zu gewinnen. Glazialtektonische Strukturen 
sindd leicht von denen der „ursprünglichen" Geologie zu unterscheiden, 
undd wurden offensichtlich primar durch einfache subglaziale Scherungen 
gebildet.. Ein Beispiel hierfür ist der Erstrand klastischer Dykes, die auch 
auff  hohen subglazialen Wasserdruck und feuchte Bedingungen hinweisen. 
Alss Anfangsstadium der Glaziotektonik des Gesteins sind Brüche 
anzusehen,, und alle Sandsteinzyklen, die Brekzienschichten überlagern, 
findenn sich nicht mehr an ihren Ursprungsorten, sondern wurden, 
wahrscheinlichh durch darüber vorrückende Eismassen, horizontal deplaziert. 
Ess wird weiterhin postuliert, dass die glazialtektonische Bewegung des 
Gesteinss wesentlich zur lokalen Tillbildung beitragt, wenngleich ohne direkten 
Kontaktt mit dem Gletschereis. Die Schlussfolgerung des Kapitels ist, dass die 
ehemalige(n)) Neogene(n) Eiskappe(n), die die Sirius Group an den Allan Hills 
ablagerten,, sich von Süd(westen) nach Nord(osten) bewegten und aus 
warmenn Gletschern bestanden. 

Kapitell  9 verbindet die Mikromorphologie mit Feldbeobachtungen in einer 
Untersuchungg der klasrischen Dykes und Tillitkeile, die in den Allan Hill s 
angetroffenn wurden. Dies ist von Bedeutung, da bisher kein Vorkommen 
vonn klasrischen Dykes oder Tillitkeilen in der Aiitarktis bekannt war. 
Darüberr hinaus liefert ihr Vorkommen in Verbindung mit dem in feuchten 
Konditionenn entstandenen Tilli t der Sirius Group, einen Hinweis auf eine 
inn der Vergangenheit höhere Dynamik des East Antarctic Ice Sheet (EAIS). 
Diess steht in krassem Gegensatz zur stabilen Konflguration der 
Gletscherlandschaft,, die wahrend des Quarters relativ inaktivblieb. Eine 
Dünnschliffanalysee der klasrischen Dykesedimente weist rotationale 
Deformationn und syn- oder post-depositionale brüchige Deformation 
nach,, nicht jedoch Tillite. Zusatzlich kann mit Vorsicht geschlossen 
werden,, dass die Kombination ausgebreiteter verschiedenartiger Micro-
Waterr Escape Structures (Mikro-WES) mitt grossen, isolierten Turbaten, 
Koraorientierungenn und einer laminaren, imbrikaten Struktur für 
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klastischee Dykesedimente diagnostisch ist. Andererseits weisen die 
Dünnschliffenn der Tillitkeil e auf eine subglaziale Scherung hin. Das 
Vorkommenn komplizierter dreidimensionaler Mikro-WES wird als 
Resultatt eines durch druckvolle Entwasserung in einem ungefrorenen 
Aquiferr verursachten Druckgradienten angesehen. Dies deuted darauf hin, 
dasss undurchlassige Tille imstande sind, für den Abfluss grosser Mengen 
subglazialenn Schmelzwassers sowohl abwarts, als auch lateral zu sorgen. 
Feldbeobachtungenn nach unten spitz zulaufender, Gestein 
durchdringender,, klastischer Dykes und Tillitkeil e bestatigen solche 
Schlüsse,, und das Ausmass des EAIS ist mit dem der ehemaligen 
Eisplattenn des Pleistozan vergleichbar. Weiterhin muss aus 
Feldbeobachtungenn gefolgert werden, dass bei der Interpretation der 
Orientierungg klastischer Dykes in Schichten Vorsicht geboten ist, da sie 
zurr lateralen Ausbreitung tendieren. Endlich deuten Partikelgrössen und 
diee Mineralogie des Lehms auf einen lokalen Ursprung des Allan Hill s 
Siriuss Group Tillits, welches seltene schwellende Glimmer enthalt, hin. 

Ess darf geschlossen werden, dass die üntersuchung der gegenwartigen 
glazialenn Umwelt des South Victoria Land, Antarktis, eine ansehnliche 
Datenmengee über ihre glaziale Natur und Vergangenheit erbracht hat. Die 
neuenn Erkenntnisse, die die vorliegende Arbeit der Antarktischen 
erdwissenschaftlichenn Gemeinschaft und der weiteren Gesellschaft liefert, 
sindd in wesentlichen Punkten wie folgt: 

 Die Mikromorphologie hat den „Antarktischen terrestrischen Test" 
bestandenn und kann auch hier als effektive Methode der 
Differenzierungg von Diamikten unterschiedlichen Ursprungs 
angesehenn werden. 

 Erste Beweise für die Aktivitat kalter Gletscher und für Tektomikt-
bildungg wurden angeführt. Es steht zu hoffen, dass zukünftige 
Forschungg in den eisfreien Regionen des Kontinents diese 
Schlussfolgerungg bestatigen wird. 

 Da der Status des Taylor Gletscher Terminus, eines der trockensten 
undd kaltesten Orte auf der Erde, als Standardbeispiel des 
Vorkommenss des Sublimationstills angefochten wird, muss die 
gegenwartigee Existenz dieses Tills auf unserem Planeten vollstandig 
inn Frage gestellt werden. 

 Mit frühereren Glaziationen, die die Sirius Group in den Allan Hill s 
ablagerten,, verbundenes, glazialtektonisch gebildetes, Gestein und 
klastischee Dykes weisen eine warmere, feuchtere und dynamischere 
Vergangenheitt der Antarktis nach. Der Zeitrahmen dieser 
Entwicklungenn steht weiterhin zur Diskussion. 

Diesee Ergebnisse bestatigen dass die Antarktis ein dynamisches und im 
Wandell  befindliches Landschaftsgebiet ist. Je vollstandiger unser 
Verstandniss ihrer Geschichte, desto deutlicher wird unser Bild ihrer 
gegenwartigenn Natur und ihres Charakters. Diee vorliegende Arbeit liefert 
Basiswerte,, die eine verbesserte Vorhersage unvermeidlicher Klima- und 
Umweltveranderungenn ermöglichen, und die so zur Schaffung eines 
Rahmensystemss zum verantwortungsvollen Umgang mit der Umwelt des 
Kontinentss beitragen. 
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m m 
Manhaiill Bay Glacier 

Chapterr 5, Fig. 3 
Geomorphologicall  map documenting the full range of cold-based erosional, depositional 
andd glacitectonic features observed in the Allan Hill s to date. 
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Chapterr 6, Fig. 3 
AA geomorphological map documenting the distribution of Manhaul till , its thin section 
samplee sites and the proposed Last Glacial Maximum (LGM) ice advance limit in the 
Allann Hills. Note also the more extensive distribution of the Sirius tillite. 
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Chapterr 8, Fig. 3 
AA geomorphological map documenting the distribution of the Sirius tillite, glacitectonised 
bedrockk field sites and ice-flow directional indicators in the Allan Hills. 
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Chapterr 9. Fig. 2 
Geomorphologicall  map documenting the distribution of Sirius Group tillite in the Allan Hills, 
micromorphologyy field site locations and some informal geographical place names. Figures referred to in 
thee text are also labelled. 
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COLOURR PLATES 

Thee following 16 colour-pages allow an increased appreciation of certain 
micro-structures,, thin sections and field observations. 

Photomicrographs-ChapterPhotomicrographs-Chapter 6 

Fig.. 6A-E Photomicrographs of features described from the 'Bedrock Ridge'. The 
topp is above the image unless otherwise illustrated. 

Fig.. 7A-H Photomicrographs of features described from the 'Eastern Lobe'. The top 
iss above the image unless otherwise illustrated. 

Fig.. 8A-M Photomicrographs of features described from 'Camp Valley*. The top is 
abovee the image unless otherwise illustrated. 

Fig.. 9A-C Photomicrographs of features described from the 'North-West Platform'. 
Thee top is above the image unless otherwise illustrated. 

Fig.. 10A-I Photomicrographs of features described from Trudge Valley'. The top is 
abovee the image unless otherwise illustrated. 

Photomicrographs-ChapterPhotomicrographs-Chapter 9 

Fig.. 11A-I Photomicrographs of features related to water movement. The top is 
abovee the image unless otherwise illustrated. 

Fig.. 12A-O Photomicrographs of features related to micro-deformation. The top is 
abovee the image unless otherwise illustrated. 

Fig.. 13A-F Photomicrographs of various plasmic fabrics. The top is above the image 
unlesss otherwise illustrated. 

FieldField Photographs-Chapter 8 

Fig.. 4A-G Examples of glacitectonised bedrock in the Allan Hills. 

ThinThin Sections-Chapter g 

Fig.. 10A-G A collage of thin sections. The images provide a framework for 
micromorphologicall  features referred to throughout chapter 9. 
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Chapterr 6. Fig. 7A 

— — 

289 9 



Chapterr 6, Fig. 7B-F 
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Chapterr 9, Fig. 11A-E 
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STELLINGENN (PROPOSITIONS) 

JUU Micromorphology has qmetly revohitioiiised gkcial sedimentology. This is because it has 
thee unique ability to provide an in situ view of those processes acting upon and within 
ffjaefeenicffjaefeenic sediments. Its lack of widespread use is due to the time and rpst tpfe»n m ffrm 
sectionn production as well as certain people's qualms about Q^atitatrreanarysis. 

2.. The assumption that cold-based glaciers are utterly inert and their landscapes completely 
unscathedd should be abandoned. 

3.. Theinter-relatioitsh^̂ 
pcraaeahilityattdd gradient), water a^ i lab ü̂  and ^ « ^ ^ thickness results in the 
complexx character and ever-changing nature of the subglacial environment through time 
andd space. This has implications for both regional environmental reconstructions from 
singlee site exposures and the 'pigeon-holing*  of glacial sediments. 

4.. The Antarctic is the last pristine environment on Earth. How mankind treats it» is the real 
testt of humanity's adoption of'environmental sustainable development'. 

5.. Sound stewardship of the envnonment requires a holistic, internationally collaborative 
approachh mwmci human health andwelferepky an m 
(espeeialryy in Africa) and education of womenmthedevelopuigworldareahigherand 
moree urgent priority than, for example, national taxing of car emissions. 

6.. Amundsen was the greatest polar explorer of his time, Scott tfa» feffhfiil  TTppwrftftgt *vft 
ShacWetonn the tenacious leader. 

7.. Gezelligheid (a sense oï hannórrious, social hardiness) is the Imchpin of Dutch culture 
aroundd which the traite öf 'tolerance', openness, consensus politics, business acumen and 
Calvinisticc behaviour rerorve. 

8.. Science does not disprove the existence of intelligent design. 

9.. Truth is stranger than fiction. 

10.. "Christianity, if false, is óf no importance,, andif true, ^infinite importance. The only 
thingg it cannot be is moderately important" CJS. Lewis 

11.. The University has two crucial purposes. The first is research and the second is education. 
AÏÏÏ  funding, strategy and energy mast be prioritised on t l iese t̂  
managementt theory and wasteful bureaucracy will smother them. 

12.. The decline ni me West cdraDmaî  
authenticc aaomwiniry andfamily«nnyisprimarihrowedtofhe widespread watching of 
television. . 

13.. The Euro is more of a political venture man an economic one. 

14.. Three ways to avoid poverty: 0) live in a democratic country; (ii) get a job, any job; 
(iii )) if you get married, stay married. 

15.. Freedom is more important than equality, individual responsibility more precious than 
thee state and the famfiy unit more durable than welfare. 

(Stellingenn or propositions from the PhD Thesis: 'A Polar Paradise; The Glaciation of South 
VictoriaVictoria Land, Antarctica'hy Mark T. Uoyd Davies) 

16*Aprill  2004 





Antarcticaa is unique among continents, being the world's most windy, 
cold,, arid and high land-mass as well as the last pristine environment 
onn Earth. Mark Lloyd Davies investigates both contemporary and past 
glaciall  environments of South Victoria Land, Antarctica by use of 
micromorphology;; a tool that proved effective in this study because of 
itss ability to distinguish between terrestrial diamictons of different 
origin.. Discoveries include evidence for cold-based glacial activity, a 
findingg that stands against conventional thought on the subject, because 
cold-basedd glaciers are assumed to be basally inert. Secondly, Mark 
castss doubt over the existence of sublimation til l at Taylor Glacier 
terminus,, and thus challenges the text-book use of Taylor Glacier snout 
ass the 'classic site' for sublimation till . Thirdly, evidence for a warmer, 
wetterr and more dynamic past in Antarctica is presented from the Allan 
Hills,, in the form of glacitectonised bedrock and clastic dykes. 
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