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1.. GENERAL INTRODUCTION 

THEE GREAT WHITE SOUTH 

Antarcticaa rules. Antarctica is the driving force when it comes to global climate. From 

Wollongong,, New South Wales, Australia to Doodstil, Groningen, The Netherlands, 

thiss giant current-generator directly or indirectly influences the climate and local 

weatherr in all places on earth. It should therefore not be surprising that Antarctica is a 

hott topic for e.g. glaciologists, meteorologists, physicists and geologists/geographers. 

Thee main reason for studying Antarctica as a system is obviously to get a grasp for the 

behaviourr of the ice sheet in the course of time, and - eventually - to be able to relate its 

behaviourr to global climate and make predictions regarding future developments. It 

goess without saying that both studies of present-day situations and studies of past 

situationss are useful for this purpose. Where studies of present-day situations mostly 

involvee monitoring and direct measurements, the latter obviously require 

reconstructionss of processes that once were. 

Whenn it comes to investigating the size of the Antarctic ice sheet in the course of time, 

itit  seems indispensable to look at the continental shelf environmental records. At 

presentt the ice sheet covers around 98 % of the landmass and it reaches the 

surroundingg ocean in many places along its periphery. In the past, in cases where the 

sizee of the ice sheet increased, i.e. in cases of glacial advance, the ice may be assumed to 

havee moved out into the ocean, onto the shelf. Hence, the continental shelf sedimentary 

recordd is a serious candidate for revealing the secrets of the history of the (expanded) ice 

sheet. . 

ICEE IN THE MARINE ENVIRONMENT 

Movingg out onto the continental shelf, the ice sheet may either remain in contact with 

itss bed or it may start floating at the so-called grounding line. In the latter scenario, an 

icee shelf or a glacier tongue will form. Both are floating 'slabs' of thick ice, the ice shelf 

beingg the more extensive of the two in terms of area. The glacier tongue can be regarded 

aa floating 'linear' extension of an (outlet) glacier. When the ice sheet does not get 

buoyant,, an ice cliff or a tidewater terminus will form upon reaching the ocean. In fact, 

thee submerged base of the ice cliff margin may be considered a special type of 

groundingg line. 
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Whichh of the outlined scenarios applies is dependent on climatic, glacial, topographic, 

andd tectonic variables {Powell, 1984). Although tidewater glaciers are more common 

thann ice shelves, in Antarctica a lot of the ice termini are actually floating shelves. This 

iss remarkable because conditions necessary for maintaining ice shelves are rather special. 

Apartt from specific structural settings (Powell, 1984), it requires a sheltered bay to 

preventt an ice shelf from breaking up as a result of current and wave action, and 

shalloww pinning points for 'support' on a relatively 'deep' continental shelf. 

Furthermore,, in order to compensate for loss by calving and other ablation processes, a 

highh ice discharge is necessary. Above all, maintaining an ice shelf requires it to be 

composedd of cold ice of high tensile strength to inhibit fracture propagation and 

consequentt break-up (Powell, 1984). In general, ice shelves are more common in cold, 

polarr conditions. In temperate glacial conditions marine-ending glaciers always form 

tidewaterr termini (ice cliffs). 

RESULTINGG SEDIMENTS 

Icee shelves, floating glacier tongues and tidewater glaciers produce sedimentary facies 

thatt are collectively referred to as grounding line sequences. They theoretically consist of 

subglaciall  sediments, deposited or sheared directly by grounded ice, as well as of 

glacimarinee sediments. The deposition of the glacimarine sediments eventuates in the 

marinee setting 'within the zone of influence of the glacial system': the resulting 

sedimentss may be composed of both pelagic (biogenic) and terrestrial material. 

Keepingg in mind that the grounding line is not fixed in time, the following cartoons 

andd explanatory text may depict and characterise 'stationary' - present or past -

situationss in a tidewater (Fig. 1.1) and in an ice shelf setting (Fig. 1.2). It should be 

notedd that the description is used here as a working model only: for comprehensive, 

moree detailed information on sedimentary sources and processes, the reader is referred 

too e.g. Powell (1984), Anderson (1993), King (1993), King et al (1991), Hambrey (1994) 

andd Powell and Domack (1995). 
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FIGUREE 1.1. Schematic representation of sedimentary sources and processes in an ice cliff setting 
(afterr Hambrey, 1994). 

FIGUREE 1.2. Schematic representation of sedimentary sources and processes in an ice shelf setting 
(afterr Hambrey, 1994). 

Landwardd of the grounding line, i.e. underneath the grounded glacier, material can - as 

inn any glacial system - be eroded, deposited or deformed. Dependent on the location 

beloww the glacier or ice sheet, as well as on its thermal state, material may be removed, 

orr the ice may produce a til l by adding fresh diamictic material and/or by deforming its 

bed.. Individual processes involved in the production of a til l are e.g. melt-out, 

lodgementt and shear deformation (Figs. 1.1 and 1.2). 

Seawardd of the grounding line, with increasing distance to the ice, the terrestrial 

influencee of the glacier or ice sheet becomes less, whereas marine processes get more and 

moree important. In a tidewater setting, in close proximity to the grounding line (Fig. 

1.1),, iceberg rafting is often the predominant process. It produces a diamictic sediment 

facies.. Further away from the grounding line, the influence of the deposition from 
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debris-ladenn icebergs ceases. The width of the zone influenced by iceberg rafting is 

usuallyy in the order of 10 to a few 10s of kilometres (Powell, 1984). 

Iff  conditions are such that meltwater is present in the system, freshwater plumes 

transportingg suspended fines, may be issued from subglacial or englacial sources (Fig. 

1.1).. Deposition of the fines by settling out of these 'buoyant' plumes may produce 

largee quantities of terrestrial mud. Away from the grounding line, deposition of this 

mudd clearly outpaces the deposition of ice rafted diamict. Sedimentation rates may be 

ass high as several metres per year (Powell, 1984). 

Inn an ice shelf setting (Fig. 1.2), the first thing to note is that the zone of glacimarine 

depositionn is much wider than in a tidewater setting: not uncommonly, the zone of 

influencee is in the order of 100s of kilometres (Powell, 1984). Because ice shelves 

producee relatively large, tabular icebergs that are mostly devoid of debris, iceberg rafting 

iss not as important a process in this setting. If occurring, it will contribute relatively 

minorr amounts of diamict. 

Inn the zone where the icebergs calve, the process of biogenic sedimentation also kicks in: 

inn front of the ice margin there is light available for the production of organisms. 

Resultingg sedimentary facies in the ice-marginal zone will consist of diatomaceous mud, 

somee terrestrial mud and some diamict. 

Underneathh the ice shelf, in the zone directly adjacent to the grounding line, facies are 

theoreticallyy composed of diamict only. These diamicts are deposited directly from the 

basall  part of the glacier or ice sheet. As a result of melt-out from the basal parts of the 

glacierr or ice sheet, the diamictic material is introduced into the marine environment, 

wheree it travels a short distance through the water column before it is deposited on the 

seafloorr as an ice-proximal, transitional glacimarine diamict (Anderson, 1993) or 

waterlainn til l (Hambrey, 1994). 

Meltwaterr production is limited or completely lacking underneath ice shelves, which 

excludess the occurrence of plume deposits. Biogenic sedimentation is - as stated above -

alsoo limited due to the lack of light in a sub-ice shelf environment, which means that 

effectivelyy the ice shelf zone - except for the aforementioned 'transitional' zones - is a 

zonee of non-deposition. Only occasionally some (englacial) debris may be released by 

basall  melt. 

Altogether,, sedimentation rates associated with ice shelves are low. Usually they do not 

exceedd a few metres per million years (Powell, 1984), which sharply contrasts with the 

tidewaterr environment. 

Revertingg to the reason for outlining the processes and sedimentary sources in the first 

place,, it may seem that a primary glacimarine deposit and a subglacial til l are easy to 

separate.. In practice this is only partly true. Obviously sediments deposited in a full, i.e. 

distall  marine environment are likely to be compositionally different from tills. Also 
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materiall  settling through a water column might have textural characteristics different 

fromm subglacial tills: it may be winnowed, sorted or otherwise influenced by marine 

currents,, tidal currents or wind-driven currents. However, comparing e.g. subglacial till s 

andd grounding line proximal glacimarine diamicts, it might well be that distinguishing 

thee two is not as straightforward as it may seem (see e.g. Anderson, 1993). Particularly in 

ann ice shelf setting (see Fig. 1.2), diamicts produced under the glacier/ice sheet and those 

depositedd right on the seaward side of the grounding line might be compositionally, 

texturally,, as well as structurally identical. They can both be diamicts with or without 

far-travelledd components: they are derived from the very same terrestrial source. In the 

relativelyy sheltered sub-ice shelf environment, when distance to be bridged through the 

waterr column is short, the glacimarine sediments might show no sedimentary structures 

att all, just like most of their subglacial counterparts. 

Too complicate things even more, gravity-driven re-distributions of sediment, which may 

bee very common in glacimarine or near-grounding line environments (see Figs. 1.1 and 

1.2),, may produce diamictic deposits very similar, or even identical to subglacial till s 

andd proximal glacimarine sediment. 

THINN SECTION STUDIES (THE DIRT PICTURES) 

Evidently,, the separation between diamicts is crucial for being able to reconstruct the 

extentt of the grounded Antarctic ice sheet in time. Unfortunately - as may be gathered 

fromm the above discussions - interpretations of such sediments, particularly the massive, 

cannott always be considered reliable, which is a major drawback in the investigation of 

Antarctica'ss glacial history. 

Apartt from the outlined scientific problems, there is also an associated logistics 

problem:: the continental shelf area is of course an area of limited accessibility because it 

iss under water. As a consequence, the investigation of continental shelf sediments 

exclusivelyy involves the analyses of geophysical records and cores. 

Althoughh geophysics is a good technique - it provides useful information on the build-

upp of the sediment stack - it is also a quite 'crude' method. Achieved resolution is 

generallyy not very high, and interpretation of the seismic signatures requires constant 

Validation'' from 'direct' core observations, which is exactly the point where the logistics 

problemm is emerging. 

Itt goes without saying that the number, the distribution and the 'working area' of core 

exposuress on the continental shelf is not in any way comparable to those on land. The 

opportunitiess to make macroscopic sedimentological and structural observations are in 

factt quite limited. 
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Itt only seems logical in an impasse situation like this to try a relatively new research 

tool.. In a series of five case studies, separately reported in chapters 5 through to 9 of 

thiss thesis, the technique of micromorphology was used to investigate local or regional 

behaviourr of the Antarctic ice sheet. Micromorphology seems the ultimate candidate to 

providee the detailed information that is required to force a breakthrough. 

Micromorphologyy abstracts the information from the available small piston core 

exposuress in the most efficient way possible. 

Thee qualification 'relatively new' refers to the fact that in the study of glacigenic 

sedimentss thin section analyses - in spite of gained successes - have never been a 

standardd technique. In fact, they have only been applied systematically since the early 

eightiess and only by very few people (e.g. Carr, 1999; Menzies et aL, 1997; Van der Meer, 

1993;; 1996 (see also references herein); 1997; Van der Wateren, 1999). 

Thiss thesis sets off with three contributions to the development of the technique. 

Chapterss 2, 3 and 4 may be considered the methodological section of the thesis. 

Sedimentss analysed in these studies are not from the Antarctic. The reason for not 

selectingg Antarctic sediments is that for methodological studies like this, reference 

materialss are required. In all three cases, the choice of materials allowed me to actually 

excludee certain processes from being responsible for occurring microscopic features. 

Informationn from these studies is used in chapters 5-9. Obviously, information derived 

fromm aforementioned papers (e.g. Van der Meer, 1993) is also applied in the Antarctic 

casee studies. Where necessary it was revised or adapted to make it fit  for the Antarctic 

glacimarinee environment. 

TheThe methodological studies 

Inn chapter 2 a subglacial til l containing fractured quartz grains is described. An attempt 

iss made to understand the processes involved in the crushing of the grains. It is 

investigatedd whether the crushed grains could actually serve as a diagnostic criterion to 

identifyy any basal tills. If this is the case, this provides an excellent opportunity to 

separatee till s and proximal glacimarine sediments in Antarctic grounding line sequences. 

Chapterr 3 focuses on possible differences between till s and sediments deformed by 

gravity-drivenn sliding and flowing. Looking at Alaskan fjord sediments, which were most 

likelyy subject to a flow-slide type of movement - but certainly not to subglacial shearing 

-- it is attempted to determine characteristic differences with subglacially deformed 

material. . 
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Thiss distinction seems crucial for a good understanding of grounding line sequences: 
gravity-drivenn movements of sediment play an important role in glacimarine 
environments.. The occurrence of diamictic mass movement deposits - compositionally 
andd structurally similar to both till s and proximal glacimarine deposits - is probably 
veryy common. 

Chapterr 4 reports on a laboratory experiment. Under controlled conditions, an artificial 
clayy was uniaxially compressed and subsequently sampled in order to 'monitor' the 
developmentt of specific microscopic features. Again, the thin section study is carried 
outt to gather knowledge of physical processes accounting for micromorphological 
characteristics. . 

TheThe case studies 

FIGUREE 1.3. Map of Antarctica (present-day) with locations discussed in this thesis underlined 
(afterr Denton et al, 1993). 
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Chapterr 5 deals with Late Quaternary sediments of Marguerite Bay, Antarctic Peninsula 

(Fig.. 1.3). Shallow piston cores recovered during the Deep Freeze 1985 cruise were 

sampledd to investigate developments in this area, as well as to establish whether the 

Margueritee Bay continental shelf was possibly occupied by grounded ice during the 

LGM. . 

Thiss area was selected because of its geographical position: currently it is located in the 

'transitionn zone' between the temperate/subpolar regime of the northern Antarctic 

Peninsulaa and the more polar regime of West Antarctica. 

Inn chapter 6, Late Quaternary sediments from Pine Island Bay, West Antarctica (Fig. 

1.3)) are inspected. This location has been called the weakest spot in the West Antarctic 

Icee Sheet (WAIS) because fast-flowing Thwaites and Pine Island glaciers, both draining 

intoo Pine Island Bay, are not 'supported and stabilised' by an ice shelf at present. By 

analysingg samples from Deep Freeze 1985 piston cores, it is attempted to determine 

whetherr grounded ice was present during LGM and also to investigate if the expected 

icee shelf was maybe present at some time in the recent past. 

Chapterr 7 digs deeper into the history of the Antarctic ice sheet: thin sections from the 

CRP-11 core (Fig. 1.3) were analysed to investigate the nature of Miocene diamicts from 

thee Ross Sea continental shelf. As the reported study was a small sub-study in the 

renownedd Cape Roberts Project, chapter 7 cannot be considered an 'isolated' case study. 

Too put the thin section study in some perspective, the reader is referred to Cape Roberts 

Sciencee Team (1998), or to the introductory part of chapter 8 in this thesis, which also 

addressess the McMurdo Sound/Ross Sea Miocene history. 

Chapterr 8 reports on a study of Miocene and (possibly) Oligocene diamicts in the 

CIROS-11 core, which was recovered from McMurdo Sound in the late eighties (Fig. 1.3). 

Thee main reason for carrying out this study was to resolve a dispute about the 

(sub)glaciall  influence reflected in the core. The original interpretation of the core, which 

iss based on a multi-disciplinary study, appeared to be incompatible with the results of 

laterr sequence stratigraphic analyses. Micromorphological analyses were applied in the 

convictionn that these would provide decisive information. 

Chapterr 9 addresses the Quaternary sediments from the western Ross Sea continental 

shelff  (Fig. 1.3). The sediments are taken from Deep Freeze 1980 piston cores. Apart 

fromm being a 'full-bodied' case study, chapter 9 may also be regarded as a first step in 

synthesisingg the method-specific results of all of the separate studies reported in this 

thesis.. Chapter 10 finishes off with a 'general synthesis'. 
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II  wish I could remember 

Butt my selective memory 

Won'tt let me 

Markk Everett (E) 
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