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1.. GENERAL INTRODUCTIO N 

TH EE GREAT WHIT E 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 MARIN E ENVIRONMEN T 

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). 

RESULTIN GG SEDIMENT S 

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. 

THI NN 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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2.. PORE-WATER CONTROLLE D GRAIN FRACTURIN G AS 
ANN INDICATO R FOR SUBGLACIAL SHEARING IN TILL S 

Abstractt  - Genetic classification of glacial deposits still proves to be highly controversial. In 

manyy cases it remains unclear if a particular sediment has been subglacially deformed or not. 

Inn the present paper it is demonstrated that micromorphological research is helpful where 

currentt techniques may fail to lead to unambiguous interpretations. 

Itt is argued that the occurrence of fractured grains in glacial sediments is indicative of 

subglaciall  shearing, and that such features may be used as diagnostic evidence of 

glaciotectonism.. Deformational mechanisms associated with the fracturing process are 

outlinedd and explained using a series of thin sections from Wijnjewoude, the Netherlands. 

ReprintedReprinted from the Journal of Glaciology with permission of the International Glaciological Society. 

Hiemstra,Hiemstra, J.F. and Van der Meer, J J.M. 1997. Journal of Glaciology, 43(145), 446-454. 

INTRODUCTIO N N 

Althoughh knowledge of processes acting in glacial environments has increased 

considerablyy over the last two decades (Alley, 1989a; 1989b; Alley et al, 1987; Boulton, 

1979;; 1987; 1996; Boulton and Hindmarsh, 1987), the classification of glacigenic 

sedimentss still proves to be a problem, especially where the genetic interpretation is 

concernedd (Dreimanis, 1989). In fossil glacial sequences, where different types of 

diamictss are present, depositional environments are particularly difficul t to unravel. 

Manyy investigators of macrostructures have shown that sediments deform under 

overridingg glaciers (Benn and Evans, 1996; Hart and Roberts, 1994; Menzies and Shuts, 

1996).. Processes related to this glaciotectonism generally leave a distinct structural 

signature,, providing information that helps to distinguish between subglacial deposits 

andd deposits that have not been affected by glacier ice. 

Subglaciall  deformation eventually tends to homogenize the entire sediment and 

consequentlyy destroy macroscopically visible evidence. Current research methods often 

faill  to lead to unambiguous interpretation of homogeneous facies and thus conclusions 

regardingg associated processes may not be accurate. In order to gain more insight into 

subglaciall  deformation in specific cases complementary micromorphological analysis is 
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useful.. Earlier work (Bordonau and Van der Meer, 1994; Ham and Mickelson, 1995; 

Vann der Meer, 1987; 1993; Van der Meer et al, 1983; Menzies and Maltman, 1992) 

showedd that more detailed observations often lead to recognition of features indicative 

off  deformation of the sediments. We are currently working on a set of diagnostic micro-

scalee criteria, which can be used to differentiate glacigenic deposits, especially when 

limitedd material is available. 

Inn this paper, examples of subglacially deformed sediments are presented, in which the 

processs of grain fracturing is recognized as a major indicator of strain. It is argued that 

deformationall  characteristics, like localized fracturing, are typically governed by 

constraintss imposed by subglacial stress conditions and controlled by the specific 

rheologicall  response of the materials. 

DEFORMIN GG BED MODEL 

Vann der Meer (1993) suggested that, in order to increase knowledge of subglacial 
processes,, subglacial till s should be described in tectonic, rather than in sedimentary 
terms.. As such, dilation and compaction are assumed to be essential processes acting in 
aa deforming glacier bed (Alley, 1989a; 1989b; Boulton, 1996; Boulton et al, 1974; 
Murrayy and Dowdeswell, 1992). Rheological responses of the unlithified sediments are 
governedd by the respective magnitudes of normal loading and shear stresses, as exerted 
byy the moving glacier. 

Spatiall  and temporal changes in water content in the subglacial sediments can be 
regardedd as first-order controls on strain rates. In situations where drainage of 
subglaciallyy produced meltwater is restrained, high pore-water pressures and 
consequentlyy low effective pressures will develop immediately beneath the glacier sole 
(Boultonn and Hindmarsh, 1987). 

SedimentSediment Responses 

Thee yield strength of a subglacial material, which is determined by effective pressure p', 
cohesionn c and angle of internal friction cp, increases with depth (assuming that the 
materiall  has a relatively high permeability: Boulton and Dobbie, 1993). With respect to 
thee strength, the basal, simple shear stress Xb, as exerted by the glacier in extensional 
floww conditions, is assumed to be constant with depth throughout the sediment (Alley, 
1989b). . 
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Shearr deformation at high strain rates will occur in a layer immediately beneath the 

glacierr sole, where shear stresses exceed local sediment strength. Deformation will cease 

att some depth za, where the shear stress just equals the yield strength (Boulton, 1996): 

tb~ tb~ p'op'o + za— \ctan<p) (2.1) 
SzSz I 

wheree p'0 is the effective pressure at the glacier sole. At this depth za, a time-independent, perfectly 
plasticc type of deformation occurs. 

Thee tectonic 'A-horizon', thus defined, in which shear stresses and normal loading 

pressuree tend to be accommodated by a subtle interplay between compaction and 

dilationn (Boulton et ait 1974), is underlain by a much denser, consolidated 'B-horizon'. 

Towardss the base of the A-horizon, deformation does not pervade the material equally, 

butt tends to be more discrete, and strain rates are significantly lower than in the top 

part;; failure will concentrate in well-developed zones of shear displacement. 

Theoretically,, these shear zones can be regarded as a combined result of uniaxial 

shorteningg (compaction, dilatant behaviour being suppressed) and an actual lateral 

displacementt provided by progressive, simple, basal shear. 

Inn the first deformational increments, failure behaviour of the sediment under these 

arbitraryy brittle shearing conditions is described mathematically in the failure envelope 

off  equation (2.2). 

a\-a^\ a\-a^\ (7ÏÏ  + CF3 ) . _ 
sin^-ccoŝ^ = 0 (2.2) 

wheree G\ and a'i represent the largest and smallest principal effective stresses, respectively. Note 
that,, in order to understand stress-transmission in any Cartesian frame of reference, 'field stresses' 
aree often transformed and projected into a rotated frame, in which principal stress-components 
aree known. 
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Initially ,, riedel shears are generated at angles that are determined by the respective 

orientationss of the principal stresses. In a passive propagation through sets of successive 

riedell  shear stages, strain is 'rotated' towards the actual shearing orientation, and 

eventuallyy localizes in discrete subparallel displacement shears (Morgenstern and 

Tchalenko,, 1967; Morrow and Byerlee, 1989; Rajhch, 1993). 

FracturingFracturing of Grains 

Withinn diamicts, grain fracturing is to be expected predominantly in zones where 
dilatantt strain behaviour is inhibited by high confining ice pressures (Boulton et al., 

1974;; Van der Meer, 1993). A prerequisite for the fracturing process is a direct contact 
betweenn grains, at which tensile stresses are induced by loading compression and 
enhancedd by shear compaction. Initiation and propagation of fractures are best 
describedd in the model of 'Hertzian fracture mechanics' (Johnson, 1985). A 
preconditionn of the process initiation is the existence of flaws on the grain surfaces, 
inheritedd from weathering or transport. (Whalley and Krinsley, 1974; Mahaney et al, 

1988). . 

Maximumm tensile stresses i T in a grain loaded diametrically, occur at the edge of the 
'contactt circle'. Fracturing will be initiated if pre-existing flaws at this point develop into 
crackss when OT exceeds local cohesive strength of the grain-lithology (Brzesowsky, 1995). 
Failuree of the grain occurs when the stress intensity factor Ki exceeds fracture toughness 
Kjc,, determined by initial flaw dimension Cf (equation 2.3): 

KicKic — aotyJnCf (2.3) 

(e.g.. constant a = 1.12 for quartz) 

Inn general, fracturing of grains depends on critical stress balances governed by elastic 

modulii  and surface characteristics of the grain material, and is inversely related to the 

porosityy of the sediment, which determines an inflection point beyond which the 

processs of grain fracturing is accelerated (Zhang et al., 1990). 
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METHODOLOG Y Y 

SampleSample Selections 

Thee samples described in this paper were collected at Wijnjewoude, the Netherlands, and 

Kronsberg,, Germany. It has been established (Höfle, 1983; Rappol et al., 1989) that the 

thinn sections come from Pleistocene diamicts of subglacial origin. Solheim (1991) 

illustratedd that the sampled cores from the northern Barents Sea (Brasvellbreen, 

Svalbard),, here referred to as samples from tidewater settings, are in fact Holocene 

diamictss affected by a glacier surge. For the purpose of this study, information 

regardingg the large-scale characteristics of the respective settings was used to relate 

observedd micromorphological structures to deformation caused by over-riding ice and 

too rule out other sources of deformation. 

Procedures Procedures 

Thee samples were impregnated with unsaturated polyester resin, and subsequently 

preparedd to thin sections according to techniques described in Murphy (1986) and Van 

derr Meer (1996). Observations comprise qualitative analyses using optical transmission 

microscopyy at magnifications ranging between 4 and 32 times. The terminology used to 

describee the observed features is consistent with the pedological nomenclature as 

suggestedd by Brewer (1976). 

OBSERVATION SS FROM THI N SECTIONS 

Whenn describing subglacial deposits, a relation between texture and angularity of 

particless is often observed. In general, angularity increases with decreasing particle 

diameter,, a feature, which is usually interpreted as a result of unspecified abrasion 

processess at the glacier-bed(rock) interface. From studied thin sections, however, a new 

linee of evidence is presented, in which grain fracturing is related to intrinsic sediment 

deformation.. Tracings of several thin sections showed products of grain fracturing 

beingg arranged in specific patterns. Samples from both 'terrestrial' and 'tidewater' 

settingss were found to exhibit narrow, (sub)horizontal zones in which the concentration 

off  fracturing products was significantly higher than in the rest of the sample (Fig. 2.1). 
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FIGUREE 2.1. (a) Grain-supported zone in subglacial till , showing 
bothh angular, fractured grains and rounded, intact grains. Note in situ 
fracturingg of the grain in the centre. Detail of Mi.512; Kronsberg, 
Germany;; cross-polarized light; field of view: 3.5 mm; (b) Matrix-
supportedd till , showing narrow, subhorizontal planes in which 
angular,, fractured grains are lined-up. Away from the planes, grains 
tendd to be 'intact'. Detail of Mi.511; Kronsberg, Germany; cross-
polarizedd light; field of view: 7.0 mm. 

Caut ionn is needed in suggesting that a particular grain has been fractured, as the process 

off  grinding during making the thin section might introduce an artificial type of 

crushingg of skeleton grains, predominantly along their edges (Fig. 2.2a), or in zones of 

poorr impregnation (Fig. 2.2b). Criteria for recognition of fracturing should, therefore, 

bee strict. In order to rule out any confusion with 'secondary processes', we only consider 

aa grain to be fractured when the grain fragments remain 'juxtaposed' and edges can be 

matched.. The components are required to show some degree of displacement, witnessed 

byy a 'slip' (fracture-parallel displacement, Fig. 2.2c) or a slight relative rotation (Fig. 

2.2d).. In matrix-supported sediments, an infil l of matrix-material within the fracture is 

consideredd sufficient evidence to assume this particular fracture to be a primary (i.e. 

subglaciallyy generated) feature (Fig. 2.2e). 
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FIGUREE 2.2. Applied fracturing criteria, (a) Artificiall y induced grain fracturing by grinding, 
witnessedd by removed or completely crushed grains along the edges of the thin sections. Detail of 
R.974;; Wijnjewoude, The Netherlands; cross-polarized light; field of view: 5.6 mm. (b) Artificial 
typee of cracking due to incomplete resin-impregnation, causing part of the sample to be distorted 
duringg thin section preparation. Detail of Mi.511; Kronsberg, Germany; cross-polarized light; field 
off  view: 5.6 mm. (c) The grain in the centre of the image displays slip of the fracture products 
alongg a meridional fracture plane. Displacement indicates that cracking evolved prior to 'fixation' 
byy impregnation. Detail of Mi.512; Kronsberg, Germany; cross-polarized light; field of view: 3.5 
mm.. (d) Edges of the fracture products of the grain in the centre can be matched, although the 
componentss have completely lost their coherence. Detail of R.972; Wijnjewoude, The Netherlands; 
cross-polarizedd light; field of view: 3.5 mm. (e) Components of the grain in the centre of the 
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imagee show displacement along fracture. Supporting evidence for 'primary' fracturing is obtained 
fromm intrusion of plasma into fracture plane. Detail of R.973; Wijnjewoude, The Netherlands; 
cross-polarizedd light; field of view: 3.5 mm. 

Thee best evidence for grain fracturing being a result of subglacially induced sediment 

deformationn is provided by a series of thin sections from Wijnjewoude, The 

Netherlands.. Samples R.971 through R.974 were taken from a vertical profile in Saalian 

till ,, at depths of 1.68 m, 1.78 m, 1.98 m and 2.32 m (Fig. 12.3 in Van der Meer, 1996). 

Tracingss of the thin sections exhibit a remarkable correlation between the void pattern 

andd the position of fractured grains (Fig. 2.3). The number of fractured grains seems to 

displayy a decreasing trend from top to bottom. In the profile, the uppermost thin 

sectionn R.971 contains most damaged skeleton grains but, due to the relatively thin 

grindingg of the sample, not every example could be selected as being a primary 

fracturingg product. 

Thee structure in the profile is highlighted by planar voids, arranging the til l aggregates, 

whichh appear to be angular towards the bottom (Fig. 2.4a) and rounded in the higher 

partss (Fig. 2.4b). Most of the fracturing takes place at, or in close proximity to voids, as 

exemplifiedd in Figures 2.4c through 2.4e. 

R.9733 R.974 
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FIGUREE 2.3 (previous page). Tracings of thin sections R.971 - R.974 from 
Wijnjewoude,, The Netherlands, showing the high correlation between void pattern and 
thee position of fractured grains, as well as the decrease in fractured grain-density with 
depth.. Continuous and discontinuous lines represent voids delineating structural units 
(til ll  aggregates). Dots represent fractured grains. The scale represents 4 cm. 

Thiss fracturing recognized in thin sections illustrates different types of failure modes. 

Mostt of the grains exhibit straight, trans-granular cracks (Fig. 2.5a) or divergent cracks 

(Fig.. 2.5b), both initiated in the contact zone of grains 'in collision'. Occasionally, the 

processs of fracturing results in 'crushing' of part of the grain (Fig. 2.5c) or the 

'chipping-offf  of a flake from the grain surface (Fig. 2.5d). 
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FIGUREE 2.4. Correlation between grain fracturing and structural voids, 
(a)) (previous page) Photograph showing the angular structural elements 
inn the lower part of the Wijnjewoude profile. Detail of R.973; 
Wijnjewoude,, The Netherlands; plane light; field of view: 18.0 mm. (b) 
(previouss page) Photograph from higher part of the Wijnjewoude profile, 
showingg well rounded til l aggregates. Detail of R.971; Wijnjewoude, the 
Netherlands;; plane light; field of view: 18.0 mm. (c) (previous page) 
Significantlyy higher concentration of angular grains in proximity of 
planarr void. Detail of R.972; Wijnjewoude, The Netherlands; cross-
polarizedd light; field of view: 9.0 mm. (d) (previous page) Evidence of in 
situsitu fracturing of the grain in the centre, situated close to plane. Detail of 
R.973;; Wijnjewoude, The Netherlands; cross-polarized light; field of view: 
3.55 mm. (e) Higher proportion of rounded, intact grains away from 
voids.. Detail of R.973; Wijnjewoude, The Netherlands; cross-polarized 
light;; field of view: 5.6 mm. 

DISCUSSION N 

I nn the discussion an attempt is made to link observed features to the deforming bed 

modell  (Boulton and Hindmarsh, 1987) and to currently held theories on grain 

fracturingg (Johnson, 1985). Although evidence of fracturing has been observed in thin 

sectionss from a number of different locations, the 'Wijnjewoude'-series illustrates the 

suggestedd relationships most clearly. The samples of the Wijnjewoude-series exhibit an 

internall  structure, which has been called a 'marble bed' structure (Van der Meer, 1987; 

1993;; 1996). The aggregation of the til l is highlighted by a void pattern, continuous or 

discontinuous,, reflecting an arrangement of planes of weakness in the profile. 
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FIGUREE 2.5. Types of fracture, (a) Most commonly encountered trans-granular fracture. 
Diametricallyy colliding grains give rise to propagation of meridional cracks from the contact area. 
Detaill  of R.971; Wijnjewoude, The Netherlands; cross-polarized light; field of view: 3.5 mm. (b) 
'Ringg cracks' at the edge of contact area developed into divergent cone fractures. Also resulting 
fromm diametrical stress. Detail of R.971; Wijnjewoude, The Netherlands; cross-polarized light; field 
off  view: 3.5 mm. (c) Rare 'crushing' of part of the grain ascribed to tangential loading. Detail of 
R.974;; Wijnjewoude, The Netherlands; cross-polarized light; field of view: 3.5 mm. (d) Flake has 
beenn chipped off the grain surface (centre) under a tangential loading. Detail of Mi.511; 
Kronsberg,, Germany; cross-polarized light; field of view: 4.5 mm. 

DeformationDeformation Styles 

I tt is argued that the arrangement is a primary feature and that the location of the voids 

hass been governed by subglacial processes. The structure originates in the lower regions 

off  the deforming layer, towards the transition between the A- and B-horizons, where 

discretee shearing is the dominant type of failure. The development of the structure is 

depictedd in Figure 2.6. 

Initially ,, the subglacial sediment accommodates exerted ice pressures by compression, a 

situationn in which water is expelled. Brittl e failure wil l occur by displacement along well-

developed,, (sub)horizontal planes (Fig. 2.6a). Most of the applied strain is focused in the 
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prevailingg subparallel-oriented displacement planes, which may merge and link into 

cont inuouss networks (Ramsay, 1980). The remaining strain is taken up in intersecting, 

smaller-scalee planes (Menzies and Shilts, 1996). The latter shear localization is 

predeterminedd by sets of riedel shears, representing defects which are only of secondary 

significance,, but can be traced in the thin sections after brecciation of the til l (Fig. 2.4a) 

(Morroww and Byerlee, 1989). 

AA X B X 

^^ ^ 

FIGUREE 2.6. Cartoon depicting the response to exerted stresses of a texturally homogeneous, fine-
grainedd till , (a) Shear zone development in response to application of shear stresses after 
dissipationn of water. The displacement has occurred along discrete planes. Strain hardening has 

32 2 



permittedd some grain-fracturing to occur, predominantly along the subhorizontal planes, (b) 
Brecciationn of the dry til l accounts for aggregation, progressive shear initiates 'marble bed' 
movement.. Rotation of till aggregates in combination with limited pore space results in high 
effectivee pressures and optimum conditions for the fracturing process to occur, (c) Additional 
strainn causes the till to dilate; the sediment is forced to expand, subglacial meltwater enters the 
voids,, thus reducing contact stresses. Hardly any grain fracturing has taken place, (d) Collapse of 
thee dilated configuration when strain in the material is not sufficiently rapid. Expulsion of pore-
waterr 'stiffens' the material and the aggregates become blocked in a metastable configuration. The 
shearr stress exerted may trigger another stage of shear displacement and a situation as in (b) may 
bee generated. 

Inn the top of the profile, the voids delineating the aggregates are curvilinear in 

character,, marking a (sub)rounded, circular to ellipsoid aggregation (Fig. 2.4b). It seems 

thatt the edges and corners have been susceptible to 'shape corrections'. The roundness 

off  the aggregates suggests a rotational movement in a compound packing, which 

resembless movement as in a bed of marbles (Van der Meer, 1996), a situation 

correspondingg to stage (b) in Figure 2.6. The gradual transition from angular to 

roundedd aggregates (Figs. 2.3, 2.4a, 2.4b) reflects a change in strain rates in the 

deformingg layer. We suggest that the top section of the profile experienced progressively 

higherr shear stresses tending towards a more pervasive type of deformation, which 

eventuallyy resulted in the rotational movements. 

Thee brittle character of the deformation in the material is witnessed by the fact that the 

interiorr of the aggregates appears rather undeformed. The deficiency of turbates 

(circularr arrangements of grains: Van der Meer, 1993), and the poor development of 

internall  plasmic fabric or clay reorientation (cf. Brewer, 1976), both indicate conditions 

off  low ductility in the deforming sediment. With progressive, simple shearing, 

additionall  strain cannot be converted by further compression. At this stage, the 

responsee of the material is characterized by dilation (cf. Murray and Dowdeswell, 1992). 

Aggregatess are forced to slide and roll over each other, consequently increasing the pore 

volume.. As a result of negative pore pressures, water is drawn back into the sediment. It 

shouldd be noted that dilation in this case does involve modification of the position of 

til ll  aggregates (Fig. 2.6c), rather than interaction between individual grains (Boulton et 

al.al.tt 1974; Hooke and Iverson, 1995). 

Thee dilated structure collapses if strain rates are insufficiently high, and a situation 

similarr to stage (d) is created. Higher water contents in the compound material are 

reflectedd in the intergrown nature of some of the aggregates. The latter observation may 

alsoo establish that fissilities and dilated regions act as conduits for meltwater (Van der 
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Meer,, 1987). Persistent shearing of the sediment will again generate compression (stage 
a).. A new deformational cycle is initiated with expulsion of water, and a process similar 
too the one described above will evolve. 

TowardsTowards Fracturing 

AA high correlation between the location of fractured grains and the void pattern is 

evidentt throughout the profile (Figs. 2.3, 2.4c - 2.4e). It can be established visually that 

nearlyy all comminutive action occurs along planes where discrete shear displacement 

andd rotational movement are to be expected. The observed downward decrease in 

numberr of fractured grains may well be accounted for by the decreasing deformational 

'impact'' towards the base of the deforming A-horizon. 

Wee argue that dilation tends to minimize the process of grain fracturing. An increase in 

poree volume, which is inherent in the dilation mechanism, results in subglacial 

meltwaterr entering the fracture planes, thus reducing the yield strength of the 

compoundd material. The process thus reduces effective pressures due to relatively high 

pore-waterr pressures. Contact between the aggregates is less frequent and friction as a 

resultt of grinding is diminished. Collision of grains situated at the edges of the pebbles 

iss less likely to happen, and, if it does, the resulting contact stresses are generally 

insufficientt to cause the grains to fracture. 

Becausee of the cyclicity in the rheological response to shear stresses, the fracturing 

processs attains an intermittent character. Fracturing observed in the profile is related to 

conditionss following collapse of dilated structures, which causes the material to stiffen 

(Alley,, 1989b). The compression results in an optimum in the fracturing process, 

becausee additionally induced shear mobilization is accommodated by a rotational 

'marblee bed' movement of the til l aggregates, similar to a cataclastic flow on the scale of 

individuall  skeleton grains (Menéndez et al, 1996). Aggregates will re-arrange in a closed-

packingg configuration until they are stabilized and further movement is inhibited by 

thee normal loading, which accounts for the 'lock-up' in a meta-stable equilibrium (Fig. 

2.6d). . 

FracturingFracturing Styles 

Thee comminution of skeleton grains in till s involves both 'crushing' and attrition, a 

processs commonly known as abrasion. The type of grain failure that occurs in specific 
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subglaciall  conditions depends on morphology of the grain and its texture. Experiments 

havee shown that particles smaller than coarse silt are mechanically relatively stable 

(Haldorsen,, 1981) and that the highest intergranular stresses occur when grains of 

similarr diameters are in contact (Sammis et al., 1987). 

FIGUREE 2.7. Cartoon, after Brzesowsky (1995), outlining the 
respectivee types of grain fracturing. Dashed lines connect 'centres' 
off  grains in contact. Arrows represent contact forces; shaded areas 
representt deformed contact regions, (a) Diametrical loading at low 
compressionn rates. Ring cracks situated at the edge of the contact 
regionn pass into divergent cone cracks, (b) Diametrical loading at 
highh compression rates. Radial fractures propagate as meridional 
crack,, (c) Tangential loading at high angles of incidence. Frictional 
slidingg gives rise to occasional 'chipping-off of flakes from grain 
surface,, (d) Tangential loading at low angles of incidence. The 
processs of attrition is exemplified by crushing of all or part of the 
grain. . 
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Anotherr factor governing fracture is whether contact loading occurs diametrically or 

tangentially.. When stresses act diametrically, i.e. when the direction of contact loading 

coincidess with the imaginary line connecting the centres of the grains in contact, failure 

oftenn involves the type of fracturing as described by Brzesowsky (1995). Determined by 

positionss of pre-existing zones of weakness (surface flaws) and dependent on 

compressionn rates, fractures propagate from the initially plastically deformed contact 

regionn either as divergent cone cracks (Figs. 2.5b, 2.7a) or as radial, penetrative 

meridionall  cracks (Fig. 2.5a, 2.7b). 

AA further type of fracturing results from shear loading, which induces frictional sliding 

att the grain contact surface (Menéndez et al., 1996). This 'crushing' into small 

equidimensionall  angular elements exemplifies the process of attrition, which is 

enhancedd by tangential loading. The tensile stress concentration at the trailing end of 

thee sliding contact region accounts for the crushing of part of the grain (Figs. 2.5c, 2.7d) 

orr for 'chipping-off of flakes from the grain surface (Figs. 2.5d, 2.7c). The mode of 

fracturingg in the case of tangential loading is influenced by the 'angle of incidence' of 

thee contact stress with respect to the line connecting the centres of the grains. 

StressStress Conditions 

Inn order to quantify subglacial stress conditions during grain fracturing, we have 

attemptedd to specify a range of critical effective pressures in which such processes may 

bee initiated. Estimates are based on a series of laboratory experiments (Zhang et al, 

1990;; Morrow and Byerlee, 1989; Brzesowsky, 1995; Menéndez et al, 1996), which 

involvedd triaxial compression tests, and investigations of hydrostatic compaction 

behaviourr and micromechanical failure of sediments. Although the thin sections 

examinedd in our study consisted of samples of unlithified diamicts, rather than 

lithified,, porous materials, as used in some of the tests, the results can be used to give 

ann indication of the stress range involved in fracturing. 

Itt should be noted that, when trying to match the sediment properties of the thin 

sectionn samples with the experimental variables, that the most common skeleton 

constituentt in the till s is quartz, with an average grain radius of about 0.15 mm. 

Lithifiedd test-materials with the same characteristics, and a porosity of around 25 % 

yieldedd a range of effective pressures of 300 - 380 MPa for the onset of grain fracturing 

(Zhangg et al, 1990). These values were in agreement with predicted theoretical values 
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usingg the 'Hertzian fracture model', where characteristic quartz values for initial flaw 

dimensions,, fracture toughness, Poisson ratio and elastic modulus were used. 

Morroww and Byerlee (1989) and Brzesowsky (1995) carried out experiments on 

unimodal,, essentially unlithified, granular sediments, and found that fracturing was 

initiatedd at significantly lower values of effective pressure (15-75 MPa). Although test 

materialss used in these experiments are much more realistic, 'translations' to field 

situationss remain hypothetical, since it may well be that the specific textures (Sammis et 

al,al, 1987; Zhang et al, 1990), packing configurations (Hooke and Iverson, 1995) and 

evenn pore fluid compositions (May, 1980; Brzesowsky, 1995) account for accelerated 

kinematicss regarding grain fracture initiation. 

Grain-sizee distributions within strained materials are shown to change with progressive 

shearingg (Iverson et al, 1996), so governing the type of comminution. Initially grains 

mayy form 'networks' to support exerted stresses. In this situation, the relatively small 

numberr of contacts between the grains of similar size favour 'meridional' fracturing. As 

aa result of this process, larger grains are surrounded by smaller ones, so distributing 

stressess over more contacts and homogenizing the stress fields. Comminution in the 

newlyy formed packing configuration predominantly involves attrition as a result of 

frictionall  sliding of grains. It has been shown that critical stress values needed to initiate 

fracturingg changes according to the grain-size evolution. 

Thee specified range of 15 - 380 MPa for onset values is rather wide, but this possibly 

reflectss the differences in intrinsic transmission of externally applied forces. It seems 

plausiblee that locally developed contact stresses are determined by textural 

heterogeneity.. Furthermore, these local intrinsic stresses are likely to exceed average 

effectivee stresses, suggesting that relatively 'low' field stresses can initiate the fracturing 

process. . 

CONCLUSION S S 

Itt is evident from the generally (sub)angular grains within subglacial sediments that the 

processs of grain fracturing is widespread. However, undisputed evidence is not easily 

seenn in most sediments, because of the 'instantaneous' incorporation of crushing 

productss in a mobile and ductile matrix, especially where attrition is concerned. 

Thee samples from the Wijnjewoude profile have provided an opportunity to study the 

inin situ fracturing of grains. Shear induced in subglacial conditions by an overriding 

glacierr resulted in brittle failure of the sediment, evidence of which is displayed in the 

preservedd aggregation structure. Strain is focused along discrete planes. In compressive 
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stagess of the response to the exerted shear, grain fracturing is initiated in the contact 

planess between the aggregates. The intermittent character of the fracturing is a response 

too the suggested cyclic process of deformation, governed by alternating dilation and 

'stiffening'' of the sediment. Displacement in the material, following the final stage of 

fracturingg before conservation, can be assumed to be minimal. 'Primary fracturing', 

accordingg to our definition can readily be identified because individual grain 

componentss show some displacement after the fracturing but remain juxtaposed, so 

thatt edges can be matched and grains can be 're-constructed' to their intact form. 

Fromm the evaluations in this study, some implications of the presence of fractured 

grainss and the role of subglacial pore-water in the fracturing process are better 

understood.. The suggested relationship between dilation and grain fracturing (Hooke 

andd Iverson, 1995; Iverson et ai, 1996; Menéndez et ai, 1996; Zhang et al, 1990) has 

beenn established for subglacially deformed tills, by a visual correlation in the 

investigatedd thin sections. 

Wee have shown that grain fracturing is a common feature in zones of brittle shear 

displacement,, and suggest that, considering the specified range of effective stress values 

inn which fracturing may be triggered, the presence of primary fractured grains in any 

consideredd sediment implies deformation in a subglacial environment. 

Moree specifically, fracturing of grains may be used as an implement in deciphering 

glacimarinee sequences, where the technique may contribute to resolving whether 

sedimentt was tectonized by grounded ice (Drewry and Cooper, 1981; Eyles et al., 1985; 

Hartt and Roberts, 1994; Hiemstra et al., 1996). Furthermore, the technique has future 

potentiall  in deducing more specific quantitative information concerning subglacial 

condit ions. . 
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Mudd is handy only when it comes to slingin' it. 

Grantt  Lee Phillip s 
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3.. ON HOW MICRO-SCAL E CHARACTERISTIC S OF 
ALASKA NN FJORD DEPOSITS CAN BE USED IN 
DISTINGUISHIN GG GRAVITY-DRIVE N FROM SUBGLACIAL 
DEFORMATIO N N 

Abstractt  - Thin section samples of recent fjord deposits from Alaska were studied in order to 

validatee previously proposed sedimentary mechanisms. Detailed observations seem to confirm 

thatt the sediments are cyclopel-sequences with intercalated layers of iceberg rafted diamict 

andd sandy turbidites. 

Thee main reason for studying the samples was to shed some light into the processes involved 

inn the deformation of glacimarine deposits. We arrived at the conclusion that microscopically 

identifiedd shear zones exhibit a configuration that can be regarded diagnostic for 

deformationn resulting from gravity-driven sliding of sediment. We propose a model that 

allowss us to distinguish this type of deformation from deformation developing underneath a 

groundedd glacier. 

WithWith Powell, R.D., Cowan, E A. and Zaniewski, K. To be submitted to Journal of Sedimentary 

Research. Research. 

INTRODUCTIO N N 

Thatt gravity-induced failure of sediment is a common process in glacimarine 

environmentss has been reported by many authors (e.g. Kurtz and Anderson, 1979; 

Powell,, 1980; 1994; Domack, 1982; Anderson et al, 1983; Wright et al., 1983; Syvitski et 

al,al, 1987; Carlson et al., 1992). 

Conditionss in a glacimarine environment are generally such that sediment material 

depositedd in proximity to an ice front (or better: in proximity to a grounding line) is 

highlyy susceptible to down slope re-distributions. Particularly when a grounding line is 

dynamic,, i.e. when its position frequently changes, conditions are ideal for seafloor 

depositss to fail. As it requires just a slightly sloping surface and (minor) shock waves to 

triggerr a mass movement (cf. Prior et al, 1984), the combination of the commonly very 

pronouncedd bathymetry of a glacially affected seafloor and the ubiquitous currents can 

actuallyy be considered perfect. 

InIn spite of their common occurrence, the identification of subaqueous mass movement 
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depositss in a sedimentary record still proves to be problematic (see e.g. Anderson, 1983; 

Powell,, 1994). One reason for this is that such deposits may compositionally and 

texturallyy be identical to the deposits from which they were derived. In other words: 

masss movement deposits, i.e. the deposits that have 'come to rest' after mobilisation, 

mayy have preserved many, if not all of the sedimentary characteristics of the primary 

depositss (the deposits before mobilisation). Another reason is that even establishing that 

aa certain sediment is deformed - something that is due to happen during re-distribution 

-- may not be sufficient to confirm that the sediment under consideration is a mass 

movementt deposit. There is always a possibility that deformation in sediments of 

'groundingg line records' was the result of the 'impact' of grounded ice. 

Too study deformation structures resulting from gravity-driven sediment movements in 

moree detail, we acquired a series of thin section samples from core material from 

Alaska.. Because the gravity cores that we selected for sub-sampling penetrated recent 

fjordd deposits only, and because the locations from which they were recovered were well 

beyondd the reach of present-day ice advances, we can - in advance - rule out the 

possibilityy that exhibited microstructures are the result of subglacial deformation. The 

deformedd sediments that were encountered may therefore be qualified as 'reference' 

masss movement deposits. 

Inn our paper we first describe the micro-scale sedimentary and deformational features. 

Wee explain individual structures in terms of processes that are thought to be 

responsiblee for their formation. Finally - on basis of our theoretical considerations - we 

proposee a conceptual model that addresses the distinction between structures resulting 

fromm the observed gravity-driven deformation and those resulting from subglacial 

deformation. . 

SAMPLESS AND TECHNIQUE S 

Inn our micromorphological study we describe and analyse small-scale characteristics -

bothh sedimentary and deformational - of recent deposits from temperate glacial fjords 

off  Glacier Bay, Disenchantment Bay and Yakutat Bay, Alaska (Fig. 3.1). Investigated 

sampless - listed in Table 3.1 - were taken from short gravity cores recovered during 1993 

andd 1994 Alpha Helix cruises to the area. The samples that represent 8 to 15 cm long 

intervalss of the 6-cm-diameter cores (logs in Figure 3.2) were - in order to allow thin 

sectioningg of the soft sediments - air-dried and subsequently impregnated with an 

unsaturatedd polyester resin (synolite). We prepared the thin sections following a 

proceduree outlined in e.g. Murphy (1986) or Van der Meer (1996). 
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TABLEE 3.1 

Sample e 
C.237 7 
C.238 8 
C.239 9 
C.241 1 
C.242 2 
C.243 3 
C.244 4 
C.245 5 
C.247 7 
C.248 8 
C.249 9 
C.250 0 
C.251 1 

Informationn on investigated samples. 

Core e 
AHH 93 YB GC-07 
AHH 93 YB GC-12 
AH93YBGC-18 8 
AHH 93 YB GC-22 
AHH 94 YB GC-07 
AHH 94 YB GC-07 
AH94YBGC-16 6 
AH94YBGC-16 6 
AHH 93 GB GC-27 
AHH 93 GB GC-28 
AHH 93 GB GC-28 
AHH 94 GB GC-28 
AHH 94 GB GC-28 

Interval l 
170-185cmbsf f 
92-1066 cmbsf 
400 - 55 cmbsf 
1955 - 203 cmbsf 
800 - 95 cmbsf 
1300 - 140 cmbsf 
9 5-- 110 cmbsf 
1333 - 141 cmbsf 
1388 - 148 cmbsf 
180-1933 cmbsf 
198-2111 cmbsf 
15-300 cmbsf 
2977 - 310 cmbsf 

Location n 
Disenchantmentt Bay, Alaska 
Disenchantmentt Bay, Alaska 
Disenchantmentt Bay, Alaska 
Disenchantmentt Bay, Alaska 
YakutatYakutat Bay, Alaska 
Yakutatt Bay, Alaska 
Yakutatt Bay, Alaska 
YakutatYakutat Bay, Alaska 
Tarrr Inlet, Glacier Bay, Alaska 
Tarrr Inlet, Glacier Bay, Alaska 
Tarrr Inlet, Glacier Bay, Alaska 
Muirr Inlet, Glacier Bay, Alaska 
Muirr Inlet, Glacier Bay, Alaska 

FIGUREE 3.1. Map of the area. Indicated are the core locations. 

Qualitativee analyses of the thin-sectioned samples were carried out on basis of 

observationss using a Leica™ optical transmission microscope (up to 35x magnification). 

Thee terminology that is used to describe observed microscopic features is consistent 

withh the pedological nomenclature suggested by Brewer (1976). 
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Thee images that were used in the quantitative analysis of identified deformational 
featuress are photomicrographs (covering 12 x 18 mm in the thin section) obtained with 
ann analogue Leica™ camera. Such images were digitised and subjected to a multi-
spectrall  analysis. To do so, we took small, representative sub-images of 512 by 512 pixels 
off  the photomicrographs and visually enhanced them by modifying contrast and colour 
tabless in a TNT-LITE™ image analysis program. Running a supervised classification 
proceduree in this program enabled us to separate 'deformational characteristics' from 
theirr 'background' while maintaining original data integrity. Orientations of the linear 
featuress that had our special interest could be easily measured using built-in tools. 

SEDIMENTAR YY FEATURES 

Thee thin sections represent fine-grained, rhythmically laminated muds, which are 
regularlyy intercalated with thin diamict beds. Thin silty and sandy beds occur less 
regularlyy (see Fig. 3.2). Although these sedimentary characteristics - notably the 'micro-
laminations'' in the mud - are often hardly discernible in macroscopic view, all three of 
thesee features are quite apparent in thin sections of the cores. 

AM93YBGC077 AH93YBGC12 AH93YBOC18 AH93YBGC22 AH94YBGC07 

AHMYBGC1 66 AH93QBGC27 AH93G8GC2B AH94GBGC2S 

FIGUREE 3. 2. Generalised logs of the gravity cores. 
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Thee lamination in the muddy intervals of the cores consists of a great number of 
subsequentt 'silt-clay couplets'. Similar features in other fjord deposits were named 
cyclopelss by Mackiewicz et al. (1984). We established that usually individual couplets 
consistt of thin laminae of sandy silt (just a few grain-diameters thick, sharp basal 
contact)) that grade upward into thicker laminae (up to a few mm) of poorly sorted silty 
mudd (Fig. 3.3a). Occasionally the silt-clay differentiation was found to be less distinct. 
Inn such cases the cyclopel is in fact reduced to a single, homogeneous layer of 'fluffy' , 
siltyy mud, while the outer boundaries are often more gradational (Fig. 3.3b). 
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FIGUREE 3.3a. (previous page) Detail of thin section C.249 in plane light (photomicrograph 
correctlyy positioned: top of the thin section to the top). The longer side of the image represents 
18.00 mm. The image shows one of the intervals with cyclopel-lamination. Note that the lower 
contactss of the individual silt-clay couplets are generally sharp. FIGURE 3.3b. Detail of thin 
sectionn C.248 in plane light. Top of the thin section is to the left. The longer side of the image 
representss 18.0 mm. The right half of the image is similar to the interval in 3a, whereas the left 
halff  is siltier: occasionally a subtle lamination signal can be discerned. FIGURE 3.3c. Detail of 
thinn section C.239 in plane light. Top of the thin section is to the left. The longer side of the 
imagee represents 18.0 mm. Coarse diamictic sediment is concentrated in beds of homogeneous 
compositionn that 'separate' distinctly laminated intervals. Note that the 'impact' of the pebble on 
thee left caused a dropstone-characteristic in the lamination. FIGURE 3.3d. Detail of thin section 
C.2399 in plane light (correct position). The longer side of the image represents 18.0 mm. Within 
thee diamict beds a faintly laminated signal can still be discerned. FIGURE 3.3e. Detail of thin 
sectionn C.247 in cross-polarised light. Top of the thin section is to the left. The longer side of the 
imagee represents 18.0 mm. A distinct, sandy lamina within a homogeneous muddy, although 
faintlyy laminated core interval. Note sharp lower contact and fining-up grading. 

Assumingg that the 'micro-laminations' that we found are indeed cyclopel-sequences we 

cann say that they are likely to have their origin in a process of cyclic particle settling in 

ann ice-proximal marine environment (cf. Mackiewicz et al., 1984). In the depositional 

modell  that Mackiewicz and co-workers proposed to explain the cyclopels, turbid 

meltwaterr plumes emerging from underneath (subglacial) or from within tidewater 

glacierss (englacial) play an important role: it is envisaged that fine particles suspended 

inn such plumes are released from the 'cloud' only at very specific times in a tidal cycle, 

i.e.. when the meltwater current 'interacts' with tidal currents. 

Differencess in 'settling velocity' between clay (floccules) and silt and sand grains are 

heldd responsible for the observed kind of micro-lamination: the delayed 'arrival' of the 

lighterr clay particles with respect to the heavier particles would account for the 

formationn of one silt-clay couplet in the course of each tidal cycle. Where - as in Figure 

3.3bb - the cyclopels are less distinct we suggest that either during or shortly after 

depositionn they were slightly reworked by bottom currents. Alternatively, the distance 

travelledd by the particles through the water column may have been of influence. 

Thee coarser sediment fraction in the thin-sectioned samples ranges from sand- to 

pebble-size.. Sand grains and fine pebbles were commonly observed within the cyclopel-

sequences,, but more often coarse material was found to be concentrated in gradationally 

boundedd diamict beds, actually separating the cyclopel sequences (Fig. 3.3c). Such 

diamictt beds are generally up to 5 cm thick, although also much thicker examples occur 

(seee logs in Fig. 3.2). 

Thee presence of coarse material in the cores reflects processes of ice rafting, either from 

icebergss (IBRD) or from seasonal ice cover. We argue that the diamict beds have formed 
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duringg the winter half year when the deposition of coarser material from icebergs or 
dirtyy brash ice is likely to outpace the cyclopel-production. One should note that with 
diminishingg meltwater discharge cyclopel-production is obviously reduced considerably, 
butt that it is not necessarily zero: within some diamict units, occasional lamination 
couldd still be discerned (Fig. 3.3d). 

Thin,, sandy beds with sharp upper and lower contacts also occur in the samples (Fig. 
3.3e).. Usually the thickness of these beds lies in the order of a few millimetres. Because 
theirr occurrence seems to be random, we explain them as resulting from episodic 
processess such as traction currents or turbidity currents (cf. Mackiewicz et ah, 1984). 
Grainss in such beds are usually fairly sorted (between 50 to 100 urn). The units often 
exhibitt normal grading. Thicker (silty) sand layers (up to cm-size), which generally show 
noo grading and poor sorting, may be attributed to high concentration suspension 
phasess (Domack, 1984; Cowan and Powell, 1990). 

Summarising,, it can be said that the investigated glacimarine deposits from the Alaskan 
fjord-environmentt predominantly reflect temporal changes in sediment supply. The 
cyclopelss are likely to reflect diurnal fluctuations, while the diamict-mud successions are 
probablyy seasonal. Events of current activity are distinguished by non-cyclic, 'solitary' 
sandyy intercalations. Sedimentation rates are assumed to be in the order of centimetres 
orr decimetres per year (cf. Cowan et al., 1997). 

DEFORMATIONA LL  FEATURES 

Thee sedimentary features that were discussed in the previous section can also be studied 
inn X-ray images of the cores. A lot of the characteristics that are related to syn- and 
(early)) post-depositional, gravity-driven deformation on the other hand - our main 
reasonn for investigating the Alaskan sediments in the first place - can only be observed 
inn thin section. 

51 1 



FIGUREE 3.4a. (previous page) Detail of thin section C.244 in cross-polarised light (correct 
position).. The longer side of the image represents 4.5 mm. Micro-scale load structures. Sand 
sinkingg into underlying mud. Note plasmic fabric development at the contact. FIGURE 3.4b. 
Detaill  of thin section C.238 in plane light (correct position). The longer side of the image 
representss 5.6 mm. Fluid escape structure. Water must have escaped upward in two directions 
fromm the faint, horizontal silt lamina near the base of the image, hereby removing fines (clays) 
andd leaving the silts as a 'residue'. 

Inn the class 'localised disturbances' we observed a lot of micro-scale load and flame 

structuress (Fig. 3.4a), which we attribute to reverse density gradients. The structures 

developp when coarse and heavy ice-rafted material is deposited on top of weakly 

consolidated,, meltwater-derived mud. The formation of the features requires a 

significantt contrast in kinematic viscosity (cf. Mills , 1983; Rijsdijk, 1999). 

Post-depositionall  response to differential compaction is reflected in isolated fluid escape 

structures.. Such structures show up as small-scale, subvertical 'tracks' that commonly 

originatee in relatively coarse-grained bodies (mostly silt or sand laminae) and that 

commonlyy 'terminate' or 'disperse' in overlying mud units (Fig. 3.4b). 

Explainingg the structures is straightforward: where pore-water deeper in the sediment 

columnn gets 'trapped' because new material is continuously deposited on top, it wil l 

' lookk for' ways to escape. Following pressure gradients, the water wil l in most cases flow 

rapidlyy upwards. Where mud is overlying the pressurised aquifer layer, the outflow of 

waterr wil l exert a fluid drag on the fine particles, which wil l consequently be removed 

(seee Mills , 1983). This leaves the thin tracks of relatively 'clean' silt that were observed in 

somee of the thin sections. 

FIGUREE 3.5a. Detail of thin section C.243 in plane light (correct position). The longer side of the 
imagee represents 18.0 mm. Sedimentary lamination disrupted, folded and boudinaged. FIGURE 
3.5b.. Detail of thin section C.249 in cross-polarised light with gypsum wedge superposition 
(correctt position). The longer side of the image represents 9.0 mm. The diagonal, birefringent line 
'crosscutting'' the planar crack is defined as unistrial plasmic fabrics. Note that to the left, more 
short,, discontinuous birefringent 'lines' are parallel to this main feature. 

52 2 



Observingg pervasive, gravity-driven sediment deformation is - paradoxically enough -
oftenn not as straightforward as observing the just mentioned 'localised disturbances'. In 
ann exceptional case a thin section may show disruption or folding of the sedimentary 
layeringg (Fig. 3.5a), but mostly the deformation in our samples is 'merely' reflected in 
birefringencee characteristics. This birefringence is an optical property, only observable 
inn cross-polarised light, which is 'acquired' by sediments when micaceous clay minerals 
alignn parallel to each other as a response to imposed stresses (see Van der Meer, 1996). 
Itt is this 'behaviour' of the clay minerals that makes possible the identification of the 
so-calledd plasmic fabrics in a thin section of a deformed sediment. Plasmic fabric is a 
genericc term describing all patterns, organisations and orientations of material finer 
thann 30 urn (see definition in Brewer, 1976). Most types of plasmic fabric that we 
distinguishedd in the Alaskan sediments are unidirectional in character. They show up as 
bandss or lineations, which are - dependent on their appearance - either defined as 
unistriall  plasmic fabrics or as masepic plasmic fabrics. The unistrial plasmic fabrics 
consistt of discrete, thin, continuous 'linings' of oriented clay (Fig. 3.5b), whereas in the 
masepicc type, when viewed under the same magnification, the zones are broader, 
discontinuouss and consequently more diffuse. Both types have in common that 
individuall  domains (cf. Brewer, 1976) that form the features are oriented in (parallel) 
zoness in one direction, and that they are elongated parallel to the length of the zones. 
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FIGUREE 3.6a. (previous page) Detail of thin section C.247 in cross-polarised light with gypsum 
wedgee superposition. Top of the thin section (and core) is to the left. The longer side of the image 
representss 9.0 mm. Crosscutting planar plasmic fabrics render the sediment a 'flecked' character. 
Thee image shows light and dark 'streaks' that represent planes in which clays are preferentially 
oriented.. Note that the planes form an asymmetric pattern with respect to the core axis. FIGURE 
3.6b.. (previous page) Detail of thin section C.249 in cross-polarised light with gypsum wedge 
superposition.. Top of the thin section is to the left. The longer side of the image represents 18.0 
mm.. Another example of the 'flecked' plasmic fabric patterns. Note that the primary lamination is 
nott or hardly affected by the deformation. FIGURE 3.6c. Detail of thin section C.244 in cross-
polarisedd light with gypsum wedge superposition (correct position). The longer side of the image 
representss 11.2 mm. The image shows that the darker plasmic fabric zones (running from the 
upperr left corner diagonally down) are preferentially developed over the lighter zones running 
fromm the lower left corner up. At the intersection of the crosscutting features, the signals are 
superimposed.. FIGURE 3.6d. Detail of thin section C.244 in cross-polarised light with gypsum 
wedgee superposition. Top of the thin section is to the left. The longer side of the image represents 
18.00 mm. The distinct, light unistrials mask the conjugate direction of dark bands completely: 
preferentiall  development. 

I tt appears that these unidirectional plasmic fabric signals represent shear planes, along 

whichh slip displacements took place during the gravity-driven re-distribution of the 

sediment.. It was established that the planes generally occur in conjugate, crosscutting 

sets,, which are restricted to narrow (cm-scale), sub-parallel sided intervals in the cores. 

Thesee intervals are shear zones. The crosscutting sets render the sediment intervals a 

'flecked'' appearance (Figs. 3.6a and 3.6b): the shear zones are composed of lozenge-

shapedd areas of mostly isotropic, non-birefringent material that are bounded by the 

planess of oriented, birefringent material. It was also observed that one of the 

crosscuttingg sets takes up most of the strain: it is always one direction - either synthetic 

orr antithetic - that is preferentially developed at a given moment (Figs. 3.6c and 3.6d). 

Wee established that the sets of conjugate shear planes are not symmetrical, but 

asymmetricall  with respect to the core axis: they are slightly rotated. This tells us that the 

responsiblee shear stress had a deviatoric component. This observation rules out the 

possibilityy that failure was caused by the coring action, in which case the sets would be 
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symmetricall  (Van der Wateren, pers. comm). 

InIn seven of the thirteen samples - C 238, C.241, C.242, C.244, C.245, C.247 and C.249 

(seee Table 3.1, Fig. 3.1) - we could visually establish that the orientations of the shear 

planess (and the shape of the lozenges) are subject to considerable changes with depth in 

thee shear zones. Measurements of the up-core angle between the crosscutting sets of 

shearr planes in two of them - the ones that we consider most illustrative - confirm the 

suggestedd trend: in the interval between 142.2 cm and 140.7 cm in C.247, the obtuse 

anglee was found to decrease from 122.0° to 113.0° - almost 8 % in 1.5 cm. 

Similarr trends were established in thin section C.249. Between 208.3 cm and 205.7 cm 

depth,, the angle changes from 120.0° to 101.0°, a decrease of nearly 19 % in 2.6 cm. At 

204.88 cm depth, the angle seems to be 'reset' to 118.0°, but it appears to decrease again 

(~88 %) towards 200.9 cm depth (109.5°). Thin section C.249 thus exhibits two 

subsequentt trends. The trends are 'separated' by a subhorizontal fracture plane at 205.3 

cmm depth. 

DISCUSSION N 

Inn the following discussion we hypothesise that the observed trends in the orientation 

off  the shear planes are in fact characteristic for small-scale, gravity-driven slide 

movementss of sediment, and that the specific shear zone configuration may be used to 

differentiatee such mass movements from subglacial deformation. 

OnOn gravity-driven deformation 

Thee microscopically established 'concomitance' of load structures, fluid escape 

structuress and shear features gives us reason to assume that differential compaction, 

whichh we hold responsible for the occurrence of the 'localised disturbances', may also 

havee caused the presumed mass movements in the sediments: 

Wee postulate that the high deposition rates in the Alaskan fjords account for a situation 

thatt dissipation of pore-water (consolidation) cannot keep up with the pace of 

accumulationn of new sediment. We envisage that pore-water pressures in the resulting 

sedimentt stacks are generally high (see Powell and Molnia, 1989), and that shear 

strengthh of the sediment material is consequently low. 

Becausee material (including heavy IBRD) is continuously being added to the sediment 

stack,, it goes without saying that this situation is potentially unstable. As we mentioned 

earlier,, the episodic input of IBRD - spatially variable on the scale we are investigating -
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mayy account for local anomalies in the compaction characteristics of the sediments. It 

wass already postulated that this possibly leads to the formation of small-scale fluid 

escapee structures. We would now argue that these anomalies could also account for the 

locall  'inclinations*  that are required for starting small-scale mass movements: the weight 

off  a slanted sediment 'package' would in such a case have a slope-parallel gravitational 

component.. Such tangential stresses - provided they exceed the sediment strength, might 

actt as a driving shear stress. 

Thee subtle shear characteristics and the often nicely preserved sedimentary layering in 

thee thin sections lead us to infer that the 'pervasive' deformational features we 

encounteredd are reflective of (just) the initial stages of a mass movement process. On 

basiss of the micromorphological information we propose a scenario where packages 

(slabs)) of relatively coherent sediment - mostly not exceeding a few decimetres in 

thicknesss - are sliding along inclined, pre-determined basal planes. We estimate the 

actuall  displacements - before the sediment comes to rest in a more stable position - to 

bee in the order of a few centimetres at most. 

Onlyy when such a movement would continue for a longer time, or across a longer 

stretch,, more energy would become available for deformation, which would lead to 

sedimentt flow. Additional water would be taken up by the (by then) dilating sediment, 

whichh would lead to more reworking, and - ultimately - to complete homogenisation of 

thee sediment. Although we focus here on the slide-stage, it should be noted that slide 

andd flow are regarded interrelated - maybe even causal or evolutionary processes (cf. 

Hampton,, 1972; Postma, 1986; Syvitski et aL, 1987). It is also noted that the individual 

slidee movements we propose may also occur as singular events in a coupled deforming 

systemm of stacked slabs separated by (basal) slide planes. 

Wee argue that the recognised trends are typical and even diagnostic for slide-

movements.. Taking the up-core angle between conjugate shear planes as a 'measure' for 

thee trends, some important inferences can be made regarding deformation kinematics. 

Inn general, when sediments are subjected to simple shear, a deformable element within 

thee sediment will be 'stretched' in a direction oblique (or sub-parallel) to the shear sense, 

whereass in the direction normal to this, the same element experiences a consequent 

'contraction'' or a 'shortening'. 

Drawingg a parallel between the shear zones occurring in our soft Alaskan sediments and 

ductilee shear zones in metamorphic basement rocks - Ramsay (1980) reviewed 

kinematicss involved in the formation of the latter - we can say that the obtuse angle 

betweenn the conjugate shear directions - the one we measured - always faces the 

directionn of 'greatest shortening' of the deforming system. In other words: in each thin 
56 6 



sectionn we can actually reconstruct the shear stress that deformed the sediment under 

consideration. . 

Thee value of the angle tells us something about the magnitude of the strain: it may be 

statedd that the higher the amount of strain in a particular interval at a certain level, the 

moree obtuse the angle wil l become: with progressive deformation, individual shear 

planess may be expected to rotate more and more towards a parallel position with 

respectt to the actual shear sense (cf. Morgenstern and Tchalenko, 1967). 

Thiss behaviour is also the basis for the vertical trends that were established. During 

gravity-drivenn sliding of the sediment - most likely a kind of stick-slip movement - the 

partt of a slab directly overlying a slide plane wil l experience significant frictional drag 

stresses,, while the top of the slab remains virtually undeformed (situation I in Figure 

3.7:: note that the cartoon depicts a deforming system of stacked slabs). In other words: 

thee intensity of strain at a certain depth in the slab is reflected in the associated 

conjugatee shear planes. Just above the basal slide plane where strain is high, the shear 

planess wil l be flat lying: The up-core angle between the shears is consequently large. 

Higherr up where strain is lower, the conjugate shear planes are more oblique, and the 

anglee between the shears is accordingly smaller. 

I .. sliding I I . subglacial 

FIGUREE 3.7. Cartoon comparing the situations of gravity-driven sliding of sediment (I., on the 
left)) and subglacial deformation (II. on the right). In situation I, deformation is - as a result of 
frictionall  drag - most intense near the base of individually displacing units. Towards the top of 
thee units, the sediment becomes less and less deformed. The black strain marker in the sediment 
columnn illustrates this. The patterns formed by resulting conjugate shear planes are depicted 
schematicallyschematically in the accompanying column: near the base of individual slabs, the angle is greater; 
thee black dot indicates that the sediment at that particular depth is undeformed. The arrows 
indicatee the trends in the angles and in the deformation intensity. 

Inn situation II , the trends are reversed. As the point of stress application is at the contact between 
thee sediment and the overlying ice, the highest strain is measured at the top of the sediment 
column.. Note that the black strain marker may be continuous with depth. 
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ComparisonComparison to subglacial deformation 

Expandingg the idea that the angle between conjugate shear plane orientations reflects 

thee intensity of straining at a certain depth in a deformed sediment, we propose here 

thatt such vertical trends actually allow us to distinguish deformation as a result of 

gravity-drivenn sliding from deformation brought about by grounded ice, i.e. from 

subglaciall  deformation. As stated in the introduction to this paper, being able to 

differentiatee between these types of deformation is crucial when it comes to 'reading' 

sedimentaryy records representing glacimarine (grounding line) sequences. 

Wee explained the observed trends in gravity-driven slides by inferring that the basal part 

off  a mobilised 'slab' of sediment experiences more strain than the top (Figure 3.7, 

situationn I). Of course the examples we studied in this paper are only cm- or even mm-

scale,, but we would argue that also on a larger scale -for example when the thickness of 

thee mobilised slab is in the order of metres - such trends would be discernable; maybe 

nott in sets of unistrials, but certainly in overall deformational characteristics ('structural 

isomorphism'). . 

Similarly,, we can also say something about the situation of subglacial deformation. 

Becausee beneath active, i.e. not stationary, grounded ice, the point of shear stress 

applicationn is situated at, and parallel to the interface between the glacier sole and 

sediment,, the highest strain rates within the subglacially deforming layer will occur 

immediatelyy beneath the glacier sole. Subglacial deformation may be expected to 

decreasee gradually downwards, and will actually cease at some depth. At this specific 

depth,, the exerted shear stresses equal the local shear strength of the sediment (see e.g. 

Boultonn etal, 1974; Boulton and Hindmarsh, 1987; Alley, 1991; Boulton, 1996). 

Althoughh this trend is reflected in a suite of micromorphological features across the 

entiree deforming layer (see Van der Meer, 1993), one might occasionally - in certain 

zoness - find the typical conjugate sets of shear planes. We therefore introduce a 

conceptuall  model - to stick to the example - outlining the to-be-expected trends in the 

orientationn of micro-scale conjugate shear planes. In the cartoon of Figure 3.7 (II) we 

depictedd a situation where the trends in the conjugate shears evolve repeatedly in 

betweenn discrete - subparallel and subhorizontal - failure planes. As in the sliding case, 

justt above the failure planes the sediment may experience some friction that could 

resultt in some drag deformation, but the most important strain developing would be 

thatt of the stresses generated by the moving, grounded ice on top of the sediment stack. 

Thee resulting trend in the angles may be expected to be decreasing in a downward 

direction,, i.e. exactly reversed compared to the sliding case (Fig. 3.7, situation I). 
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Onee has to bear in mind that the proposed model for the gravity-driven failure holds 

onlyy when the movement occurs as a slide. Once the stage of flow is reached, the 

sedimentt may pass through different types of deformation, experiencing both 

extensionall  and contractional distortions (Enos, 1977). This results in complex 

deformationall  structures and patterns, which complicates inferences about kinematics. 

Eventually,, the resulting deformation may actually be quite similar to deformation in 

thee subglacial case: the top of the sediment-flow profiles was in some cases shown to be 

moree deformed than the base (e.g. Hampton, 1972; Bertran, 1993). 

InIn conclusion 

Thee muds in the thin sections that were studied reflect fine particle sedimentation from 

turbidd meltwater plumes. The sedimentary records show cyclic diamictic intervals that 

weree produced by iceberg rafting and solitary sandy units that represent turbidites. 

Althoughh not the main purpose of this paper it can be concluded that the 

micromorphologicall  observations are in support of the sedimentation models for 

Alaskann fjords as they were proposed by Mackiewicz et al. (1984) and Cowan and Powell 

(1990). . 

Deformationall  features in the investigated sediments comprise syn-sedimentary loading 

andd fluid escape structures, as well as (ductile) shear zones. Analysis of the shear zone 

geometryy revealed that these must have resulted from gravity-driven, submarine slides. 

Thee trends in angles between crosscutting, conjugate shear planes are argued to be 

diagnosticc for such mass movements. Although the reported trends represent a rather 

specificc and small-scale example of mass movement, the concept of the kinematics 

involvedd could be generalised and as such be compared to the kinematics involved in 

subglaciall  deformation. It was concluded that the direction of the trend is a very good 

leadd in differentiating the two types of deformation. 
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Trustt I seek and I find in you 

Everyy day for us something new 

Openn mind for a different view 

Andd nothing else matters 

Jamess Hetfield 
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4.. DEVELOPMEN T OF MICROSTRUCTURE S IN AN 
ARTIFICIA LL  CLAY DURING UNIAXIA L COMPRESSION: 
TOWARDSS A BETTER UNDERSTANDING OF SOFT 
SEDIMENTT DEFORMATIO N 

Abstractt  - By analysing a series of four thin sections from a ceramic clay that was subjected 

too uniaxial compression, we made an attempt to 'monitor' the development of deformational 

microstructuress in a sediment. We inferred from our micromorphological analyses of 

subsequentt stages in the deformation process (as represented by the thin sections) that the 

responsee of the sediment to (simple) shear involves closely related planar and rotational 

internall  movements. 

Thee observed features, as there are unistrial plasmic fabrics, turbates and grain lineaments, are 

identicall  to the characteristics that have been observed in thin sections of naturally deformed 

sediments.. The specific information on deformational processes - as it is provided by this 

studyy - wil l considerably facilitate future analyses of for example glacigenic sedimentary 

sequences. . 

WithWith Rijsdijk, K.F. In review with Journal of Sedimentary Research. 

INTRODUCTIO N N 

Micromorphologyy may be defined as the study of thin-sectioned samples of e.g. rock, 

icee or soil. Important advantages of micromorphology over other research tools are 1) 

thatt it enables the observer to directly analyse interrelations between material 

constituents,, and 2) that it provides micro-scale, detailed information, which is often 

indispensablee in the investigation of the materials. 

Thee potential of micromorphology as a technique is starting to get recognised in the 

fieldfield of sedimentology as well. It is appreciated to date that microstructures, i.e. structures 

thatt are often not visible with the naked eye, can provide important information 

regardingg past depositional environments. In glacial sedimentology - the topic that we 

aree particularly interested in - the technique has as such recently been applied in studies 

off  core records (e.g. Carr, 1999; Van der Meer and Hiemstra, 1998; Hiemstra, 1999) as 

welll  as in studies of 'on-land' exposures (e.g. Boulton et al.t 1996; Hiemstra and Van der 

Meer,, 1997; Menzies et al., 1997). 
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Thee 'problem' in applying micromorphology in the study of glacigenic sediments - to 

stickk to the example - lies in the fact that in order to use microstructures as a means of 

reconstructingg conditions to which these sediments once were 'subjected' (read: a means 

off  recognising deformation, as this is inextricable from the glacial depositional 

environment),, a thorough validation of interpretations is required. In practice, 

reconstructingg deformational processes from sediment 'snapshots inevitably involves 

conjectures,, which - obviously - need justification. 

AA good way of establishing such validation is through controlled laboratory experiments. 

Referencee tests generally provide good insights in behaviour of artificial and natural 

sedimentss during deformation. Experimental studies that address the development of 

microstructuress under increasing shear stress are most useful when they can act as a 

directt analogue to situations of natural, in this case subglacial deformation. 

Theree are quite a few publications available that report on shear experiments (e.g. 

Morgensternn and Tchalenko, 1967; Maltman, 1977; 1987b; 1988; Van den Berg, 1987; 

Dewhurstt et al., 1996; Schokking, 1998). Most of these studies focus on the development 

off  clay fabrics during deformation. With the exception of a few (e.g. Dewhurst et al., 

1996),, these studies do not address the deformation reflected in arrangements of coarser 

grains,grains, a type of structures that may play - next to clay fabrics - an important role in 

reconstructionss of past glacial conditions. Van der Meer (1993) postulated that such 

structuress are quite common in subglacially deformed sediments. In this respect it is 

alsoo important to note that it may well be that subglacial deformation is merely reflected 

inn such structures, because clay fabrics are somehow masked (see Van der Meer and 

Hiemstra,, 1998). 

InIn this paper, we therefore propose a more 'holistic' approach, in which it is attempted 

too relate clay fabrics to these - also shear-induced - (re)arrangements of coarser grains. 

Wee set up a compression experiment and selected an artificial, silty clay as test material. 

Wee made sure that the material contained sufficient layer-lattice minerals to make 

possiblee the development of birefringence (required for the identification of clay 

fabrics),, but also that it contained silt- and sand-sized grains, which are necessary for the 

'coarser'' structures to develop. 

Byy taking four thin sections that are assumed to represent subsequent, discrete stages in 

thee compression experiment, we created a 'motion picture' of plastic sediment deformation 

enablingg us to qualitatively analyse the genesis and development of occurring 

microstructures.. Our approach should be considered a typical 'black box approach'. As 

glacialglacial sedimentologists we were - because we have to infer processes from sedimentary 

endd products ('snapshots') - mainly interested in how observed microstructures fit in the 

deformationdeformation process, and not so much in numerical stress-strain characteristics. 
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EXPERIMENTA LL  TECHNIQUE S 

Thee test material is a standard potter's clay (K 122), readily available from a supplier of 
ceramicc materials (Vingerling, Haastrecht). Figure 4.1 shows that around 53 % of the 
grainss in its textural spectrum are finer than 2 um; that 40 % are silts, and that 7 % is 
sand-sized.. It also shows that the coarsest particles are in the order of 500 |jm (medium 
sand).. X-ray diffraction revealed that the clay mineralogy is rather diverse: kaolinite (10-
155 %), chlorite (20-30 %), illit e (20-30 %) as well as vermiculite and smectite 
interstratificationss (combined 25-35 %) occur. Note that the indicated percentages are 
estimatess only (De Leeuw, pers. comm. 2000). 

Initiall  water content of the sediment was reported to be in the order of 26-30 % 
(Richter:: Vingerling Laboratory, pers. comm. 2000). The factory also reports an average 
waterr uptake of around 13 °/o after baking (950-1000° C). Although this piece of 
informationn may seem redundant, it helps to get an idea of the possible changes in 
porosityy in the course of the experiment. 

Withh respect to the to-be-expected behaviour during the experiment it is noted that the 
statee of consolidation of the sediment is such that both contraction and dilation as 
responsess to imposed stresses are possible. Although the sediment was 'pre-modified' in 
thee factory (moulding in a twine-press guarantees a uniform quality of the industrial 
endd product), it is not 'heavily overconsolidated' {personal communication from Both, 
19999 and Richter, 2000, both Vingerling laboratory), which would exclude contractant 
behaviour. . 
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FIGUREE 4.1. Textural distribution of the K122 clay. 
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Fourr identical specimens (cylindrical, 76 mm in length and 50 mm in diameter) were 

prepared.. Three of them were contained in latex sheaths and were actually subjected to 

thee test. The other was merely used for reference. The specimens were cut from a 'loaf 

off  the described clay, right next to each other and with their long axes parallel in order 

too reduce inter-sample variations to a minimum. 

Thee triaxial compression tests were carried out in the laboratory for Engineering 

Geologyy at Delft University (Wykeham-Farrance™ equipment). The test is standard 

proceduree in soil mechanics and in essence very similar to the tests outlined in e.g. Scott 

(1980)) or Maltman (1987a). In our experiment, the pressure cell did not contain a 

confiningg fluid, so that the cell pressure a'3 was effectively zero (a'i > &2= aN = 0). This 

meanss that strictly speaking we should refer to the test as being uniaxial instead of 

triaxial.triaxial. The stress component ö'i coincided with the long axes of the samples. 

Strainn was generated at a low, uniform rate of 1.32 x 10 s , and was not driven beyond 

peakk strength of the material: plastic deformation without eventual failure. Free drainage 

wass allowed, although the water expulsion during the test was probably rather limited. 

Waterr loss as a result of desiccation (during the test) is estimated to be in the order of a 

feww percents at most. 

Ideall  would have been that the test was performed on one single sample, only to 

'interrupt'' it to take a look at the situation up to that point. However, because thin 

sectioningg of soft sediment, i.e. 'taking the look', requires impregnation, we had to work 

withh four different samples (Table 4.1), hereby assuming that they nevertheless represent 

fourr subsequent stages of the same deformation process in the same material. 

TABLEE 4.1. Specimens in the uniaxial compression test 

Specimenn Cumulative time (h) Shortening (mm) Strain (%) 
I.. 0 0.00 0.00 
II.. 50 1.47 1.93 
III .. 89 3.23 4.24 
IV.. 191 6.92 9.08 

Specimenn I represents the initial, 'undeformed' situation of the series. It will be referred 

too as the 'dummy' sample. Specimen II represents the situation after around 2 % strain 

andd specimen III the development after around 4 °/o strain. Specimen IV is the final 

situation,, showing the stage of just over 9 % bulk strain shortening. 

Afterr the test, the four samples were air-dried, impregnated with synolite (an 
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unsaturatedd polyester resin), and left to cure. The cylindrical specimens were cut in half 

(lengthwise)) to obtain the largest possible 'exposure' in the prepared thin sections. For 

detailss of the thin sectioning procedure see Murphy (1986) or Van der Meer (1996). The 

sectionss were analysed using a Leica™ optical transmission microscope (magnifications 

upp to 35 x) and Leica™ camera equipment. 

MICROMORPHOLOGICA LL  OBSERVATION S 

Observationss are presented in a synthesised form in Table 4.2. The terms used in Table 

4.2,, as well as in the subsequent descriptions are presented in the glossary below. 

GlossaryGlossary of Micromorpbological terms (see also Brewer, 1976) 

SkeletonSkeleton is the generic term used to indicate all grains - both mineral and organic - that are 

coarsercoarser than ca. 30 fjm (= the approximate thickness of a thin section). Skeleton grains can be 

observedobserved individually in thin section. 

LineamentLineament is a structure composed of three or more skeleton grains that have their centres aligned. 

IdeallyIdeally the long axes of the grains are coincident with the imaginary line that runs through their 

centres.centres. Note that this structure is probably planar in 3-D. 

MicrofabricMicrofabric refers to orientations of long axes of elongated skeleton grains (compare: plasmic 

fabric). fabric). 

TurbateTurbate is a circular arrangement of skeleton grains (in a 2-D thin section). It consists of 

systematicallysystematically arranged particles that are often positioned around a relatively coarse core grain. 

LongLong axes of the particles exhibit a parallel or a spiralling imbricate organisation with respect to 

thethe surface of the core grain (compare skelsepic plasmic fabric). 

PlasmaPlasma is the generic term covering all sediment material - mineral (amorphous and crystalline) 

asas well as organic - finer than ca. 30 jum. Plasma is complementary to the skeleton fraction. 

IndividualIndividual plasma particles are too small to be discerned in thin section. 

PlasmicPlasmic fabric is defined as the organisation of the plasma in terms of orientations. Where within 

aa certain area plasma particles (read: micaceous clay minerals) are preferentially oriented parallel 
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toto each other (separations), the plasma obtains optical properties that show up as 

extinction/illuminationextinction/illumination patterns (birefringence) under crossedpolarisers on the microscope. 

MasepicMasepic plasmic fabric refers to plasma separations that are mainly oriented in (parallel) zones in 

oneone direction. The striated orientation is elongated parallel to the length of the zones (compare 

unistrialunistrial plasmic fabric). 

SkelsepicSkelsepic plasmic fabric refers to plasma separations with striated orientations that occur 

subcutanicallysubcutanically (and parallel) to surfaces of skeleton grains (compare turbate). 

UnistrialUnistrial plasmic fabric refers to striated plasma separations taking the form of thin, distinct lines 

inin one direction. Orientations are necessarily - because of their thinness -parallel to the length of 

thethe zones (compare masepic plasmic fabric). 

VoidVoid is the generic term for all empty spaces in a thin section. 

CrazeCraze plane is an essentially planar void with a highly complex conformation of the walls due to 

thethe interconnection of numerous short, flat and/or curved planes. 

JointJoint plane is a planar void that traverses the sediment in some fairly regular pattern, such as in 

parallelparallel or sub-parallel sets. 

SkewSkew plane is a planar void that traverses the sediment in an irregular manner, having no 

specificspecific orientation pattern between individuals; walls may be smoothed or slickensided. 

TABLEE 4.2. Micromorphological observations. Note:  = abundant;  = common;  = rare; -
absent;; R = random; C = clustered. 

Specimenn Masepic Unistrial Branch-Merge Distribution Turbates Lineaments 
I..  - - R - -
II ..  - R  -/
III ..  R/C
IV..  R/C

Thee thin section of specimen I, the dummy sample, exhibits a random distribution of 

skeleton.skeleton. Grains are not systematically arranged, though long axes of singular, elongate 

grainss are preferentially aligned in an overall subvertical microfabric (Fig. 4.2). The plasma 
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showss pervasive, well-developed, subvertical birefringence that is subparallel to the 

microfabricc and to the long axes of the samples (Fig. 4.2). The birefringence patterns are 

definedd as masepic plasmic fabrics. 

Aroundd skeleton grains there is a tendency for aberrations in the continuity of the 

masepicc plasmic fabrics (Fig. 4.2). This is both reflected in micro-scale pressure shadows 

andd in skelsepic plasmic fabrics. In pressure shadows birefringence is less developed or absent, 

whereass in the latter case the birefringence seems to be 'reinforced1 in the formation of 

striated,, subcutanic separation patterns around individual skeleton grains. 

Planarr cracks with indented or serrated walls - craze planes - form an irregular dendritic 

patternn in specimen I. The overall crack density is relatively high. The finest cracks are 

upp to a few tens of micrometers wide (Figs. 4.3a and 4.3b). Apparent orientations, as 

measuredd from the 2-D thin sections, are variable. None of the occurring directions is 

preferentiallyy developed. 

FIGUREE 4.2. Detail of specimen I in cross-polarised light (annotated version on the right). Top of 
thethe specimen is to the upper left. The longer side of the image represents 2.4 mm. The 
photomicrographh shows subvertical masepic plasmic fabrics in the form of the lighter zones in 
thee plasma. Their orientations are indicated by the fine-lines-overlay in the annotated image. 
Preferredd microfabrics are indicated by the short black lines. Note that the plasma around most of 
thee skeleton grains is birefringent, but that the fine pebble in the upper left corner has non-
birefringentt plasma around it. 

Thee subvertical microfabrics in specimen II , the sample that experienced the least 

compressionn (see Table 4.1), tend to be weaker than those in the dummy. Grains are 

occasionallyy arranged in turbates with diameters that are typically between 150 and 300 
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umm (Fig. 4.4). The turbates are composed of relatively coarse 'core' grains surrounded by 
haloess of finer grains (Van der Meer, 1993; 1997). 

Althoughh only sparsely occurring, alterations in the spatial distribution of grains are 
alsoo suggested in 'grain lineaments (Fig. 4.5). These are defined as 'trains' of particles. 
Thee centres of the grains, as well as their long axes, are usually neatly aligned. It should 
bee noted that both turbates and lineaments are the 2-D representations of 3-D features. 
Thee cracks in specimen II are, except for very fine, short, isolated examples (width 
aroundd 20 um), restricted to the marginal zones (see Figs. 4.3c and 4.3d). The overall 
crackk density is low. Near top and bottom of the sample, cracks - skew planes and craze 

planesplanes - are mainly running subhorizontal (ranging from 090° to 120° from vertical -
clockwise).. Interconnecting finer cracks are mostly oriented between 040° and 055°. 
Onee steeply inclined planar void (020°) curves around at the upper end to 'connect' 
withh subhorizontal planes. 
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FIGUREE 4.3. (previous page) Crack patterns in the thin sections. The circle diagrams below the 
figuress show orientations of plasmic fabrics (grey lines), cracks (black, dashed lines) and long 
grainn axes (grey ellipsoids). Figure A shows the thin section of specimen I, the dummy sample 
(lengthh of the thin section is around 76 mm). Patterns are irregular and dendritic, which is shown 
inn detail in Fig. B (vertical axis represents 18.0 mm). Figure C shows the thin section of specimen 
II .. Note that the cracks are mainly in the marginal zones of the sample. Figure D shows a detail of 
III  (vertical axis represents 18.0 mm). Figure E shows the thin section of specimen III . Cracks are 
rectilinearr and systematic. Both steeply inclined and subhorizontal planes occur. Figures F and G 
showw respectively a detail (cross-polarised light, vertical axis 18.0 mm) and the entire thin section 
off  specimen IV. Note that the systematic, rectilinear pattern has a higher crack density than in 
specimenn III . Also note that the walls of the cracks are smooth. 

FIGUREE 4.4. Detail of specimen III in plane light (annotated version on the right). The 
horizontall  axis represents 4.0 mm. The image is correctly positioned (the top of the 
specimenn is to the top). It shows a 'clustered' grain distribution, which can in fact be 
consideredd a turbate structure. The circular arrangement of the grains is highlighted on the 
rightt hand side. 
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FIGUREE 4.5. Detail of specimen III in plane light. The horizontal, longer axis represents 
7.55 mm (correctly positioned). An example of a grain lineament, a 'train' of three 
skeletonn grains with their centres aligned (see dashed, black line). Note that the long axes 
off  the grains are parallel to the orientation of the lineament. Also note that the two 
grainss on the left have turbate structures around them: fine sand and silts form a 
circularr pattern with microfabrics subtangential to the outline of the respective core 
grains. . 

Thee locally anisotropic plasma (still) shows the subvertical, masepic fabrics. As in the 

dummy,, the signal is occasionally distorted around coarser skeleton, which subtly 

suggestss differential behaviour of the plasma in the vicinity of grains. However, the 

overalll  uniformity of the signal is no longer apparent: narrow zones of less developed 

birefringencee or even extinction sometimes interrupt the masepic signal (Fig. 4.6). 

Particularlyy in those areas (superimposed) unistrial plasmic fabrics occur, which are, 

unlikee the well-developed examples in Figure 4.7, generally short (  50-100 fJm), 

discontinuouss and closely spaced. It is noted that their conjugate orientations (120° and 

040°)) are compatible with the orientation of planar cracks (see Fig. 4.3c). 

FIGUREE 4.6. Detail of specimen II in cross-polarised light. The vertical, 
longerr axis represents 6.2 mm. The top of specimen is to the upper left. Shaded 
areas,, as indicated by the black, dashed lines are the 'extinction zones' in the 
subvertical,subvertical, bright, masepic signal. 
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FIGUREE 4.7. Detail of specimen III in cross-polarised light. The vertical, longer axis 
representss 7.0 mm (correctly positioned). Distinct, continuous unistrial plasmic 
fabricss as exhibited by the bright signals. Indicated on the right by white, dashed 
lines.. Also note the microfabrics (shorter black or white dashed lines), which are 
generallyy subparallel to the unistrials. 

Duee to some impregnation problems, the thin section of specimen II I could not be 

uniformlyy ground to the required thickness of 30 urn throughout, which restricted the 

samplee area useful for the analyses. Figure 4.3e shows that the left side of the thin 

sectionn is relatively dark, indicating that the sample is too thick. This hinders the 

detectionn of local plasmic fabrics. 

Thee distribution of skeleton is anisotropic. Grains are occasionally clustered and 

lineamentss and turbates with maximum diameters of around 500 jam are common (see 

Figs.. 4.4 and 4.5). Long-axis orientations of grains are mostly associated with such 

structurall  features. In turbates elongate grains tend to describe a circle, whereas in a 

lineamentt elongate grains tend to align in the direction of the particle-train. 

Microfabricss are consequently well developed on a 'feature-scale', but not necessarily 

welll  developed on the 'sample-scale'. 

Crackk density in specimen II I is relatively low. Different from the previous samples, in 

whichh their character was chiefly irregular, the planes here are rectilinear and have 

relativelyy smooth, parallel walls (joint planes, Fig. 4.3e). Patterns they constitute are not 

dendritic,, but more 'systematic' and almost 'rectangular'. Orientations are, in order of 
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dominancee 025°, 140° and 095° (again measured clockwise with respect to the vertical). 

I tt is noted that the identified grain lineaments are generally parallel to the 025° or to 

thee 095° orientations. 

Plasmaa is vaguely anisotropic. The subvertical masepic signal is less uniform than in the 

previouss sample. Unistrial plasmic fabrics are well developed. Closely spaced, 

individuallyy up to several millimetres long and around 40 pm in width, they are 

orientedd consistently in two conjugate directions (Fig. 4.8), of which the one that is best 

developedd matches the joint plane orientation at around 140°. 

FIGUREE 4.8. Detail of specimen III in cross-polarised light. The 
horizontal,, longer axis of the image represents 6.7 mm (correctly 
positioned).. The image shows subtle, conjugate, crosscutting sets of 
unistriall  plasmic fabrics that are indicated by the white, dashed 
liness in the lower, annotated picture. Note that the sets running 
fromm the upper left to lower right are better developed. 
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Specimenn III shows that skeleton grains may influence the propagation of the unistrial 

signals,, analogous to the 'circum-grain' aberrations in the masepic signal (see Fig. 4.2). 

Thee birefringent lines seem to split upon grains, to bifurcate, and to come together in 

thee lee, at the opposite side of the grain. We propose to name this phenomenon 

'branching'branching and merging (Fig. 4.9). 

Thee skeleton distribution in specimen IV shows occasional clustering, which may be 

associatedd with the anisotropic nature of the plasma that was also observed: clusters of 

microscopicallyy discernible grain sizes (skeleton), as well as local silt concentrations 

(grainyy appearance of the plasma) and clay agglomerations occur in close relation. 

Turbatee structures, commonly between 200 and 400 nm in diameter, are abundant. 

Lineamentss are common and parallel to cracks and/or unistrial plasmic fabrics (Fig. 

4.10). . 

Crackss form a regular and consistent pattern (Fig. 4.3f). The crack density is high. The 

characterr of the cracks is similar to that in the previous sample: walls are parallel and 

relativelyy smooth (Fig 4.3g). Even the finest cracks are mostly rectilinear. Orientations 

rangee between 125° and 150° and between 055° and 070°. A third set of orientations is 

approximatelyy vertical. 

Thee masepic plasmic fabric is (still) present and (still) moderately to well developed. 

However,, the 'deterioration' in the spatial homogeneity of the signal, seemingly 

initiatedd in specimen II at the start of the experiment, 'culminates' in this specimen IV: 

patchess of'underdeveloped' masepic plasmic fabrics are quite extensive. 

Widthss of the well-developed unistrial are of the same order as in specimen III , though 

short,, but thicker zones of unidirectional birefringence do also occur (Fig. 4.11). The 

mostt important differences with respect to the previous samples are the continuity and 

distinctnesss of the unistrial. Orientations are invariably around 125°, just like the 

dominantt direction of the planar cracks. Branching-and-merging events are common to 

abundantt (see Fig. 4.9). 
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FIGUREE 4.9. Detail of specimen III in cross-polarised light. The horizontal, 
longerr axis represents 4.9 mm. The image shows an example of 'branching-and-
merging'' behaviour of unistrials. Unistrials, indicated by the white, dashed lines 
aree 'deflected' by skeleton grains - some are indicated by the black, dashed circles 
-- to form anastomosing patterns. 
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FIGUREE 4.10. Detail of specimen IV in cross-polarised light (with gypsum wedge 
superposition).. The horizontal, longer axis of the image represents 9.5 mm 
(correctlyy positioned). Continuous, unistrial plasmic fabrics (white dashed lines) 
aree subparallel to the planar crack (black dashed outlines). The planar features are 
closelyy related to circular grain arrangement, which are indicated by the white, 
dashedd circles. 
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FIGUREE 4.11. Detail of specimen II I  in cross-polarised light. The vertical, 
longerr axis of the photomicrograph represents 4.5 mm (correctly positioned). 
Developmentt of parallel shear bands (white, dashed lines) from a bundle of 
individuall  unistrials. Note that coarser grains in the vicinity of the shears 
developp turbate structures (white dashed circles) and that within the upper 
shearr grains are arranged in a short lineament (black short lines indicate long 
axiss orientations). 

DISCUSSION N 

Inn this section we relate the observed microstructures to increasing strain. After a brief 

discussionn of the theoretically forecasted behaviour of the sediment, the suggested 'trends' 

inn the thin sections (see Table 4.2) wil l be analysed and evaluated. The assertions are 

continuouslyy tested against the reference situation, which is represented by the dummy 

sample. . 

DeformationalDeformational Behaviour in Theory 

Thee standard Mohr-Coulomb model (e.g. Scott, 1980) can approximate the behaviour of 

thee clay during triaxial or uniaxial compression. It describes how sediments that are 

subjectedd to simple shear, deform: 

Initiall yy the response of an isotropic sediment can be described as elastic, but with 
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increasingg stress, the sediment is said to yield, which means that it starts to deform 

plastically.plastically. The shear strength of the sediment consequently increases, a process that is 

knownn as strain hardening. A critical situation, described in the equation below, is 

reachedd once the sediment is no longer capable of accommodating the induced amount 

off  strain. This results in eventual failure of the sediment along (a) discrete plane(s) at (a) 

theoreticall  angle(s) of 7t/4 - (p/2 to the vertical. 

(Tii  —(73 1 fC7i + CT3 
sin#>-ccos#>> = 0 (4.i) 

J J 

wheree c\ = highest principal stress component, the vertical pressure; a'3 = lowest principal stress 
component,, the cell pressure; c = cohesion and (p = angle of internal friction. 

Thee model implicitly suggests that also the 'accommodation of strain' that occurs prior 

toto failure is 'pre-determined' by cohesion and internal friction. Small-scale planar shear 

displacementss generated during plastic deformation of the material are theoretically 

restrictedd to the aforementioned theoretical angles as well. In a 2-D representation of a 

givenn isotropic material (read: in a thin section) these potential slip planes constitute a 

regularr network of small-scale lozenges. In case of eventual failure, one discrete plane is 

'selected'' out of this network. 

Onee should bear in mind that in practice the Mohr-Coulomb model does not always 

hold.. The geometry of shear planes in a sediment might be very complex as a result of 

concurrentt volumetric changes (Vermijt, 1983), or simply because the sediment is not 

isotropic.. It seems therefore realistic - instead of assuming regularly spaced, singular 

featuress - to talk of a shear zone, which contains a great number of such - either or not 

interconnectedd - shear planes. It should also be noted that with increasing effective 

pressures,, shear planes might develop at angles that differ considerably from the 

theoreticallyy predicted values: the complexity of the geometry for example is influenced 

byy factors like the water content, while the primary fabric of clay minerals plays a role 

inn how and at what angle they are initiated (see Arch et al.t 1988). 
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DeformationalDeformational Behaviour as inferred from the Thin Section Series... 

Thee paradoxical situation arises that in the dummy sample (zero strain reference, 

specimenn I), the material already shows features that should be attributed to soft 

sedimentt deformation: the industrial 'pre-modification' of the sediment (the twine press 

procedure),, which was reported in the 'Experimental techniques' section, obviously 

resultedd in a preferred primary fabric. The vertical, masepic plasmic fabrics (Table 4.2) 

aree 'processing artefacts', which will be referred to as 'pre-existingfabrics' from now on. 

Thee 'pre-modification' did apparently not affect the arrangement of the skeleton much. 

Onlyy preferred alignments of silt and sand grains (the vertical microfabrics) may be 

associatedd with the operation: some of the grains have apparently been manoeuvred in 

suchh position (see discussion on rotational movements below). 

Beforee turning to the discussion of microstructures in specimens II, III and IV (Table 

4.2),, it is important to first explain how the presence of skeleton grains may influence the 

developmentt of clay orientations in a shearing sediment. Although many of the 

commonlyy observed plasmic fabrics in the vicinity of grains should also be classified as 

artefactss because they are closely related to aforementioned plasmic fabrics and 

microfabrics,, discussing them here helps to put the 'circum-grain clay fabrics' that are 

not,not, into a broader perspective. 

Iff  in the development of a shear plane (reflected in unidirectional birefringence) a 

coarserr grain is 'come across', clay platelets directly adjacent to this grain are subject to 

localisedd stresses, which lead to aberrations in the unidirectional signal. In the example 

depictedd in Figure 4.12a, shear is 'advancing' from left to right, which means that on the 

rightt hand side of the grain a zone is created in which a pressure shadow may develop. 

Birefringencee on lee sides of grains is significantly less developed than in the shear 

planee itself. 

Onn the opposite side (left) the relatively inert grain interferes with the planar clay fabric 

inn that the advancing shear 'forces' the more 'perceptive' clay platelets against the grain. 

Thesee platelets consequently take positions parallel to the surface outline of the grain. 

Onn the stoss side, pressure is relatively higher, which results in a relatively stronger 

birefringencee characteristic. 

Figuree 4.12b shows the development of a halo of skelsepic plasmic fabrics in the case 

wheree a(n elongate) grain is forced to rotate under the influence of shear-generated 

torquess (see below). Due to a 'sweeping' movement of the grain, clay particles in its 

directt vicinity are being reoriented, which results in a zone with a 'circular' plasmic 
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fabricc all around the grain (2-D). If visible, the planar shear that is responsible for the 
torques,, and that consequently runs 'through' or along the rotating grains may -
dependentt on the efficacy of the reorientation process, i.e. dependent on whether the 
clayy particles take parallel or imbricate positions, amplify the unidirectional 
birefringencee signal along the (opposing) side(s) of the grain. 

Onee should keep in mind that only skelsepic zones that are relatively thick, either 
circularr or elliptical in outline, and roughly symmetrical with respect to its axis of 
rotation,, may be associated with rotational movements of grains. The more common 
thinthin type of skelsepic plasmic fabrics that 'follows' all irregularities in the outline of the 
grainn precisely should be ascribed to an isotropic, non-deviatoric stress field in which 
clayy platelets are compressed against the surface of the grain (differential compaction). 
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FIGUREE 4.12. (previous page) Cartoon outlining skeleton-related plasmic fabric developments. A. 
Thee situation of an immobile, i.e. non-rotating grain in deviatoric stress field. Individual clay 
particless are forced against the surface of the relatively inert grain on the stoss side, whereas on the 
leee side the clay is poorly, or not oriented. Note that the dashes represent reoriented clay domains. 
B.. The elongate grain is forced to rotate in the deviatoric stress field. The zone around the grain 
thatt is affected by its rotating movement shows surface-parallel or imbricate patterns in the clay. 

Tablee 4.2 shows that in the course of the experiment the pre-existing fabric gradually 

losess the pronounced, 'all-embracing' nature. Were 'discontinuities' in the masepic 

signall  in the early stages of the experiment (specimen II ) still restricted to small, narrow 

zoness of lower intensity (Fig. 4.6), in specimen IV the decline of the masepic signal is 

actuallyy quite apparent: zones where it is relatively less developed, are much more 

extensivee than in II , and also more extensive than in III . 

Thee explanation we propose is twofold. First: we identified an inverse relationship 

betweenn the strength of the masepic signal and the degree of development of the 

unistriall  plasmic fabrics (see Table 4.2). It seems that the unistrials are most pronounced 

inn zones where the masepic signal is relatively weak, which led us to believe that during 

thee test new clay orientations are developed at the cost of the pre-existing plasmic 

fabrics.. Unistrial plasmic fabrics witness that in thin, discrete zones these pre-existing 

fabricss were 'replaced' by new birefringence models, and that between the unistrials 

'fabricc conversion' erased pre-existing birefringence without causing a new preferred 

orientationn of the clays. 

Thee second part of the explanation concerns changes in the plasma distribution that 

takee place. We envisage a process - less obvious than the previous - where as a result of 

locall  micro-scale volumetric changes during the shearing of the 'slightly consolidated' 

sedimentt fines are preferentially transported to zones of newly created space (dilated 

areas).. Although actual displacements of particles are probably very limited, the 

recurrencee of such a process during the experiment would account for the observed silt 

concentrationss and clayey agglomerations. It seems reasonable to assume that in the 

rearrangementt of the sediment pre-existing orientations of clay minerals were affected: 

transportt of particles within a certain zone inevitably leads to some deformation, i.e. to 

fabricc conversion. 

Thee observed unistrials are likely to reflect the theoretically forecasted network of slip 

planes.. The series of samples show a gradual development in terms of appearance, 

continuityy and strength (Table 4.2). The apparent orientations are largely compatible 
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withh predicted values. 

Onlyy in specimen II were conjugate sets observed. This may be explained by assuming that 

inn the early stages of the experiment, strain is accommodated by the cumulative effect of 

shortt (? in the order of a few microns at the time) displacements along slip planes in 

crosscuttingg directions (the predicted network of small-scale lozenges). At this stage, 

evenn parts of the pre-existing fabric may be used for this purpose (see Arch et al., 1988). 

Withh progressive deformation, one of the two directions in the network is then selected 

forr further development, a development that resembles the behaviour of metamorphic 

rockss in the process of dissipating shearing energy (Ramsay, 1980). 

Thee unistrial plasmic fabrics are similar in appearance to "crenulations" and "creases" 

(Maltman,, 1977). Both the dimensions and the character are comparable. The tendency 

off  individual crenulations to die out, and to being replaced by others of differing 

wavelengthss (Maltman, 1977), is similar to what we defined as branching-and-merging 

behaviourr of unistrials. However, where Maltman considers the thus defined lenticular 

zoness an inherent, steady-state-like characteristic of this type of microstructure, we argue 

thatt the branching-and-merging behaviour is actually intensified and more common in 

thee later stages of deformation, i.e. that it may be related to increasing strain (Table 4.2). 

Thee chiefly discontinuous unistrials of specimen II were observed to grow and to 

partiallyy interlink into anastomosing patterns in specimens III and IV (Fig. 4.9). 

Apparently,, closely spaced unistrials developing in relatively homogeneous material 

havee the ability to coalesce. 

Coarserr skeleton present in the matrix accounts for the opposite effect. When a growing 

unistriall  encounters a silt or sand grain, it is either deflected, or it splits upon the grain 

surfacee to continue as two separate branches. These branches are obviously so close that 

uponn further development, they are prone to grow together again, thus defining a lens-

shapedd area of undisturbed plasma. Likewise, other 'irregularities' in the sediment, e.g. 

plasmaa anisotropy or pre-existing fabrics, may be responsible for identical geometries. 

Ann example scenario for the development of the signals is depicted in Figure 4.13. 

Distinctt shear bands only develop when the sediment approaches peak strength, just 

beforebefore failure (see e.g. Maltman, 1987b). It was shown in the thin sections that specific 

pathss in the sediment are selected for shear displacements. Such paths, which consist of 

bundless of unistrials, may in the later stages of the experiment grow together 

(branching-and-merging:: see above) to eventually form the birefringent shear bands. In 

thesee bands, all material seems to be reoriented, without loss of cohesion. The formation of 

thee bands can be regarded an intermediate stage towards a 'fully developed' ductile shear 

zonee (see cf. Morgenstern and Tchalenko, 1967; Maltman, 1977; 1988). 
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FIGUREE 4.13. Cartoon showing the development of 
branching-and-mergingg characteristics in unistrial plasmic 
fabrics.. Short, discontinuous unistrials (A) grow together 
too form continuous features in situation B. Where they 
'meet'' skeleton grains, they are forced to split or bifurcate. 
Inn the lee side of the grain that was encountered, the 
unistrialss may grow together again. 

Onn a micro-scale unistrials can be regarded as manifestations of brittle deformational 

behaviour.. This helps to understand how cracks become increasingly 'systematic' in the 

coursee of the experiment. Because the development of unistrials involves plasma 

separations,separations, with the birefringence plana of weakness are being created in the sediment. 

Althoughh most cracks probably form due to desiccation (the drying of the samples), 

theyy seem to preferentially orient in directions that coincide with the systematic 

directionss of the unistrials. The observed alignment of planar voids parallel to plasmic 

fabricc patterns ('rectangular' configurations) strongly suggests that the voids form at just 

thesee planes of plasma separation. They may thus well represent the 'c-segments' 

developingg in clays as they were discussed by Wil l and Wilson (1989). 
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Thee micromorphological observations show that not just clay-sized material, but also 

coarserr particles might be subject to reorientations and displacements during 

deformation.. Evidence of the effects of mobilisation of silt and sand grains is exhibited 

inn the occurrence of turbates and grain lineaments. 

Figuree 4.12b showed how skelsepic plasmic fabrics might be generated through the 

rotationn of individual particles. Extrapolating this model, it is a small step to 

appreciatingg that rotating coarser grains are also capable of aligning some of the finer 

skeletonn grains in their direct vicinities (Fig. 4.14; see also Figs. 4.4 and 4.5). Whereas 

Vann der Meer (1993) noted that the diameters of turbates (in tills) are usually in the 

orderr of a few millimetres, we merely observed small-scale examples in our fine-textured 

testt sediment (diameters between 150 and 500 urn). Even so, we noticed an increasing 

numberr of turbates with increasing strain (Table 4.2). This suggests that (aside from in 

planarr displacements) strain is progressively taken up in rotational movements. 

FIGUREE 4.14. Cartoon showing the relation between unidirectional 
plasmicc fabrics, skelsepic plasmic fabrics and turbate grain 
arrangements.. With the development of a planar shear feature, clay 
particless reorient to form unidirectional plasmic fabrics. The coarse 
skeletonn grain in the centre of the image starts to rotate as a result of 
thee displacements along the shear, which leads in turn to the formation 
off  skelsepic plasmic fabrics and circular grain arrangements. 
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Itt is suggested that planar and rotational movements in deforming media are 

proportionallyy related: the more displacement along unidirectional features, the better 

developed,, and the more abundant the circular features. A scenario for their concurrent 

developmentt is depicted in Figure 4.14. The cartoon shows that as a result of torques 

acrosss the grain diameter (inflicted by differential movements along discrete shears), 

skeletonn grains are forced to alter their positions. 

Anotherr expression of the mobility of skeleton grains is the occurrence of grain 

lineaments.. Figure 4.15 depicts a scenario for the development of'grain-trains' (Fig. 4.5; 

seee also Figs. 8 and 9 in Dewhurst et al. 1996). It is argued that both planar and 

rotationall  movements are involved in their production. As the abundance and the 

lengthh of the features do not seem to change significantly in the course of the 

experimentt (see Table 4.2), their development cannot directly be related to increasing 

strain.. For the lineaments to form, an initial situation is required where participating 

grainss are already approximately 'in line', i.e. in the direction of expected shear 

displacementss (Fig. 4.15a). In fact the generation of lineaments is thus much more 

'coincidental'' than the generation of turbates, which only involves one candidate grain 

inn the vicinity of a shear. With the application of stress (Figs. 4.15a and 4.15b), 

unistrialss are formed, which as it were 'connect' the grains. Displacement eventuating 

alongg these unistrials 'accounts' for the preferred long axis orientations by means of 

individuall  rotations. With progressive displacement and propagation of the unistrials, 

thee orientation of all particles, including the clay minerals, will be enhanced as a result 

off  stretching in the direction of shear (extension). At the same time, the sediment will 

shortenn in the direction perpendicular to the plane of shearing (Figs. 4.15b and 4.15c). 

Thiss effect forces the centres of the grains to align, which completes the formation of 

thee lineament. It should be kept in mind that the lineaments are likely to reflect a 3-D 

structure,, and that absolute movements of the individual grains are minimal. Note also 

thatt these are not the grainbridges as conceived by Hooke and Iverson (1995). 
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FIGUREE 4.15. Cartoon showing a scenario for the development of 
grainn lineaments (in combination with unidirectional plasmic 
fabrics).. The dashed line in situation A represents the plane along 
whichh shear-generated displacement occurs. (Elongate) grains at, or in 
thee direct vicinity of the plane tend to alter their positions in 
rotationall  movements when they are initially not aligned parallel to 
thiss shear plane. Concurrent with the rotations, the grains experience 
aa force that moves them closer to the plane (see 'strain boxes' in the 
rightt margin of Figs. A and B: in the direction of shear the sediment 
iss stretched, whereas in the direction normal to this, the sediment 
experiencess contraction or shortening). Situation C shows the 
resultantt grain arrangement, the lineament. 
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CONCLUSION S S 

Wee have shown that the response of sediment to imposed shear stresses during uniaxial 

compressionn is reflected in both plasma and skeleton arrangements. Adaptations herein 

involvee linear (or planar) displacements as well as rotations, internal movements that 

furthermoree seem to be closely related (see Fig. 4.16). 

IIP P 

Ok Ok 

A A 

CD D B B 
/ / 

FIGUREE 4.16. Cartoons synthesising the development of observed microstructures. Situation A 
representss the structures in the dummy sample: the dotted lines indicate the pervasive subvertical 
masepicc plasmic fabrics; the long-axis orientation of the grains is preferentially subvertical as well. 
Orientationss of the plasmic fabrics and microfabric are schematically displayed below the 
cartoon(s).. Figures B and C represent situations where shear planes have developed superimposed 
onn the masepic signal. In Figure B one single plane accounts for the reorientation of clays within 
thee narrow shear zone: the masepic plasmic fabric is 'converted' into unistrial plasmic fabrics. The 
dashedd circles around the grains indicate that skeleton within the zone is subject to rotational 
movementss (formation of turbates). In Figure C a second conjugate direction of unistrials 
crosscutss the extended first set. Dependent on which of the sets takes up most strain, the cross-
sectionn area will have the character of the first or the second. Note the lineament in the lower 
rightt quadrant. 
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Wee envisage a time-progressive type of strain that starts with the formation of slip 
planes,, reflected in (conjugate) sets of unistrial plasmic fabrics. Initially, these are short, 
largelyy discontinuous and isolated, but with ongoing shear, the unistrials start to 
developp branching-and-merging behaviour, which accounts for anastomosing 
configurations. . 

Becausee actual displacements become progressively larger with increasing strain, grains 
andd other coherent sediment constituents in areas directly adjacent to (and in between) 
thee displacement planes experience torques that force them to rotate. Evidence of this 
processs was found in the turbate structures and in skelsepic plasmic fabrics. 
Grainn lineaments are regarded exemplary for the suggested relation between planar and 
rotationall  movements within the deforming sediment. These features also suggest that 
skeletonn grains are actually 'mobile' with respect to the matrix in which they are 
containedd even at the low bulk strain accomplished in the experiment. 

Finally,, reverting to the rationale for this paper (which was to better understand the 

developmentt of micro-features that are commonly recognised in fossil glacigenic 

sediments),, we can conclude that rotational movements might be a very important 

phenomenonn in simple shearing of sediments. This conclusion supports the postulation 

byy Van der Meer (1997), which stated that in some cases of subglacial deformation 

turbatess account for the bulk of strain in the sediment. The combination of turbates with 

shearr planes seems to be an important indication of plastic simple shear deformation as 

opposedd to (viscous) flow, which may be a lead to for example the distinction between 

subglaciall  deformation and deformation caused by subaqueous mass movements. 
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5.. QUATERNARY SEDIMENTS OF MARGUERIT E BAY, 
ANTARCTI CC PENINSULA, FROM A MICROSCOPIC POINT 
OFF VIEW - THE DISTINCTIO N BETWEEN DIAMICT S IN 
THEE GLACIGENI C SEDIMENTAR Y RECORD 

Abstractt  - Micromorphological analyses were carried out on a selection of thin-sectioned 
intervalss of Deep Freeze 1985 cores from Marguerite Bay, Antarctic Peninsula, to provide 
moree reliable interpretations with respect to the local Quaternary glacial history. Results show 
thatt both pristine glacimarine and deformed glacimarine deposits are preserved in the 
sedimentaryy record. Deformation was determined to be either the result of gravity-driven 
movementss of sediment, subglacial shearing, or coring imperfections. Subglacially deformed 
sedimentss were found in the southwest part of the bay, which indicates the former presence 
off  a grounded ice sheet, at least in this region of the Marguerite Bay continental shelf. 

InIn review with Arctic, Antarctic and Alpine Research. 

INTRODUCTIO N N 

Sincee Mercer (1978) postulated that the deterioration of ice shelves in the Antarctic 

mightt be related to a COrinduced atmospheric warming, glaciological research focused 

onn monitoring the ongoing disintegration of floating ice around the Antarctic 

Peninsula.. Mercer's 'prophecy' that the loss of ice shelves might eventually affect the 

stabilityy of the West Antarctic Ice Sheet focussed interest on this problem over the last 

twoo decades. 

MargueriteMarguerite Bay plays a key role in investigations of growth and decay of ice shelves as it 

iss situated at the transition between the temperate/sub-polar glacial regime of the 

northernn Antarctic Peninsula and the true polar regimes of the southern Peninsula and 

Westt Antarctica (Fig. 5.1). With a Mean Annual Air Temperature between -5e C and -8e 

C,, the area is right at the present-day ice shelf limi t (Scambos and Vaughan, 1999). 

Therefore,, local glacier dynamics may be regarded as being extremely sensitive to 

climaticc fluctuations (cf. Doake, 1982; Doake and Vaughan, 1991). Marguerite Bay 

currentlyy contains two ice shelves: the George VI Ice Shelf, which occupies the trench 

separatingg Alexander Island from Palmer Land, and the Wordie Ice Shelf, which drains 

severall  Palmer Land glaciers. 
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FIGUREE 5.1. Map of the Marguerite Bay area with core locations (after 
Kennedyy and Anderson, 1989); DF 1985 station numbers. 

Too predict future developments of the ice sheet it is useful to consider former glacier 

dynamicsdynamics in the area as well. Forecasts tend to become more accurate with the 

implementationn of 'historical information' simply because long-term records provide 

betterr insight in the behaviour of the ice sheet in time. Two relevant studies that 

addressedd the Quaternary glacial history of the area are those of Clapperton and Sugden 

(1982)) and Kennedy and Anderson (1989). Clapperton and Sugden proposed a 

reconstructionn of Late Quaternary glacier fluctuations in George VI Sound on basis of 

onshoree geomorphological and sedimentological data, whereas Kennedy and Anderson 
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(1989)) analysed seismic profiles and short sediment-cores from the Marguerite Bay 
continentall  shelf and arrived at a reconstruction of the glacial history for the bay. 
Becausee reconstructions from sedimentological and geomorphological 'end products' 
necessarilyy involve assumptions regarding processes that have taken place in the past, 
theree will always be questions in terms of the validity of such reconstructions. One of 
thee most persistent problems that emerge when analysing a glacigenic record from 
sediment-cores,, is that of the possible ambiguity in interpretation of diatnicts. Several 
studiess have shown that glacimarine diamicts deposited close to an Antarctic grounding 
linee macroscopically may be indistinguishable from basal till s and, furthermore, that 
distinguishingg gravity-driven deformation from subglacial deformation in diamicts may 
nott always be straightforward (e.g., Kurtz and Anderson, 1979; Anderson et aL, 1980; 
Lichtt et al, 1999). Kennedy and Anderson (1989) also encountered such problems in 
theirr analyses of the cores from Marguerite Bay. 

Thiss ambiguity in the interpretation of diamicts in the Marguerite Bay sedimentary 
recordd is the main reason for carrying out the present study. Eight representative thin 
sectionss of Deep Freeze 1985 cores - the same that were investigated by Kennedy and 
Andersonn (1989) - were analysed micromorphologtcally to provide more conclusive evidence 

regardingg the origin of the glacigenic sediments. Micromorphology was applied because 
earlierr publications had shown that the technique has the potential of delivering 
essential,, independent information where conventional techniques are inconclusive (e.g., 
Carr,, 1999; Hiemstra, 1999; Hiemstra and Van der Meer, 1997; Kluiving et al, 1999; 
Menzies,, 1998; Menzies and Maltman, 1992; Van der Meer, 1987; 1993; 1997; Van der 
Meerr and Hiemstra, 1998). 

PREVIOUSS QUATERNAR Y GLACIA L STUDIES IN THE GREATER 
MARGUERIT EE BAY AREA 

Thee reconstruction of glacier movements in Marguerite Bay by Clapperton and Sugden 

(1982)) was based on interpretations of data from Alexander Island (Fig. 5.1). A diamict 

onn the southernmost part of the island was interpreted as a til l derived from Palmer 

Land.. Shell fragments occurring in this diamict led Clapperton and Sugden to infer that 

Georgee VI Sound must have been ice-free prior to an occupation by grounded ice. They 

suggestedd that 'Palmer Land ice', while flowing across the sound, must have 

incorporatedd shells in its basal debris, which was subsequently deposited on the island. 

Thoughh dating of the shell fragments proved to be difficult, the glacial expansion was 
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assumedd to correspond to the LGM. 
'Icee shelf moraines' (Clapperton and Sugden, 1982) in the central shore-region of 

Alexanderr Island account for the idea that the stage of grounded ice was followed by an 

icee shelf period, cautiously dated at 12-10 ka BP (Clapperton and Sugden, 1982). This 

icee shelf was probably not the same as the current because shell fragments from a 

youngeryounger ice shelf moraine were dated at 6.5 ka BP. George VI Sound must consequently 

havee been ice free approximately 6500 years ago (Sugden and Clapperton, 1981; 

Clappertonn and Sugden, 1982). 

Kennedyy and Anderson (1989) focussed on the Marguerite Bay area itself (Fig. 5.1). 

Theirr reconstruction starts with 'circumstantial' evidence for grounded ice in the bay. 

Theyy argued that the general lack of sediment cover over acoustic basement in seismic 

profiless represents a major erosional event. They propose a temperate ice sheet that 

removedd most previously deposited sediments and that deposited these re-mobilised 

sedimentss beyond the shelf break. 

Thinn remnants of these sediments were sampled from the continental shelf during the 

Deepp Freeze 1985 cruise. Diamictic sediments in three of the cores recovered from the 

south-westernn region of Marguerite Bay (DF 85-115, 116, 118) would according to 

Kennedyy and Anderson (1989) qualify as basal tills, which seems to directly support 

theirr grounded ice idea. Constituents in these diamicts point to a 'derivation' from 

lithologiess occurring in the north of Alexander Island. 

Kennedyy and Anderson interpreted sediments directly overlying the 'basal tills' as being 

transitionaltransitional glacimarine in origin, that is, they envisage deposition proximal to a 

groundingg line (cf. Anderson et al, 1980; Bryan, 1993). Fine-grained terrigenous and 

biogenicc deposits that top the transitional facies were interpreted as distal glacimarine 

facies.. The succession as a whole would represent a retreat from grounded ice to a slowly 

disappearingg ice shelf, to a stage of permanent pack ice and, finally to modern 'seasonal 

icee cover sedimentation' (Kennedy and Anderson, 1989; also see Anderson et al, 1991). 
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FOCUSS ON PREVIOUS STUDIES 

Inn spite of the fact that the results of the studies by Kennedy and Anderson (1989) and 

Clappertonn and Sugden (1982) are largely compatible, I would argue that particularly 

thee interpretations of the Marguerite Bay diamicts require testing using 

micromorphologicall  analysis. 

Kennedyy and Anderson (1989) made use of the diamict classification method in Bryan 

(1993).. In this scheme basal till s are suggested to have random pebble fabrics, rounded 

pebblee shapes, textural and mineralogical homogeneity, and no sorting or stratification. 

Combinedd with specific geotechnical characteristics and the absence of intact marine 

fossils,, these criteria were applied to differentiate between glacimarine and subglacial 

sediments. . 

Noo matter how elaborate this list may seem I would argue that in macroscopic practice 

thee two types are often very similar (also see Licht et al.t 1999). Glacimarine deposition 

inn close proximity to a grounding line may produce diamicts that possess most, if not 

alll  of the discriminating basal-till-characteristics of the Bryan (1993) classification 

scheme.. Perhaps more importantly, sediments that were deposited in a glacimarine 

environmentt may subsequently have been modified by overriding ice (Van der Meer and 

Hiemstra,, 1998; Hiemstra, 1999). Dependent on how and to what degree primary 

sedimentaryy characteristics are retained in this process, the often deformed, overridden 

sedimentss macroscopically may still look like glacimarine deposits, whereas they should 

bee classified as basal till s (cf. Dreimanis, 1988; Van der Meer et al, 1994). 

Kennedyy and Anderson (1989) obviously encountered such problems in Marguerite Bay. 

However,, they made rather 'definitive' inferences regarding the origin of diamicts. 

Evaluatingg their arguments, it appears that because other criteria were not diagnostic, 

thee geotechnical properties of sediments were often the decisive criterion in their 

interpretations.. Kennedy and Anderson followed the principle that due to the weight of 

thee overlying ice mass, basal till s are likely to be 'overconsolidated', which in turn is 

likelyy to be 'reflected' in high cohesive and high compressive strengths (Anderson et ah, 

1980;; Domack, 1982). 

Too indicate that the spread between the multivariate groups (parameterised by both 

cohesivee and compressive strengths) may not be sufficient to guarantee a 'reliable' 

subdivisionn into glacimarine and subglacial sediments, it is noted that the ranges of 

individuall  parameters show absolute overlaps of the order of 50 % (p.268 in Kennedy 

andd Anderson, 1989). Although this overlap is obviously not a good statistical measure 
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off  the discriminative power because values are not normally distributed, 
misclassificationss cannot be ruled out. When taking into account too that basal till s are 
nott necessarily overcompacted (Alley et al, 1989; Kluiving et al, 1999), the actual 
numberr of occasions where glacimarine sediments have wrongly been qualified as basal 
tills,, or vice versa, may be considerable. 

MICROMORPHOLOGICA LL  ANALYSES 

Ass described in the introduction, micromorphological studies may be very useful in 
casess where standard sedimentological techniques do not provide definitive 
interpretationss of sediment genesis. 

Kennedyy and Anderson (1989) postulated that sediments from the east, central and 
southwestt regions of Marguerite Bay have different 'glacial signatures', i.e. that the 
sedimentss represent varying depositional environments. Using their reconstruction as a 
guide,, eight samples of predominantly diamictic composition were selected to represent 
thesee regions (Table 5.1; Fig. 5.1). The lengths of the samples range from 12 to 18 cm 
andd the width of each is about 5 cm (the width of the core). 

Structurall  analyses were carried out using a Leica™ microscope at magnifications up to 
355 times. Terminology used in descriptions of the thin sections follows that proposed 
byy Brewer (1976). In an outline of the technique of micromorphology, Van der Meer 
(1996)) showed that this terminology, which was originally formulated for soils, is also 
applicablee in describing sediment thin sections. 

TABLEE 5.1. List of thin 

Sample e 
C.348 8 
C.349 9 
C.350 0 
C.568 8 
C.569 9 
C.351 1 
C.566 6 
C.567 7 

Core e 
DFF 85-76 
DFF 85-77 
DFF 85-82 
DFF 85-125 
DFF 85-126 
DFF 85-117 
DFF 85-116 
DFF 85-119 

sections s 

Interval l 
52-677 cmbsf 
19-311 cmbsf 
35-477 cmbsf 
70-855 cmbsf 
58-700 cmbsf 
87-1055 cmbsf 
93-1088 cmbsf 
220-2322 cmbsf 

Depth h 
5944 m 
316m m 
2755 m 
5588 m 
8600 m 
5033 m 
6500 m 
7877 m 

Region n 
East t 
East t 
East t 
Central l 
Central l 
Southwest t 
Southwest t 
Southwest t 

Latitud e e 
68e05.4'' S 
68e05.1'S S 
68e14.4'' S 
68B13.9'' S 
68B10.3'' S 
68e29.7'' S 
68e29.0'' S 
68s20.6'' S 

Longitude e 

smissmis w 
67Q52.5'' W 
67930.2'' W 
69e40.7'' W 
69B41.0'W W 
70e12.5'W W 
70e36.0'' W 
70g22.8'' W 
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DESCRIPTION SS OF TH E THI N SECTIONS 

TheThe East region 

Thinn section C.348 covers the contact between laminated silty mud and a fine-grained 

diamictt in core DF 85-76. Distribution of the coarse fraction in the diamict is faintly 

stratified.. Its matrix, including the plasma (particles finer than 30 urn, the thickness of a 

thinn section), is isotropic except for a few subtle indications of drapes over pebbles. A 

seriess of inclined, curvilinear microfaults (Fig. 5.2a) occur at two levels at about 55 

cmbsff  and about 60 cmbsf (centimetres below seafloor). 

Thee silty mud underlying the diamict is irregularly intercalated with distinct, up to 3-

mmm thick, clayey laminae and stringers. The laminae are often graded and fine up as is 

shownn by gradual darkening trends from bottom to top (Fig. 5.2b). Small-scale silty 

lumpss that protrude down into underlying mud provide evidence of loading. 

FIGUREE 5.2. East region sediments, a. Detail of thin section C.348 in plane light. The longer side 
off  the image represents 18.0 mm. Top of the thin section is to the left. The image shows a 
microfaultss dissecting a clayey lamina, which is highlighted by a crack at approximately 60° from 
thee vertical, b. Detail of thin section C.348 in plane light (correctly positioned: top to top). The 
longerr side of the image represents 13.8 mm. It shows a series of laminae fining up from silt to 

103 3 



clayeyy mud. Note the conjugate faults dissecting the laminae, c. Detail of thin section C.350 in 
planee light (correct position). The longer side of the image represents 18.0 mm. The image shows a 
gradational,, subvertical contact between fine silty mud on the left-hand side and diamict on the 
right,right, d. Thin section C.350 in plane light. Top of the thin section is to the left. The longer side of 
thee image represents 11.2 mm. Detail of the fine-grained diamict containing intraclasts of the 
describedd casing-type. Note that fine silt grains in some of the casing are oriented with their long 
axess parallel to the surface of the core grain. 

PlasmicPlasmic fabrics, which have been defined as patterns of preferred orientations in plasma 

ass exhibited in cross-polarised light due to birefringent properties of domains of clay 

mineralss (see Brewer, 1976), are either absent or very poorly developed in thin section 

C.348.. Only one clay-lamina at 66 cmbsf shows moderately to well-developed, 

unidirectionall  birefringence. A dominant, pervasive masepic fabric is parallel, and a 

subordinatee array of discrete, unistrial linings (cf. Brewer, 1976) is subparallel with the 

lamination. . 

Thinn section C. 349 (core DF 85-77) represents a diamict with a broad textural spectrum 

andd scattered pebbles up to 3 cm in size. Grains and clasts coarser than 5 mm are 

arrangedd in two vaguely defined 4-cm-thick strata of relatively high skeleton density 

(particless coarser than 30 |um). The sample is devoid of microstructures, even in the 

plasma,, which is isotropic and of even density throughout. It provides no directional 

informationn in terms of plasmic fabrics, although the clay percentage is as high as 25 % 

(Bryan,, 1992). 

Thinn section C.350 is from a sandy mud with abundant pebbles in core DF 85-82, in 

whichh two outsized, elongate clasts were noticed between 35 and 47 cmbsf (Bryan, 1992). 

Onee of these clasts must have intersected the plane of the thin section. Although the 

pebblee itself was apparently removed during preparation, it left a large, irregular void. 

Fromm a microscopic point of view, this characterisation can be refined. A remarkable 

subverticall  contact (Fig. 5.2c) was observed to separate an unstratified, relatively coarse-

grainedd diamict and a finer-grained, better-sorted sandy mud. The latter has a peculiar 

wedgee shape with a base of about 30 mm wide at 47 cmbsf, and its upper end - at 35 

cmbsff  - pinching out to one side. Plasma is slightly grainy but uniform throughout the 

wholee sample, even across the identified contact. No plasmic fabrics occur but, 

particularlyy in the fine-grained wedge, sharply bounded vesicles, either circular or 

elongate,, are common. 

Intraclastss are common to abundant with generally circular forms. They consist of up 

too 400 (jm thick 'casings', which either encompass one single particle or a cluster of 

particless (Fig. 5.2d). The casings are clayey, compact and have concentric laminae. The 

laminaee are constituted by microfabrics of silt and by plasmic fabrics. Their appearance 
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suggestss a layer-by-layer accumulation. The number of intraclasts and the intraclast-

densityy are higher in the diamict. 

TheThe Central region 

Thee two samples from the central part of Marguerite Bay are very similar. Both are 

diamicts,, macroscopically massive and homogeneous, but microscopically 

heterogeneous.. Thin section C.569 (core DF 85-126) is in fact very heterogeneous: it is 

composedd of poorly defined, muddy intraclasts within a slightly silty matrix (Fig. 5.3a). 

Thee intraclasts are mainly rounded, vaguely bounded and randomly dispersed 

throughoutt the sediment. Thin section C.568 (core DF 85-125) also shows this chaotic 

arrangementt within the plasma but overall it is not as poorly sorted because intraclasts 

aree not as common. 

Bothh samples contain intact microfossils and show local differences in skeleton density. 

Samplee C.569 has local grain concentrations, whereas in C.568 very fine, curvilinear 

desiccationn cracks outline areas that differ texture-wise from the ambient matrix. In 

bothh samples, plasmic fabrics - if present at all - are weakly developed. 

FIGUREE 5.3. Central region sediments, a. Detail of thin section C.569 in plane light. Top of the 
thinn section is to the left. The longer side of the image represents 7.0 mm. The photomicrograph 
showss a 'chaotic' composition of sediment. The lower left quadrant shows some rounded, clayey 
intraclastss within a silty mud matrix. The right half of the picture shows a more homogenised 
matrix,, in which silt and clay 'agglomerations' are visible, b. Detail of thin section C.568 in plane 
lightt (correct position). The longer side of the image represents 13.8 mm. It shows ice rafted grains 
inn a silty mud matrix. Note that the coarsest grain, in the lower center has parabolic 'impact trails' 
thatt indicate that it protruded in the mud from above. The right arm of the parabola is best 
visiblee as a slightly lighter streak in the dark mud. 
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Stratificationn in C.569 is poorly preserved. Apart from one wavy, discontinuous silt 

stringerr at 65 cmbsf there is only the vague stratification in the 3 to 6 mm size fraction 

thatt may be from primary depositional processes. The mud overlying the diamict shows 

' laminae'' of dispersed sand-sized grains; most other grains are isolated. In one case, at 

aboutt 74 cmbsf, a grain shows an oblique trail of 6 mm long (exhibited in the 

arrangementt of silt grains in the matrix), which suggests an intrusion from above (Fig. 

5.3b). . 

TheThe Southwest region 

Thee three sediments from the southwestern part of the bay are all macroscopically 

massivee diamicts. They have been described as sandy muds (muddy sands) containing 

commonn to abundant scattered pebbles (Bryan, 1992). 

Thee unstratified sediment in thin section C.351 (core DF 85-117) shows a broad 

spectrumm of particle sizes without distinctive modes. The plasma has a compact, 

isotropicc but grainy (fine silty) character. Plasmic fabrics are rarely developed, probably 

duee to the low clay percentage (6 °/o, cf Bryan, 1992). Only diffuse, chiefly 

subhorizontall  striae formed by discontinuous plasmic fabrics occur at discrete 

horizons.. A 'suggestion' of a planar structure is visible at about 93 cmbsf. The 

'phantomm feature' is about 4 mm thick and inclined at about 652 from the vertical (Fig. 

5.4a). . 

FIGUREE 5.4. Southwest region sediments, a. Detail of thin section C.351 in plane light (correct 
position).. The longer side of the image represents 18.0 mm. The image shows a narrow, 
subhorizontall  zone in which the fine-grained diamict is relatively grain-poor. It runs 
subhorizontall  from the upper right to the lower left. The planar surfaces of the opposing pebbles 
onn the right 'mark out' the feature. In cross-polarised light this planar zone shows poor to 
moderatelyy developed birefringence, which might be an expression of shear, b. Detail of thin 
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sectionn C.351 in plane light (correct position). The longer side of the image represents 18.0 mm. 
Thee center of the image shows a circular arrangement of grains (a turbate structure). Note that the 
longg axes of the particles forming the circle are mainly subtangential with the circular form. 

AA 2-dimensional microfabric analysis carried out to identify preferential skeleton grain 

alignments,, showed significant intra-sample variations. About half of the measurements 

madee within areas where faint, planar plasmic fabrics and other suggestions of planar 

featuress occur (the lower half), proved to be (sub)horizontally aligned. More random 

orientationss occur through the rest of the sample. Turbates, which are circular 

constellationss of grains with preferred long-axis orientations subtangential with the 

circularr form (cf. Van der Meer, 1993; 1997), occur predominantly in the upper regions 

off  the sample (Fig. 5.4b). 

Thinn section C.566 from core DF 85-116, shows a faintly stratified mud overlying a fine-

grained,, massive diamict. In the mud, the predominantly sand-sized skeleton is 

distributedd in vague, distorted laminae, but isolated grains also occur. The contact 

betweenn the two sediment units is sharp but disturbed: smoothly shaped lobes of 

diamictt protrude up into the mud (Fig. 5.5a). The features resemble reversed loadcasts 

withh occasional necking. 
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FIGUREE 5.5. (a-d previous page) Southwest region sediments, a. Detail of thin section C.566 in 
planee light. Top of the thin section is to the left. The longer side of the image represents 11.2 mm. 
Thee contact between fine-grained diamict and overlying mud is 'contorted'. The symmetrical 
perturbationss resemble reversed loadcasts. b. Detail of thin section C.566 in plane light. Top of 
thee thin section is to the left. The longer side of the image represents 11.2 mm. Textural 
differentiationn within a diagonal, slightly wavy clayey mud feature that runs from upper left to 
lowerr right in the image. Note the preferred long axes orientation of elongated grains within and 
alongg the sides of the feature, c. Detail of thin section C.566. See caption Fig. 5.5b. Now cross-
polarisedd view of the same area to show unidirectional (essentially plane-parallel) plasmic fabrics, 
d.. Detail of thin section C.566 in plane light (correct position). The longer side of the image 
representss 11.2 mm. Turbate structure around the large grain in the center of the image. Circular 
haloo of grains is associated with a clayey, contorted streak directly to the right of it. e. Detail of 
thinn section C.567 in plane light (correct position). The longer side of the image represents 7.0 
mm.. Local anomalies in plasma density and silt content. Note curvilinear (discontinuous) micro-
crackss that 'highlight' and delineate intraclasts and clayey elements in the silty sediment matrix, f. 
Detaill  of thin section C.567 in cross-polarised light. Top of thin section is to the right. The longer 
sidee of the image represents 5.6 mm. A moderately to well developed plasmic fabric is related to 
thee presence of pebbles. 

Grainn density in the diamict is high and the skeleton size distribution has size modes at 

200-5000 um and at about 1 mm. Coarser grains are concentrated in zones, for example 

nearr the bottom of the thin section at 107 cmbsf. Moderately developed masepic 

plasmicc fabrics occur in relatively clay-rich areas in the diamict (Figs. 5.5b and 5.5c). 

Turbatee structures occur directly adjacent to the plasmic fabric features (Fig. 5.5d), 

whereass intraclasts consisting of core grains with casings occur more dispersed. 

Thee upper part of thin section C.567 from core DF 85-119 is moderately sorted and 

showss minor, thin laminations. The lower part is a slightly coarser-grained diamict that 

structurallyy resembles the 'chaotic' diamicts of the central region. The diamict has local 

plasmaa and skeleton concentrations, which are often highlighted by curvilinear 

desiccationn cracks (Fig. 5.5e). Plasmic fabrics in the sample are restricted to areas along 

thee sides of medium pebbles (Fig. 5.5f). 
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INTERPRETATIO NN OF THIN-SECTIONE D SEDIMENT S 

Inn the following discussion microstructure associations are compiled for each thin 

section.. Most associations are representative of certain processes and may be used to 

inferr the origin of the sediments. Microstructures described in the previous section are 

synthesisedd in Table 5.2. 

TABLEE 5.2. Selection of microscopic characteristics of the samples. Key to the 
symbolss used: - = absent;  = rare/poorly developed;  = common/moderately 
developed;;  = abundant/well developed. 

Samplee Plasmic Fabrics Lineaments Turbates Intraclasts 
C.3488 , locally
C.349 9 
C.350 0 
C.5688
C.5699
C.3511
C.5666
C.5677

GlacimarineGlacimarine deposition 

Manyy samples exhibit characteristics of glacimarine sedimentation. One example of a 

proximall  glacimarine diamict is that of thin section C.349 (DF 85-77) from the eastern 

region.. The vague lamination caused by banded concentrations of skeleton grains 

indicatess periodically intensified deposition of coarser sediment, which can be 

interpretedd as a reflection of derivation or rafting from floating ice. The fact that the 

samplee is devoid of any micro-tectonic structures suggests that the sediment was not 

physicallyy altered in any way during or after deposition. Hence, deformation as a result 

off  mass movement or glacial action may be excluded (see also Kluiving et al., 1999). 

Thinn section C.348 from DF 85-76, also from the eastern part of the bay, is the only of 

thee investigated sediments that is distinctly laminated. The sediment consists of a quite 

homogeneous,, silty mud, intercalated with isolated, discontinuous clayey stringers and 

setss of recurrent micro-laminae (Fig. 5.2b). The latter commonly exhibit normal grading. 

Mostt probable source for the silty mud is a meltwater plume that issued its load of fine-
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grainedd sediment in a glacimarine environment, which in turn accounted for the 

identifiedd sorting. 

Syn-sedimentaryy micro-faulting (Fig. 5.2a) and discrete plasmic fabrics in a clay lamina 

nearr the bottom of the sample indicates that this deposit was prone to gravity-driven 

movement.. These features suggest sliding of relatively coherent plugs of glacimarine 

sedimentt along slip planes along which stress was concentrated (cf. Hiemstra et al., in 

prep.). . 

Gravity-drivenGravity-driven deformation 

Diamictss of thin sections C.568 (DF 85-125) and C.569 (DF 85-126) from central 

Margueritee Bay have a chaotic matrix of silty mud with rounded, clayey mud intraclasts 

(Fig.. 5.3a), which suggests that sediments of different composition were mixed. The 

poorr definition of the muddy intraclasts within the ambient silty mass points to a 

water-saturatedd medium, in which originally sharp intraclast-boundaries 'faded'. The 

clustered,, anisotropic distribution of skeleton grains in these diamicts indicates 

rearrangingg of primary sediment constituents (cf. Hiemstra and Rijsdijk, in prep.). 

Thee grain clusters (occasionally turbates) and the rounded clayey mud intraclasts 

(occasionallyy the casing-type intraclasts with their inferred 'layer-by-layer accretionary' 

origin)) are considered proof of internal modification by rotational movements (see Van 

derr Meer, 1997). These features lead to the interpretation that the deposits in C.568 and 

C.5699 are the products of gravity-driven mass movement in a subaqueous, (glaci)marine, 

environment.. Reorientations in the plasma are poor and random, which is to be 

expectedd in gravity-driven flows (see Bertran, 1993; Bertran and Texier, 1999). The two 

sampless only have circular deformation features, which suggests that rotational 

movements,, not planar shear, were prominent during a re-depositional process. Again 

thiss is to be expected in situations of unconfined deformation where the sediment is 

nott impeded by glacial loading and as such is free to 'expand' in all directions (see 

Hiemstra,, 1999). 

Similarr mass movement deposits occur in the eastern region (C.350 - DF 85-82) and in 

thee southwestern region (C.567 - DF 85-119). The diamict in thin section C.350 has 

manyy intraclasts of the casing-type. Their generally smooth, circular outlines, as well as 

thee fringe-like internal arrangement of both clays and silts suggest that rotational 

movementss of grains accounted for'circum-grain' adhesion of fines (Fig. 5.2d). 

Thee disorganized character of the matrix and the occurrence of intraclasts suggest a 

masss movement origin of C.567 (Fig. 5.5e). Plasmic fabrics in the upper part of the 

110 0 



samplee are poorly developed and in the lowermost part of the sample, some very faint, 

discontinuous,, subhorizontal planar features occur among more 'patchy' plasmic fabric 

patterns.. Other than in C.350, C.568 and C.569, these features indicate that during re-

distributionn the sediment was not completely water-saturated and can therefore not have 

beenn deposited from a turbulent slurry flow. A slightly more coherent mass movement 

iss envisaged for C.567, more comparable with the 'intermediate' flow-slide form in 

Bertrann and Texier (1999). The chaotic, patchy plasmic fabrics in the lower half of 

C.5677 are associated with clasts, occurring mostly along the edge of, or between outsized 

pebbless (Fig. 5.5f). 

CoringCoring deformation 

Thiss brings us to the topic of piston core deformation. In C.567 and in C.350, outsized 

clastss accounted for sediment deformation during core barrel penetration. Clasts in the 

lowerr half of C.567 locally reinforced the pure shear forces exerted by the piston, which 

iss reflected in the patchy plasmic fabrics (Fig. 5.5f). The relative inertia of the clasts 

apparentlyy accounted for 'moulding' of adjacent fine sediments during the coring. 

Moree intense coring deformation occurred in C.350. The subvertical separation between 

diamictt and mud is artificial (Fig. 5.2c): it is envisaged that clasts from the diamict 

causedd a partial obstruction of the core cutter. This obstruction would create a low-

pressuree zone within the core barrel, which effectively sucked in the weak, water-

saturatedd finer-grained matrix, whereas more cohesive sediment entered the core in 

relativelyy unaltered diamict 'blocks'. The occurrence of vesicles in the fine-grained unit 

showss the dilated character of the sediment, whereas a subvertical microfabric signal 

alsoo suggests that this unit flowed into the core barrel. 

SubglacialSubglacial deformation 

Twoo of the three samples from the southwest region exhibit associations of 

microstructuress that may be attributed to a grounded glacier. The diamict in sample 

C.5666 (DF 85-116) has several features strongly indicative of either direct subglacial 

depositionn or of post-depositional modification during glacial overriding. Distinctive, 

subhorizontal,, linear features such as unidirectional plasmic fabric signals and 

systematic,, parallel microfabrics each indicate that the sediment was deformed through 

discrete,, parallel shear-displacements, and that the responsible stress regime must have 
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beenn deviatoric (Figs. 5.5b and 5.5c). Although not as widespread as in the mass flow 

deposits,, turbates do occur in the subglacially deformed sediment of C.566. However, 

insteadd of occurring scattered throughout the sediment, the turbates identified in C.566 

occurr mostly near shear planes: the discrete horizontal movements taking place along 

thee planes apparently generated rotational movements that led to circular features (Fig. 

5.5d).. The close relation between planar displacement features and circular, rotational 

featuress is considered evidence of subglacial shearing. 

Thee nature of the contact between the diamict and the overlying mud in C.566 is 

uniquee in that irregular lumps of diamict form upward protuberances into the mud 

(Fig.. 5.5a). The drop-like protuberances cannot be explained in terms of subglacial 

shearingg or by reversed density gradients (e.g., Anketell et al.s 1970). For an explanation 

off  the features it is tempting to assume that the sediment at some point was 'fluidised' 

duringg the coring operation. The contorted stratification in the mud and the flow-like 

appearancee and the 'symmetry' of the contact suggest that this deformation aspect may 

bee artificial. 

AA subglacial imprint is also proposed for thin section C.351 from DF 85-117. Although 

thee low clay percentage is not ideal for the formation of plasmic fabrics, i.e. for the 

identificationn of deformation structures in the diamict, planar features in the lower part 

off  the sample were 'suggested' by faint birefringence signals and subtle textural 

differentiationn (Fig. 5.4a). 

Thesee suggestions were 'confirmed' by microfabrics, because they were found to be 

subparallell  to the suggested structures. The turbates present in the sample only occur in 

itss upper part (Fig. 5.4b), which means that they are not directly associated with the 

planarr signals. For this reason, the inferences regarding C.351 being a subglacial deposit 

aree tentative. 

SYNTHESIS S 

Ass the micromorphological analyses in this study were primarily designed to test 

previouss interpretations of Marguerite Bay diamicts, the outcome of this study will now 

bee compared to the results presented by Kennedy and Anderson (1989). The small 

numberr of thin sections that was analysed in this study would obviously not allow for 

majorr model revisions or inferences regarding bay-wide trends. Nevertheless, assuming 

thatt the thin sections are a representative selection of (diamictic) sediments in 

Margueritee Bay, following essential points - indispensable when it comes to 

reconstructionss - are noted. 

112 2 



Thee conclusion by Kennedy and Anderson (1989) that gravity flows are an important 
partt of the sedimentary record of Marguerite Bay is confirmed, however thin section 
analysess suggest that the number of mass movement deposits may be much higher than 
theyy considered (see Fig. 5.6). Several previously unrecognised mass movement deposits 
weree found. Although the proposed origin as a transitional glacimarine deposit for 
C.5688 from DF 85-125 (Kennedy and Anderson, 1989) may be valid, microscopic 
characteristicss strongly suggest gravity-driven re-distribution as the last process affecting 
thee sediment. The mass flow characteristics of the diamict unit of core DF 85-126 
(C.569)) are even more evident. Again, it is emphasised that the sediment itself may have 
meltedd out from the basal debris zone of an ice shelf near the grounding line, but, 
contraryy to the interpretation of Kennedy and Anderson (1989), the suite of 
microscopicc features unmistakably points to gravity-driven deformation of the 
sediment. . 

_1_ _ 

Adelaidee Island 

AA  A Graham m 
Land d 

Marguerite e 
Bay y 

Wordi e e 
Ice e 
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Palmerr  Land 

Georgee VI  Ice Shelf 
i i 

FIGUREE 5.6. Map of the area (after Kennedy and Anderson, 1989) with 
interpretationss of sediments based on micromorphological observations. Key 
too the symbols: A - basal till ; B - glacimarine sediment;  - mass movement 
deposit. . 
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Thee continental shelf is intensely dissected throughout Marguerite Bay; therefore it is 

nott surprising that apart from the central part (cores DF 85-125 and 126), mass 

movementt deposits also occur in the other regions. Sediments in the east region (C.350; 

coree DF 85-82) and in the southwest region (C.567; core DF 85-119) show indications of 

gravity-generatedd flow-deformation, but it is unclear to what extent these movements 

mayy be related to the proximity of a (dynamic) grounding line. Kennedy and Anderson 

(1989)) suggested that the laminated deposit in C.348 (DF 85-76) represents 

sedimentationn from pulsating subglacial meltwater. On basis of micromorphological 

information,, this can be substantiated. However, this thin section, from the east region, 

alsoo shows evidence of more slide-like movements, which can likewise be related to 

subaqueouss slope processes. 

Thee occurrence of basal till s in the southwest regions of the bay suggested by Kennedy 

andd Anderson (1989) can be substantiated (Fig. 5.6). Microscopic characteristics of the 

diamictt in C.566 (DF 85-116) suggest that it was either directly deposited by a grounded 

glacierr or that it was initially deposited beneath floating ice and subsequently modified 

byy glacial overriding. Kennedy and Anderson (1989) interpreted this sediment as a basal 

til ll  which is confirmed microstructurally. Thin section C.351 (DF 85-117) also shows 

featuress that either individually or in combination indicate subglacial deformation. In a 

similarr way to C.566, this diamict may have been deposited in a glacimarine setting to 

bee overridden subsequently by a grounded glacier. The microscopic evidence within this 

sedimentt is not convincing, particularly when trying to fit observations of individual 

deformationall  features into a model of concurrent processes, but I would nevertheless 

interprett it as a basal till . Kennedy and Anderson (1989) classified this diamict as a 

transitionall  glacimarine sediment. 

CONCLUSION S S 

Althoughh interpretations of individual thin sections may differ from core 

interpretationss by Kennedy and Anderson (1989), results of the micromorphological 

analysess do not contradict a grounded-ice-to-recessional-ice-shelf scenario for Marguerite 

Bayy (Kennedy and Anderson, 1989; Anderson et al.t 1991). Subglacial deformation was 

identifiedd in one, and possibly two samples from the southwest region, which supports 

thee hypothesis that grounded ice (presumably LGM) extended across (this part of) the 
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continentall  shelf. Thin section analyses also showed that the sediments that 

stratigraphicallyy overlie the basal till s are both proximal and more distal glacimarine ice 

shelff  zone deposits, which suggests that the proposed ice shelf may indeed have existed. 

Thee discrepancy in interpretations does thus not involve the distinction between basal 

till ss and glacimarine sediments so much. Rather it concerns the number of mass 

movementt deposits in Marguerite Bay, which has been underestimated. Out of eight 

thinn sections that were studied, five somehow showed features that should be associated 

withh gravity-driven movements of seafloor sediment. 

Thee study also showed that some care is needed regarding recognising piston core 

deformation.. Coring imperfections, which obviously occur quite commonly, are 

theoreticallyy capable of altering the sediment in such a way that the newly obtained 

featuress of coring artefacts might macroscopically be mistaken for primary sedimentary 

characteristicss or natural deformation. 

Thiss paper proved that micromorphology is a very useful technique when it comes to 

distinguishingg subglacial, gravity-driven and artificial deformation in cored diamicts. 

Thinn section analyses establish a greater confidence in the interpretation of the 

glacigenicc sedimentary core records, and can as such be recommended to anyone 

workingg on Antarctic offshore sediments. 
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6.. "TH E WEAK UNDERBELLY OF THE WEST ANTARCTI C 
ICEE SHEET": MICROSCOPIC OBSERVATIONS OF 
SEDIMENTS S 

Abstractt  - The most direct way to study glacigenic sedimentary sequences from the Antarctic 

continentall  shelf involves sediment cores. Inevitably, exposures of the record are 'limited' to 

thee width of cores, which certainly has its repercussions when it comes to reconstructing past 

sedimentaryy environments. In the study of sediments from Pine Island Bay - "the weak 

underbellyy of the West Antarctic ice sheet" - this 'shortcoming' predominantly affected the 

interpretationn of diamicts in the record. Unfortunately information contained in these 

diamictss is exactly the type of information that is required for establishing the former 

presencee of grounded ice in the bay. Furthermore, to investigate a possible former ice shelf in 

thee bay -presumably necessary for a stable configuration of the WAIS - it is essential to 

understandd the diamicts in terms of their origin. 

Inn this study I made an attempt to use the available sedimentary information as efficient as 

possible.. From micromorphological analyses of selected samples from Deep Freeze 1985 

pistonn cores it could be gathered that - probably during the LGM - grounded ice occupied 

thee continental shelf all the way to the shelf edge, and that a substantial ice shelf may indeed 

havee existed in the recent past. 

InIn review with Journal of Quaternary Science. 

INTRODUCTIO NN A N D RATIONAL E 

Thee sector of Marie Byrd Land that includes Pine Island Bay (Fig. 6.1) is currently being 

awardedd a lot of attention by glaciologists and modellers. The bay serves as the drainage 

basinn for Pine Island Glacier and Thwaites Glacier, which are the two biggest ice streams 

drainingg the West Antarctic Ice Sheet (WAIS) between 90° and 160° West (Williams and 

Ferrigno,, 1988). The attention focuses on the present situation of these ice streams not 

dischargingg into an ice shelf. Everywhere else on the continent, whether it is in the Ross 

Seaa area, the Weddell Sea area or the Lambert Glacier area, all major ice streams seem to 

bee buttressed by substantial floating ice bodies. 

Thiss exceptional situation persuaded Lindstrom and Hughes (1984) to infer that this 

partt of the ice sheet is possibly unstable. The idea is that because of the lack of a 

121 1 



support ingg ice shelf, Thwaites and Pine Island glaciers may be in - or may soon enter 

intoo - a surging state. Concerns relate to the basal water layer produced during surging, 

whichh could theoretically uncouple the ice from its bed. 

AMUNDSENN SEA 

OSP P 

DFF 85-93 © 

Burk ee Island 

©© 1>F 85-113 

©© I)F85-I1I 

FIGUREE 6.1. Map of the Pine Island Bay - Amundsen Sea area (after 
Kelloggg and Kellogg, 1987); indicated are core locations, and biotic 
provincess (OSP, EMP, PIBP: Kellogg and Kellogg, 1987). Area outlined 
betweenn 98s and 110Q W and 712 and 75230' S. North to the top. Scale bar 
representss 100 km. 

Ass around 18 % of the WAI S is drained by either one of the two glaciers (Ferrigno et al, 

1993;; Jenkins et al., 1997), it seems advisable to not only consider stability from a local 

perspective.. Suggestions that the entire WAIS is potentially endangered (e.g. Hughes, 

1973;; 1981) seem justifiable from this point of view. In the worst-case scenario, the 

surfacee level of the ice sheet is drawn down due to the surging glaciers. A coincident 
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recessionn of the grounding line would account for the WAIS eventually being converted 
intoo a floating ice sheet. Modellers clearly consider such a collapse an option. A review 
off  circulating models is given in Bentley (1998). 

Glaciologicall  'field' studies are concerned with the question whether Pine Island Glacier 
andd Thwaites Glacier are already surging. With the aid of aerial photographs and 
satellitee imagery, the movements of the glaciers are currently being monitored 
meticulouslyy (Ferrigno et at., 1993; Lucchitta et ah, 1995). Results so far read that the 
glaciers,, notably Thwaites glacier, are in a state of accelerated flow. Though no 
indicationss were found for surging behaviour at present, concerns regarding future 
surgess can, as yet, not be allayed. 

Itt has been suggested that the ice shelf that would account for a stable ice sheet 
configurationn might indeed have existed in the past (e.g. Fastook, 1984). Obviously this 
impliess that it must have disintegrated, possibly in the course of the Holocene. A related 
questionn is whether this ice shelf stage was maybe preceded by a (LGM-) grounded ice 
stagee (Anderson, 1985; Kellogg et ah, 1985). 

AA straightforward way to test such a conjoint hypothesis is by means of sediment 

analyses.. It may therefore be considered remarkable that hitherto relatively littl e has 

beenn done in terms of examining the continental shelf sedimentary record. Granted, the 

availabilityy of cores from the area is limited: there is only a collection of 28 shallow 

pistonn cores recovered during two Deep Freeze cruises. Still, the data that are collected 

seemm largely under-investigated. There are a few publications that address 

sedimentologicall  issues, but, on consideration, only the study by Kellogg and Kellogg 

(1987)) evades the 'preliminary results' status. 

Nott surprisingly, some things remain unclear when it comes to determining the 

depositionall  origin of the recovered sediments. Particularly the discrimination between 

sub-icee shelf and subglacial deposits (see also e.g. Anderson et at., 1980) - which may be 

regardedd crucial in research of this kind - is not well established. This study aims to fill 

thiss niche and to expand the current state of knowledge by applying 

micromorphologicall  techniques to strategically chosen intervals in selected DF85 cores 

fromm the Pine Island Bay/Amundsen Sea (PIB/AS) sector. 
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PREVIOUSS SEDIMENTOLOGICA L WORK IN THE AREA 

Sediments Sediments 

Duringg Deep Freeze 1981 (Anderson and Myers, 1981; Cassidy, 1983), eight short piston 

coress were collected from the outer continental shelf in the Amundsen Sea sector (area 

aroundd 71° S, 110° W). The overcompacted diamicts that were recovered have been 

interpretedd as till s (Kellogg et al., 1982), and thus gave rise to the idea that the outer 

shelff  may have been in contact with an extended glacier or enlarged ice sheet. 

Inn an attempt to investigate whether floating or grounded ice did indeed occupy (large 

partss of) the continental shelf in the course of the Quaternary, a second Deep Freeze 

cruisee to the area was conducted in 1985 (Anderson, 1985; Bryan, 1992). Twenty short 

pistonn cores - locations all within a few hundred kilometres from termini of present-day 

glacierss were added to the collection. 

Threee classes were suggested for the DF85 sediments (Kellogg et al.t 1985; Kellogg and 

Kellogg,, 1987). From troughs (e.g. in Pine Island Bay), or more generally, from the 

deeperr parts of the continental shelf, soft, inorganic silty clays (with sparse coarser 

material)) were recovered. Cores penetrated relatively thick sequences (> 2 m) of these 

essentiallyy fine sediments, which were interpreted as glacially derived rock flour with 

dropstoness (Kellogg and Kellogg, 1987). The origin of this first type of sediment is not 

contradictedd by the findings of Anderson and co-workers (1999). In the latest traceable 

publicationn on sediments of the area, Anderson and co-workers reported that they 

foundd no evidence of deforming substrate in the trough in Pine Island Bay. 

Inn DF85 cores from shallower portions of the shelf, two other sediments were 

encountered:: a widely disseminated diamict, and a compact, diatomaceous deposit, the 

commonn presence of which was attributed to regular glacimarine sedimentation 

(Kelloggg et al, 1985). Kellogg and co-workers only mentioned in their paper - a summary 

off  preliminary DF85 results - that no unequivocal basal till s were recovered, suggesting 

thatt the interpretation of the diamict should be regarded inconclusive. Two years later, 

afterr more detailed analyses, Kellogg and Kellogg (1987) illustrated the 'ambiguity' of 

thee diamict by shading their earlier statement, changing it from "... no unequivocal 

basall  tills..." to: "the widespread diamicton ... may record former subglacial deposition...". 
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Microfossils Microfossils 

Inn their 1987-paper, Kellogg and Kellogg primarily dealt with the biotic assemblages 

containedd in the upper few centimetres of the DF85 cores. These core top analyses 

allowedd for a detailed reconstruction of the most recent developments in the area. 

Threee provinces were defined on basis of microfossil abundance (Kellogg and Kellogg, 

1987;; Fig. 6.1). In core tops from the Outer Shelf Province (OSP), planktonic and 

benthicc foraminifera were observed to be abundant, while (photosynthetic) marine 

diatomss proved to be sparse. The numbers of diatoms in recent Pine Island Bay 

Provincee (PIBP) sediments were also found to be low. In contrast, relatively high 

numberss of marine diatoms (and arenaceous foraminifera) were counted in core tops 

fromm the Eastern Margin Province (EMP). 

Ass the present-day conditions in Amundsen Sea and Pine Island Bay are those of open 

waterr and pack ice - both rich in diatoms - the high numbers in recent EMP deposits are 

mostt easily explained by assuming that the current Amundsen Sea polynya has been a 

persistentt feature throughout the deposition of the core top sediments (Kellogg and 

Kellogg,, 1987). 

Kelloggg and Kellogg argued that a more extensive Pine Island glacier should explain the 

remarkablyy low numbers of diatoms in the PIBP sediments. This would involve a 

floatingg tongue completely covering the area at the time. Extrapolation of retreat rates 

calculatedd from aerial photographs of the calving margin substantiated this inference. 

Thee thick layer of floating ice would surely account for the paucity in the production of 

photosyntheticc biogenics. The few microfossils still occurring in the silty mud 

sedimentss were elegantly explained by suggesting introduction by episodic marine 

currentss penetrating beneath the glacier tongue. 

Thee suggested (lasting) open water conditions in the EMP complicate the situation for 

thee OSP, where an explanation for the low abundance of diatoms in contemporaneous 

sedimentss is required. The inferred polynya obviously excludes a mainland-source for an 

icee shelf. However, a solution was found in reconstructing a setting without ice shelf, 

withh the annotation that local marine currents must have been strong enough to 

preventt deposition of diatoms (Kellogg and Kellogg, 1987). 
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What'sWhat's nextf 

Althoughh there is hardly any reason to question the general validity of above 

considerationss - interpretations of microfossil and sedimentary record seem legitimate -

thee (depositional) origin of the widespread diamict across the continental shelf remains 

'dubious'. . 

Understandingg of this diamict is however essential for a reliable and 'complete' 

reconstructionn of the Quaternary glacial history of this area. Apart from providing 

informationn regarding the seaward limit of the grounding line, the diamicts might also 

indicatee whether the stabilising ice shelf scenario could be correct. Further analysis is 

thereforee desirable. 

Off  course, bathymetric data strongly suggest that grounded ice once occupied the 

continentall  shelf (Kellogg and Kellogg, 1987; Anderson et aL, 1999), but it is the lack of 

directt sedimentological evidence that causes anxiety. The observation that the discussed 

diamictt is sometimes overcompacted (Kellogg et aL, 1982) can hardly be considered 

adequatee (cf. Kluiving et aL, 1999). Similarly, the question whether a certain sediment 

originatedd in an iceberg zone or in a sub-ice shelf environment should be addressed. 

Situationss like this have formerly successfully been solved with the aid of 

micromorphology,, i.e. the study of thin sections (cf. Carr, 1999; Van der Meer and 

Laban,, 1990; Van der Meer and Hiemstra, 1998; Hiemstra, 1999). The 'Pine Island Bay 

case'' again serves as an excellent topic for micro-scale sedimentology. 

MICROMORPHOLOGICA LL  EXAMINATIO N OF THE CORES 

Forr convenience, the subdivision in three biotic provinces (Kellogg and Kellogg, 1986; 

1987)) is maintained here. Ten large thin sections representing nine of the twenty DF85 

coress (Fig. 6.1; Table 6.1) were examined using Leica™ equipment. Magnifications up to 

355 times were used. For more specific information on micromorphology and 

terminologyy see Van der Meer (1996). 
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TABLEE 6.1. Information on sampled sediments 

Sample e 
C.564 4 
C.355 5 
C.565 5 
C.560 0 
C.352 2 
C.353 3 
C.354 4 
C.561 1 
C.562 2 
C.563 3 

Coree # 
DFF 85-109 
DFF 85-111 
DFF 85-113 
DFF 85- 93 
DFF 85- 93 
DFF 85- 96 
DFF 85-101 
DFF 85-102 
DFF 85-107 
DFF 85-108 

Interval l 
40-511 cmbsf 

94-1100 cmbsf 
75-855 cmbsf 
40-500 cmbsf 
50-655 cmbsf 
46-599 cmbsf 
82-977 cmbsf 
15-255 cmbsf 
30-400 cmbsf 
31-400 cmbsf 

Depth h 
5677 m 
4177 m 
4033 m 
5500 m 
5500 m 
7866 m 
9244 m 
3299 m 
9333 m 
6155 m 

'Province' ' 
OSP P 
OSP P 
OSP P 
EMP P 
EMP P 
EMP P 
EMP P 
EMP P 
PIBP P 
PIBP P 

Latitud e e 
72°29.5'' S 
71°20.2'' S 
71°06.6'' S 
72°50.6'' S 
72°50.6'' S 
73°17.9'S S 
73°44.4'' S 
73°32.0'' S 
74°58.1'' S 
74°39.1'' S 

Longitude e 
104°28.6'' W 
100°59.1'W W 
100°37.4**  W 
105°12.4'W W 
105°12.4'W W 
103°37.1'W W 
103°43.1'W W 
103°33.6'W W 
101°32.9'W W 
102°57.8'' W 

OuterOuter Shelf Province (OSP) 

Thee three thin sections subsampled from the OSP cores (see Tables 6.1 and 6.2) 

representt units of mud or sandy mud with common to abundant, fine to medium, 

dispersedd pebbles (Bryan, 1992). This type of sediment will be referred to here as fine-

grainedgrained diamict. Microfossils - mostly foraminifera, but also diatoms - were observed in 

alll  three samples, both intact and fragmented. 

Thinn section C.355 (core #111) displays a fine, laminated diamict. Individual laminae, 

mostlyy a few millimetres in thickness, can be differentiated on basis of skeleton densities 

(texturess > 30 um) or on basis of subtle changes in textural composition of the plasma 

(texturess < 30 um). The laminated character is best developed in the lower half of the 

sample,, and becomes less identifiable towards the top (94 - 98 cmbsf)- This trend seems 

too be concurrent with a change in intensities of plasmic fabrics (see Brewer, 1976). -

Plasmicc fabrics reflect preferred alignments of micaceous clays and become 

microscopicallyy manifest as birefringence patterns under cross-polarised light. - Where 

laminated,, the thin section shows mostly indeterminate, diffusive and weakly developed 

plasmicc fabrics, whereas in the upper part a distinctive masepic signal (see Brewer, 1976) 

occurs.. These unidirectional clay fabrics emerge as discrete, parallel bands, are 

moderatelyy developed, and separated by zones of low-intensity birefringence. Grain-

relatedd skelsepic plasmic fabric (thin layers of reoriented clays around individual grains: 

seee Brewer, 1976) intergrade with the (sub)horizontal masepic signature: part of the 

'cutanic'' fabrics appear to be utilised to 'relay' the planar fabrics, which in turn have re-

shapedd the skelsepic plasmic fabrics into asymmetric features (Fig. 6.2a). 
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FIGUREE 6.2a. Thin section C.355. Subhorizontal zone of masepic plasmic fabrics (diagonal 
'boundary'' between birefringent - non-birefringent). Top thin section to the upper right. Width of 
vieww 9.0 mm. Crossed polarisers. Figure 6.2b. Thin section C.355. Turbate structure. Smaller 
grainss form halo around the coarse grain located in the centre of the image. Width of view 7.0 
mm.. Plane light. Figure 6.2c. Thin section C.564. Irregular, mottled plasmic fabric patterns: left 
sidee of the image shows 'bright spots'. Top of the thin section to the left. Width of view 16.4 mm. 
Crossedd polarisers plus gypsum wedge superposition. Figure 6.2d. Thin section C.564. Marble bed 
structure.. Desiccation cracks feature rounded aggregates. Note aggregates 'in the making' in the 
bottomm left quadrant. Width of view 18.0 mm. Plane light. Figure 6.2e. Thin section C.564. 
Fracturedd grain indicated with arrow. Width of view 6.2 mm. Crossed polarisers. Figure 6.2f. Thin 
sectionn C.565. Unistrial plasmic fabrics running roughly diagonally (lower left to upper right). 
Widthh of view 7.0 mm. Crossed polarisers plus gypsum wedge superposition. 
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Thee suggested within-sample differences in C.355 are substantiated by the spatial 

distributionn of turbates (see Van der Meer, 1993; 1997). Although sparsely occurring, 

thesee circular arrangements of silts or sands seem to be exclusive to the upper part of 

thee thin section (Fig. 6.2b). Analogous to the 'intergrading' skelsepics, supposedly 

allotropicc turbates (0 2 mm) seem to be related to the discrete masepic planes as well. 

Turbatess in C.564 (core #109) are dispersed throughout the massive, fine-grained 

diamict.. Diameters range from a few hundred microns to several millimetres. Contrary 

too those in C.355, the turbates in C.564 cannot directly be related to plasmic fabrics. 

Onee of the reasons may be that occurring plasmic fabrics - generally poorly developed 

(notee lower clay percentage: ~10 °/o: Bryan, 1992) - are not planar and therefore not 

systematicc in terms of orientation. The undifferentiated birefringence has a mottled, 

chaoticc character; patches are mostly situated in the vicinity of larger grains or pebbles 

(Fig.. 6.2c). 

Particularlyy in the upper few centimetres of the sample (40 - 43 cmbsf), continuous and 

curvilinearr cracks delineate (sub)rounded, internal aggregates (Fig. 6.2d). The central 

partt of the thin section is virtually devoid of cracks. Near the bottom, cracks are, unlike 

thosee in the upper part, largely rectilinear, subhorizontal and discontinuous. Only 

occasionallyy are these fissilities interconnected. 

Feww in situ fractured skeleton grains were observed, mostly in the upper part of the sample 

(Fig.. 6.2e). In any example encountered, the original shape of the quartz grain can be 

retained.. The grain may be 're-composed' from the - still agglomerated - angular 

fragments,, as is required for the qualification 'in situ fractured grain' (Hiemstra and 

Vann der Meer, 1997). 

Thee compact nature (Bryan, 1992) of the massive, fine-grained diamict is the most likely 

causee for the poor quality of thin section C.565 (core #113). The condensed matrix 

probablyy prevented the resin from penetrating uniformly through the sediment in the 

impregnationn process. Though most of the sample could be secured, partial removal of 

materiall  could not be avoided during grinding and polishing. 

Thee poor quality inevitably hinders accurate micromorphological observations. It does 

neverthelesss seem unlikely that the skeleton distribution is anisotropic. In the 'good' 

partss of the thin section, spatial arrangements of grains do not suggest any structural 

patterns.. There is no evidence of clustering, circular features or grain lineaments (i.e. line-

upss of skeleton grains) whatsoever. Notwithstanding the rather scattered record, a 

systematicc pattern of unistrial plasmic fabrics (thin, unidirectional, birefringent lines -

seee also Brewer, 1976) could be reconstructed (Fig. 6.2f). The asymmetric configuration 

off  the (dis)continuous unistrials (060° and 135°) is highly unlikely to be an artefact (see 
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Kluivingg et ai, 1999), although higher up and lower down in the same core the sediment 

wass disturbed artificially (coring deformation between 20 - 65 cmbsf and 110 - 130 

cmbsf;; Bryan, 1992). The unistrials exhibit behaviour that has been called 'branching 

andd merging' (Hiemstra and Rijsdijk, submitted: chapter 4 of this thesis). 

TABLEE 6.2. Selected microscopic characteristics of OSP sediments 

Samplee Lamination PF Turbates Other 
C.5644 - Patchy Common Crushed grains, 'Aggregation' 
C.3555 Well-developed Unidirectional Few 
C.5655 - Unidirectional -

EasternEastern Margin Province (EMP) 

Alll  five samples from the EMP (see Tables 6.1 and 6.3) represent olive grey, fine 

diamicts.. Microfossils (intact foraminifera, up to 200 urn) were observed in C.352. 

Pebbless are abundant throughout all sediments (mostly fine to medium, occasionally up 

too very coarse). Without exception the sediments should be characterised as essentially 

massive. . 

Vague,, mm-scale lamination due to plasma-skeleton differentiation only occurs in a 

narroww zone in C.353 (core #96). Occasionally short, discontinuous single-grain 

laminaee occur. The characteristics of this sediment are however largely determined by a 

faint,, gradational pebble zonation: zones of lower pebble-density (uneven, cm-size 

stratification)) separate pebble-richer zones. Microfabrics (long axes orientations of silt-

andd sand-sized skeleton grains) and pebble fabrics are mostly subhorizontal. The sample 

iss devoid of plasmic fabrics in spite of the considerable clay percentage (20 %: Bryan, 

1992). . 

Thee visually - i.e. with the naked eye - homogeneous diamict of thin section C.561 (core 

#102)) is in fact heterogeneous in composition. Microscopically it looks 'immature': it is 

ass if its fine constituents are not (yet) fully mixed. The sediment is of a melange-like, 

mottledd type, in which silty mud seems to be the matrix. Clayey elements, mostly 

roundedd and diffusely bounded, as well as sharply bounded diamictic intraclasts seem 

'incorporated'' (Fig. 6.3a). 
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FIGUREE 6.3. EMP sediments. 
Figuree 6.3a. Thin section C.561. Plasma heterogeneity. Note 'agglomerations' of darker, clayey 
compositionn in overall more silty (gritty) matrix. Width of view 11.2 mm. Plane light. Figure 6.3b. 
Thinn section C.354. Fluidised plasma (in between the coarsest skeleton grains in the image). Width 
off  view 7.0 mm. Desiccation cracks centre right give away flow-feature. Also note preferred long 
axiss orientation of silt- and sand-grain within the structure. Plane light. Figure 6.3c. Thin section 
C.352.. Unistrial plasmic fabrics in the centre of the image, running diagonally from upper left to 
lowerr right. Short and discontinuous feature. Top thin section to the lower left. Compare Fig. 
6.3d.. Width of view 7.0 mm. Crossed polarisers. Figure 6.3d. Thin section C.560. More pervasive 
unidirectionall  plasmic fabrics (masepic). Broader and continuous features. Compare Fig. 6.3c. 
Widthh of view 7.0 mm. Crossed polarisers. Figure 6.3e. Thin section C.560. Coalesced turbate 
features.. Note their relation to planar crack (white zone in the upper right corner of the image. 
Upsidee down. Width of view 18.0 mm. Plane light. Figure 6.3f. Thin section C.560. Lineament 
'circumscribing'' masepic plasmic fabrics (horizontal, below centre of the image). Note preferred 
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longg axis orientation of participating grains. As this a plane light image, birefringence cannot be 
observed.. The zone directly above the lineament appears denser as a result of preferred 
(horizontal)) clay orientations. Also note fine horizontal cracks in this zone. Width of view 6.2 
mm.. Plane light. 

Wheree the sediment is slightly more homogeneous, fine skeleton (< around 300 um) is 

preferentiallyy clustered into faint 'clouds' up to a few millimetres in diameter. 

Surprisingly,, no clear examples of true turbates were encountered. Anisotropy is further 

suggestedd by the occurrence of fine, continuous cracks. These delineate circular elements 

thatt can often not be distinguished from the 'host' sediment in any other way. 

Plasmicc fabrics are poorly developed and indeterminate. Often, birefringence occurs 

merelyy within the dispersed fine-grained inclusions, which emphasises the chaotic 

characterr of the sediment. 

Similarr to C.561, thin section C.354 (core #101) also shows a 'chaotic' character. This 

heterogeneityy is however confined to a zone in the middle part of the sample, in which 

pebbless seem more concentrated (extent zone around 7 cm). Furthermore, silt-clay 

differentiationn is less prominent (read: diffusive) and mostly irregular in shape: rounded 

formss are scarce and silt-rich 'leads' in the more homogeneous silty/sandy mud matrix 

aree random in orientation. Some areas, particularly in the direct vicinity of pebbles 

exhibitt a 'fluidised' appearance. These localities seem to be 'flushed', resulting in 

depletionn of fine grains. Residual skeleton grains are preferentially aligned (Fig. 6.3b). 

Plasmicc fabrics are essentially weakly developed and undifferentiated. 

Thinn sections C.560 and C.352 span a continuous, 25-cm long interval in core #93. 

Sedimentologically,, the diamict does not show significant internal variations. It is 

essentiallyy massive in appearance, though the pebbles again seem to display some 

zonation. . 

Plasmicc fabric models are planar and masepic (some intergradations with skelsepics). In 

thee bottom part of the interval (C.352: 56 - 65 cmbsf), the clay fabrics are weakly 

developedd and discontinuous (Fig. 6.3c). Individual zones are usually only a few 

millimetress long. At the top (C.560: 40 - 46 cmbsf), masepics are broader and longer (up 

too a few centimetres), while moderately developed (Fig. 6.3d). Remarkable is that the 

zonee in between (46 - 56 cmbsf) is devoid of the planar signal. It does show 

birefringence,, but this is very poorly developed, diffusive and less organised. 

Inn terms of configuration, the scattered record of the masepics is fairly uniform and 

consistent.. In both of the identified zones two crosscutting directions could be 

reconstructed.. It was however established that between the zones, orientations of 

individuall  planes differ. In the upper zone where one of the conjugates is clearly 
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predominant,, both directions are low obliques, i.e. very close to horizontal. The short 

masepicss in the lower zone are somewhat steeper. 

Turbatess (mm size) mainly occur adjacent to longer masepics in the upper zone. In one 

occasion,, two coalesced circular skeleton arrangements were found in conjunction with 

aa planar crack (Fig. 63c). The orientation of the crack matches the orientation of 

predominantt masepics in the upper zone. Other associated features involve plane-

parallell  microfabrics within or just outside the masepic areas. In the latter case, 

individuall  grains may be lined up, forming short lineaments, which seem to 

circumscribee the reoriented bands (Fig. 6.3f). Apart from some suggestions of clustering 

inn the medium sand mode (C.352), no intraclasts or associated phenomena were 

discerned. . 

TABLEE 6.3. Selected microscopic characteristics EMP sediments 

Samplee Laminae Plasma PF Microfabrics Turbates Other 
C.560/3522 Some Homogen. Unidir. PF-parallel common Clusters, Lineaments 
C.3533 Some Homogen. None Horizontal 
C.3544 Some (Mottled) Weak Feature-scale - WES/fluidisation 
C.5611 - Mottled Weak Random - 'Aggregation' 

PinePine Island Bay Province (PIBP) 

Thee two samples from PIBP (Tables 6.1 and 6.4) are overall clearly the finest of all 

sedimentss in this study. Thin section C.562 (core # 107) was taken from a unit that was 

describedd as an olive grey, massive, homogeneous mud with sparsely dispersed very fine 

too medium pebbles and sedimentary clasts (Bryan, 1992). In fact, the largest constituents 

encounteredd - whether they are skeleton grains, foraminifera or intraclasts - do not 

exceedd 1.5 mm. Hence, this sediment - or better: this particular sample - does not qualify 

ass a fine-grained diamict. Sedimentary clasts, although not indicated at this level in the 

coree (Bryan, 1992), do occur and consist of muddy sand or rock fragments with a casing 

off  sandy mud or muddy sand (Fig. 6.4a). The intraclasts are mostly rounded and 

commonlyy exhibit a moderately developed omnisepic plasmic fabric (pervasive, 

multidirectional:: see Brewer, 1976). Striking is that in case the intraclasts are elongate, 

thee long axes seem to be preferentially positioned subvertically. This latter property, as 

welll  as occasional disturbances (read: plasmic fabric 'impact' trails) above both 

intraclastss and coarse grains suggest that these are 'exotics' introduced in the host 
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sedimentt from above (Fig. 6.4b). 

Althoughh the host seems completely homogeneous and isotropic, fine, discontinuous, 

subhorizontall  desiccation cracks highlight planes of weakness, giving away preferred 

internall  layering. 

FIGUREE 6.4. PIBP sediments. 
Figuree 6.4a. Thin section C.562. Intradasts and adhered material forming casings. Ice rafted 
debris.. Note vertical position of long axes. Dark specks: polishing dirt captured by cover glass. 
Widthh of view 18.0 mm. Plane light. Figure 6.4b. Thin section C.562. Impact trail of grain 
reflectedd in birefringence of the plasma above. Width of view 13.8 mm. Crossed polarisers. Figure 
6.4c.. Thin section C.562. Vertical plasmic fabric lining. Right of centre of the image. Close to the 
marginn of the thin section. Width of view 12.4 mm. Crossed polarisers. Figure 6.4d. Thin section 
C.563.. Pervasive masepic plasmic fabrics conform lamination. Top thin section to upper left. 
Widthh of view 8.6 mm. Crossed polarisers. 

Judgingg from the intense side-parallel plasmic fabrics along the margins of the thin 

sectionn sample, it should be obvious that the soft, muddy sediment was disturbed in the 

coringg operation. Accordingly, the atypical, discrete, continuous, unidirectional, mostly 

verticall  plasmic fabrics occurring more towards the centre of the thin section, are also 

inferredd to be artificial, i.e. related to the coring (Fig. 6.4c). 
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Texturally,, the finely laminated sediment of thin section C.563 (core #108) is even more 

sortedd than the sediment of C.562. The spectrum does not extend beyond 200 um (only 

clay,, silt and an occasional, singular fine sand grains). The coarser silts in the spectrum 

aree predominantly concentrated in mm-scale laminae. No sedimentary clasts or 

microfossilss were distinguished. 

Thee laminated character of the sediment is intensified by stratified density differences in 

thee plasma. These are likely to reflect textural changes in the range where individual 

grainss cannot be discerned (medium-fine silt versus clay). A well-developed, pervasive, 

intensee masepic birefringence is apparent in the true clay laminae. Orientations are 

subparallell  to the lamination (Fig. 6.4d). 

TABLEE 6.4. Selected microscopic characteristics PIBP sediments 

Samplee Laminae Plasma PF Microfabric s Other 
C.5622 Suggested Homogeneous Artificial Subvertical? Intraclasts 
C.5633 Well-developed Density differences Intense Random 

CONCLUDIN GG DISCUSSION 

Thiss study may first of all be used for validating current interpretations of the general 

PIB/ASS sedimentary record (Kellogg and Kellogg, 1987; Anderson et al., 1999). At the 

samee time, it provides unique, micro-scale information on the origin and history of the 

recoveredd OSP and EMP diamicts. The newly obtained data and the interpretations 

thereoff  (see the 'province by province' discussion below) may be implemented in future 

studiess that will attempt to fathom the sedimentary record. The data were certainly not 

acquiredd with the purpose of reconstructing the entire Quaternary glacial history of the 

area.. This would be too ambitious an effort, for a start because the number of samples 

inn this study is small. Moreover, there is still a need for reliable datings of core material 

andd - in order to correlate the sedimentary units - for seismic lines. Obtaining these data 

causedd problems in the past and for the time being it will continue to do so: the 

availablee cores are lacking datable material, whereas the semi-permanent heavy ice cover 

inn the PIB area is physically thwarting 'seismic successes' (Kellogg and Kellogg, 1987, p. 

88599 and 8864). 

Contemplatingg the outcome of the micromorphological examinations one might argue 

thatt many if not all of the investigated deposits originated in a glacimarine setting. 

Mostt of the intervals show intact bedding, evidence of sorting and/or ice rafting, or 
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remnantsremnants of sedimentary stratification (see Tables 6.2 - 6.4). In samples that lack these 

indications,, the occurrence of microfossils may still give away that the diamicts in 

questionn contain marine - or at least recycled marine - constituents. 

Thee choice of words like 'remnants' and 'recycled' is not coincidental: it will be 

demonstratedd below that some of the diamicts have been deformed. This deformation 

mayy either be the result of subaqueous, gravity-driven movements, or it may be 

attributedd to the shearing impact of grounded ice. In the latter case, the affected 

diamictss - which may thus for example be primary sub-ice shelf deposits - should be 

classifiedd as basal tills. Note that this point of view implicitly tampers with the classical 

ideaa that a til l should directly be deposited by a glacier. 

PIBP PIBP 

Thee fine-grained sediments of C.562 (core #107) and C.563 (core #108), respectively 
fromm the centre and the flank of what was interpreted as a glacial trough (Anderson et 
ah,ah, 1999), are inferred to be deposited from suspension in a low energy setting (below 
thee wave base). 

Bothh sediments possess characteristics of deposits introduced in the marine 
environmentt by (sub)glacial meltwater sources (Anderson et al, 1980). In parts of C.563, 
occurringg lamination resembles a series of cyclopeh. Accordingly, the lamination is 
arguedd to be the result of the interplay of mud-laden meltwater plumes and prevailing 
marinee currents (cf. Mackiewicz et al., 1984; Cowan and Powell, 1990). The dispersed 
sandd grains and diamict clods in the typical soft mud of C.562 are undoubtedly ice-
raftedd (see impact trails: Fig. 6.4b). 

Althoughh suspension settling commonly results in loosely consolidated deposits, clay 
orientationss in C.563 suggest that post-depositional conditions permitted the sediment 
too expel surplus porewater: plasmic fabrics reflect normal, non-deviatoric consolidation 
stressess (Fig. 6.4d). 

EMP EMP 

Thinn section C.353 (core #96) shows none of the micro-scale characteristics that are 

usuallyy related to soft sediment deformation (see e.g. Van der Meer, 1993). Except for 

thee ill-defined zonation in the pebble distribution, the diamict is perfectly isotropic. The 

combinationn of the stratified nature and the marked absence of plasmic fabrics and 
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otherr structures is considered indicative of quiescent glacimarine sedimentation with 

limitedd current activity. Coarse constituents suggest a proximal position with respect to 

thee grounding line. The differences in pebble density are probably a reflection of phases 

off  varying ice-rafting intensities. Observed down-core changes in texture of the matrix 

(Bryan,, 1992; otherwise not substantiated) suggest that the low current activity, which 

determiness the 'winnowing potential', was subject to changes. An alternative explanation 

mayy be that the composition of the supplied sediment changed in the course of time. 

Itt seems reasonable to assume that the diamict in C.354 (core #101) has a similar 

depositionall  history. However, observed deformational features witness localised de-

watering.. There is a strong indication that the presence of pebbles played a role in this 

process:: water escape structures were merely recognised in the direct vicinity of coarse 

skeletonn (Fig. 6.3b) in the pebble-rich, middle part of the thin section. With the 

envisagedd dissipation of interstitial water, fines appear to have been removed, whereas 

elongatedd grains, predominantly silts, and were 'directed' in flow-parallel microfabrics. 

Whatt caused the low-energy de-watering to initiate remains unclear. It might have been a 

naturall  disturbance like a small-scale mass movement, or just a gravity-driven 

adjustmentt of sediment packing. An artificially induced disruption (during the coring 

operation)) cannot be excluded either. 

Althoughh the diamict of thin section C.561 (core #102) would macroscopically qualify 

ass pristine glacimarine sediment, under the microscope things look different. The 

sedimentt appears to be a mixture of (at least) two ingredients, one of which is a silty 

mudd similar to those in PIBP. The second would be a clayey diamict, not much 

differentt from that in C.353. 

Thee idea came with the perception that rounded, clayey and diamictic rafts are actually 

'suspended'' in a grainy, silty mud matrix (Fig. 6.3a). It was observed that some of these 

raftss have sharp boundaries while others - predominantly the more clayey types - are 

diffuselyy bounded. Apparently clayey clods are less coherent, and therefore more 

susceptiblee to transformations and deformations than their diamictic counterparts. 

Rotationall  movements - almost indispensable in a mixing process of this kind -

occurredd at the level of'aggregates', rather than at the level of individual skeleton grains. 

Thiss would explain the scarcity of well-developed turbates (see Van der Meer, 1993; 

1997;; Hiemstra and Rijsdijk, submitted: chapter 4 of this thesis). 

Thee overall picture suggests a postdepositional, rather chaotic type of reworking of two 

sedimentss that may have been successive in term of stratigraphical position. A 

(subaqueous)) debris flow fits this description (cf. Bertran, 1993). The lack of systematic 

(read:: unidirectional) plasmic fabrics excludes subglacial deformation. 

Thesee unidirectional plasmic fabrics were observed in the diamict of core #93 (thin 
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sectionss C.560 and C.352). Particularly in the upper half of the interval, the masepic 

signalss are distinct and discretely bounded. Throughout the 25-cm long interval, 

domainss of plasmic fabrics constitute a regular pattern of two conjugate directions, 

whichh seems to change slightly from top to bottom. Domains are individually short and 

discontinuouss (Figs. 6.3c and 6.3d), but may be extrapolated across the full width of the 

samplee as surfaces of skeleton grains (intergrading skelsepic plasmic fabrics) are 

occasionallyy used for maintaining the signals. 

Togetherr with the plasmic fabrics, turbates (Fig. 6.3e) and grain lineaments (Fig. 6.3f) 

formm a 'logical' association. Most of the circular and linear grain arrangements occur 

closelyy adjacent to the masepic zones in the thin section. This shows that shear 

displacementss as well as rotations merely eventuated within particular zones in the 

sedimentt (see also Hiemstra and Rijsdijk, submitted: chapter 4 of this thesis). 

Thee associated features and the recognised top-bottom trends (down-core decrease of 

strain)) are argued to be the result of subglacial deformation. Stresses appear to have 

beenn applied 'at the top of the sediment' (cf. Hiemstra et al., in prep.: chapter 3 of this 

thesis).. The fact that the deformation appears much more systematic than in the 

previouss samples points towards a confined stress regime instead of the flow-type of 

reworking. . 

Inn retrospect, core location #93 is not an unlikely site for a basal till . Burke Island (Fig. 

6.1),, just to the south of it, may be expected to have served as a pinning point, a spot 

wheree ice was grounded, in case an ice shelf existed at some time during the Quaternary. 

OSP OSP 

Thoughh the just described association of micro-scale features is as good as it gets when it 

comess to identifying subglacially deformed (glacimarine) diamict, it would have been 

moree convincing when 'the individual lines of evidence were better developed'. Notably 

aa higher contrast of the unidirectional plasmic fabric models and clearer strain-

reflectingg trends would increase the reliability of the interpretation. Unfortunately, the 

'perfect'' example is yet to be found in a glacimarine environment. 

Thee OSP diamicts illustrate this. Without exception they show features that may 

individuallyy be attributed to subglacial deformation. However, in each of the three 

examples,, the question is whether the identified set of micromorphological features is 

sufficiëntt to 'prove' the impact of grounded ice or that it is merely indicative of 

subglaciall  conditions, i.e. that other deforming mechanisms can not be ruled out 

completelyy (see also discussion in Van der Meer and Hiemstra, 1998). 
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Closestt to 'proving' the former presence of grounded ice in the OSP comes thin section 
C.3555 (core #111). Partly superimposed on, but mostly erasing the primary lamination, a 
parallell  series of distinct, subhorizontal, masepic bands was discerned (Fig. 6.2a). 
Occurringg skelsepic plasmic fabrics are of the type that reflects planar strain 
transmission:: they are asymmetrical and they intergrade with the masepic plasmic 
fabricss (see Hiemstra and Rijsdijk, submitted: chapter 4 of this thesis). The spatial 
distributionn of turbates (Fig. 6.2b) - most of them occur in the upper half of the sample 
-- witnesses a decreasing trend of strain from top to bottom. This trend is to be expected 
inn subglacially deforming systems (see Van der Meer, 1993). 

Att first sight, sample C.564 (core #109) resembles C.354 and C.561, at least in terms of 
overprintedd deformational characteristics. This suggests that in the last stage of 
deformationn the diamict experienced stresses as a result of a core disturbance. Prior to 
this,, grounded ice, not mass movements, must have affected the diamict. 
Thee piece of evidence that tips the balance in favour of subglacial deformation, is the 
occurrencee of fractured quartz grains in combination with a so-called 'marble bed 
structure'' (Figs. 6.2c and 6.2d). This latter structure shows both the top-to-bottom trend, 
andd has the degree of organisation that is expected in subglacially deforming systems 
(cf.. Van der Meer, 1993). The point stresses required for fracturing the quartz grains are 
thoughtt of as being exclusive to subglacial deformation (cf. Hiemstra and Van der Meer, 
1997). . 

Thee interpretation of the last OSP sample, thin section C.565 (core #113), is the most 
precarious.. It is argued that the diamict has been subjected to brittle-ductile 
deformation.. Although indications may be one-sided, the characteristics of the plasmic 
fabricss clearly witness the effect of a deviatoric stressfield. The unistrials, displaying 
branchingg and merging behaviour (Fig. 6.2f) are (tentatively) interpreted to be the result 
off  subglacial shearing. 

Havingg considered all micromorphological data it may be stated that at some time 

duringg the Quaternary the continental shelf was occupied by grounded ice. Given that it 

wass mainly in the OSP - close to the shelf edge - where the 'presumed' basal till s were 

recoveredd (Fig. 6.5), it seems unlikely that it was 'just' an extended local glacier that 

accountedd for the subglacial deformation. I would therefore argue that the occurrence 

off  the basal till s denotes a significant growth of the grounded WAIS, most likely during 

thee LGM. 
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FIGUREE 6.5. Map of the area (after Kellogg and Kellogg, 1987) 
withh interpretations of sediments on basis of 
micromorphologicall  observations. Key to symbols: A - basal 
till ;; • - glacimarine sediment; • - mass movement deposit. 
Samee area as in Fig. 6.1. Scale bar represents 100 km. 

Thee widespread occurrence of glacimarine diamicts in the bay (either or not 

redistributed)) may support the idea of a (subsequent) floating ice shelf, which -

accordingg to modellers - is required for a stable ice sheet configuration. Paradoxically, it 

iss particularly the singular basal till 'amidst' glacimarine deposits in the EMP that is a 

benchmarkk in this respect. As the basal till was recovered close to Burke Island, 

suspicionss towards the role of the island as a pinning point for an extensive ice shelf are 

nott unfounded, i.e. when the assumption is made that these sediments are 

'contemporaneous' .. However, in terms of reconstructing depositional environments, it 

iss important to point out that the microscopic data do not 'for certain' exclude open 

waterr conditions with a (semi-)continuous iceberg-rafting activity as a 'solution' for the 
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glacimarinee sediments that occur in the bay. 

Ass concluding point I would notice that this micromorphological study provided 

detailedd and unique information on the origins of the sediments of Pine Island Bay. 

Thee study demonstrated that analysing thin sections facilitates reconstructions of past 

sedimentaryy settings. However, at this stage it is hardly possible to give any definite 

informationn on how the recognised stages evolved in time (see e.g. assumption on 

contemporaneityy EMP sediments). Due to the lack of time constraints it cannot be 

explainedd how the transitions between grounded ice to floating ice and the obvious 

decayy of ice to present-day 'shelf-less' conditions eventuated. In order to investigate just 

thesee 'evolutionary*  aspects, I would advise that future work should focus on the 

correlationn of sedimentary units from the different parts of Pine Island Bay and the 

Amundsenn Sea. 
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Whenn the weather gets rough 

Andd it's whiskey in the shade 

It'ss best to wrap your Savior 

Upp in cellophane 

Hee flows like the Big Muddy 

Butt that's OK 

Pourr him over ice cream 

Forr a nice parfait 

Tomm Waits 
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7.. MICROMORPHOLOG Y OF MIOCEN E DIAMICTS , 
INDICATION SS OF GROUNDED ICE 

Abstractt  - Five samples of diamicts from different levels of the Miocene part of the CRP-1 

coree have been thin sectioned. Observations in the thin sections relate to texture, diagenesis, 

structuree and plasmic fabric. The combination of observed microstructures leads to the 

interpretationn of three samples as certainly representing grounded ice, i.e. they are basal tills, 

andd the other two samples as possibly representing the same environment. 

ReprintedReprinted with permission from Terra Antartica. © by Terra Antartica Publication, Siena, Italy. Van 
derder Meer, J.J.M, and Hiemstra, J.F. 1998. Terra Antartica, 5(3), 363-366. 

INTRODUCTIO N N 

Fivee samples were analysed micromorphologically in order to give a more specific 

answerr on the origin of some of the diamicts in the Miocene section of CRP-1. Details 

onn the sample intervals are presented in Table 7.1. 

TABLEE 7.1. Sample depths as indicated in the paper, core intervals, units and 
lithologyy description (Cape Roberts Science Team, 1998). 

Samplee depth Interval (mbsf) Unit Log description 
finefine sandstone (ass. sandy diamictite) 
clast-richh sandy diamictite 
clast-poorr sandy diamictite 
clast-poorr muddy diamictite 
clast-poorr muddy diamictite 

Thinn sections were prepared following the method outlined in Van der Meer (1996), 

exceptt that acetone is used as a thinner instead of monostyrene, and that the samples 

aree washed with acetone first to replace interstitial water. The thin sections are not of 

perfectt quality, because of partial impregnation problems. However, enough material 

wass available for analyses and for comparison with other thin section samples of 

63.055 mbsf 
78.999 mbsf 
105.588 mbsf 
123.255 mbsf 
134.455 mbsf 

63.033 - 63.07 
78.944 - 79.04 
105.533 -105.63 
123.199 - 123.30 
134.400 - 134.50 

5.3 3 
5.6 6 
6.1 1 
6.3 3 
6.3 3 
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Antarcticc core material (Hiemstra and Van der Meer, 1998; Van der Meer et ai, 1998; 

Hiemstra,, 1999). 

Thee five samples come from diamict layers that have all been described as closely related 

too glaciers, i.e. proximal glacimarine (5.3), fluctuating volumes of ice-rafted debris (5.6), 

highh density iceberg sedimentation near fluctuating ice margin (6.1) and high density 

icebergg or grounding line sedimentation (6.3). However, there is no clear evidence of 

groundedd ice at the locality of CRP-1. In this paper we look into the microstructures of 

thee diamicts and for evidence of direct glacial influence on the sediments. 

DESCRIPTION N 

Thee terminology used here was originally developed for soil micromorphology by 

Brewerr (1976). Previous work showed however that the nomenclature is also appropriate 

too sediments (see Van der Meer, 1996). 

Inn describing thin sections, observations fall into four groups: texture, diagenesis, 

structuree and plasmic fabric (Van der Meer, 1996). Each of these headings can be 

subdividedd as is desired. As such, a selection of features recognised in this study is listed 

inn Table 7.2. 

TABLEE 7.2. Selected micromorphological observations. ••• = abundant; •• = common; • = rare 

Samplee Texture Diagenesis Structures Plasmic fabrics 
DiamictDiamict Clay Rotation Linear Comet Unistrial Intraclasts 

63.055 • • • • • • • • 
78.9 99 • •  • •  •  •• •  •  •  • • 
105.5 88 # •  •/• •  •  • 
123.2 55 • •  • •  • •  •• •  •  •  • • 
134.4 55 • •  • •  •• •  • •  • 

Texture Texture 

Micromorphologicallyy we distinguish a decrease in modal grain-size going down core, 

thee only exception being the sample from 78.99 mbsf. It must be realised that the 

figuress in this column are based on 2-D visual estimations and measurements in the 

thinn sections and that they cannot be automatically compared to grain-size data as 
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determinedd with other techniques. For more detailed information regarding grain-size 

wee refer to De Santis and Barrett (1998). 

Wee observed the grain-shape of the skeleton grains in the diamicts to vary between 

subangularr and subrounded without any apparent trends with depth or with grain size. 

Thee distribution of the skeleton grains is random in most samples; only the central 

partt of the sample from 123.25 mbsf contains an irregular shaped, non-uniform coarser 

zone,, consisting of diffusely bounded, differently sized bands. The sample from 63.05 

mbsff  contains a thin band of sandy-silty material at the top, but because it is not 

knownn whether this is part of a larger unit nothing much can be said about its 

character. . 

Off  particular importance is the common to abundant presence of intraclasts in the 

samples.. These are mostly rounded and either of a diamictic or of a clayey nature (Fig. 

7.1).. The latter could be claystone fragments, as suggested by a dark staining. The 

intraclastss appear to be composed of a 'foreign' material, which has been incorporated 

inn the host sediment. 

FIGUREE 7.1. (left) Thin section from 123.25 mbsf; general view of the diamict. Note the high 
grainn density and the large number of intraclasts, either of a diamictic or of a clay nature. 
Planee light, width of view is 12.0 mm. 

FIGUREE 7.2. (right) Thin section from 63.05 mbsf; rotational structure depicted by circular 
alignmentt of skeleton grains. Plane light, width of view is 18.0 mm. 

149 9 



Diagenesis Diagenesis 

Thee samples from 63.05, 78.99 and 105.58 mbsf all contain patches of carbonate 

precipitation,, the occurrence of carbonate cement being most abundant in the 

shallowestt sample. The cementation appears non-uniform, and shows irregular 

boundariess with non-cemented parts of the sample. 

Inn 105.58 mbsf - sample patches of cement occur either as a rim around clasts or as 

augen-shapedaugen-shaped lenses which follow the overall dipping structure within this sample. 

Carbonatee concretions are described in more detail in Claps and Aghib (1998). 

Structure Structure 

Threee types of structures are indicated in Table 7.2. The first column indicates the 

presencee of rotational structures, one of the most common microstructures in glacial 

sedimentss (Van der Meer, 1993). These structures, in which fine grains form circles 

aroundd either a larger grain or around a stiff nucleus, typically form through shearing 

byy grounded ice (Van der Meer, 1997). In the five samples presented here, only the 

samplee at 105.58 mbsf shows a weak development of this structure; in the others it is 

strongg to very strong. Although rotational structures can also occur in mass movement 

depositss like flowtill s (Menzies and Zaniewski, pers. comm.)t they appear to occur mainly 

ass isolated features in such deposits. In the samples presented here they occur as 

continuouss structures throughout the samples, where individual circles seem to be 'in 

contactt with each other' (Fig. 7.2). 

Anotherr second structural feature indicated in Table 7.2 is the presence of lineations in 

thee thin sections. These appear as lines - centimetres long - that are mainly made up of 

alignedd grains, in contrast to the typically random grain distribution. Lineations are 

presentt in four of the five samples, and appear most strongly in the lower ones. In the 

samplee from a depth of 123.25 mbsf the lineations occur in a band, up to 5 cm wide, 

thatt runs obliquely through the sample (Fig. 7.3). Although there are a few crosscutting 

lineations,, most of them dip parallel and in the same direction as the band. It is 

noticeablee that in the zones above and below this band rotational structures dominate, 

whereass only a few of them are present in between more widely spaced lineations. In the 

otherr samples where such lineation structures are present, they occur less systematically 

andd more widely distributed. 
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FIGUREE 7.3. Thin section from 123.25 mbsf; lineations (running subvertical in the image). Plane 
light,, width of view is 18.0 mm. Top of the thin section is to the right. 

FIGUREE 7.4. Thin section from 123.25 mbsf; comet structure consisting of a crystalline clast with 
tailss of fine-grained material. Plane light, width of view is 18.0 mm. 

Thee third and last indicated structure in Table 7.2 occurs in the samples from 78.99 and 
123.255 mbsf. Both demonstrate an example of a 'comet' structure (Menzies, in Van der 
Meerr and Menzies, 1997), in which a clast acts as a core from which tails of fine-grained 
materialss and/or lineations originate (Fig. 7.4). In the sample from 78.99 mbsf the fine-
grainedd material at the head of the structure consists of clays that show a clear plasmic 
fabricc (see below). The same sample is the only one in which wisps of clay have been 
deformedd as shown by the skeleton grains that have been pressed into them. These wisps 
aree very small (< 2 mm) and occur dispersed throughout the sample. 
Althoughh the thin section from 105.58 mbsf only shows a minor development of the 
linearr and circular structures, it is nevertheless a sample with a very clear overall, 
macroscopicc structure. This is outlined by a consistent dip of all elongate elements: 
clasts,, fine-grained patches and augen-shaped areas of cementation. 

PlasmicPlasmic fabric 

Plasmicc fabric is defined as 'birefringence models of the plasma, based on the optical 
propertiess of the particles as well as the optical properties caused by the orientation of 
particless relative to each other'. In this definition plasma can be regarded as all material 
thatt is finer than the thickness of the thin section and that consequently can no longer 
bee seen as individual particles. A number of such models can be recognised (Van der 
Meer,, 1996), of which only two have been observed in this set of samples. 

151 1 



Birefringencee is present in the clay intraclasts as omnisepic and unistrial plasmic fabric. 

Omnisepicc indicates that all clay particles are oriented and cause a clear birefringence 

whenn viewed under crossed polarisers. Unistrial plasmic fabric indicates that relatively 

long,, continuous lines of birefringence are present; these can also be indicated as 

discretee shears (Van der Meer, 1993). However, the fact that these plasmic fabrics are 

presentt in intraclasts indicates that these have been subjected to stress somewhere in 

theirr history. Most likely this has been during breaking up and thus this plasmic fabric 

hass no relation to the stress history of the host sediment. 

Inn the sample from 78.99 mbsf a unistrial plasmic fabric has been observed in the clayey 

materiall  in the head of the comet structure. Thin, parallel lines of birefringence can be 

seenn to curve with the overall shape of the structure. Furthermore a distinct omnisepic 

plasmicc fabric is present in the minute wisps of clayey material that occur dispersed 

throughoutt the sample. Thus there is good evidence that this sample has been subjected 

too considerable stress. 

Inn the sample from 123.25 mbsf a (very) weak presence of unistrial plasmic fabric is 

indicated.. Here it has been observed within some plasma-rich areas and parallel to the 

Uneationss indicated in the previous section. Besides there was at least a suggestion of 

plasmicc fabric development in some of the diamictic intraclasts. 

DISCUSSIONN AND CONCLUSIONS 

Wee start this section with an essential notice regarding the high number of intraclasts in 

mostt of the samples presented here. Their frequency suggests that we can expect these in 

manyy other parts of the core as well. The importance of this observation is that bulk 

sampless taken for e.g. grain size, clay mineralogy or siliceous microfossils may give 

biasedd results as long as intraclasts are not removed or their composition is tested. 

Micromorphologicall  analyses of the intraclasts (composition, roundness, plasmic 

fabrics)) seem to indicate that most of them have been incorporated from a different 

sourcee into the host sediment. 

Thee interpretation of micromorphological observations is not a matter of looking for 

singlee diagnostic criteria (Van der Meer, 1993). Instead it is the occurrence of 

combinationss of observations that point at a certain origin (Van der Meer et al., 1994). 

Fluviatilee sediments show different microstructures (Van der Meer et al., 1996) from 

lacustrinee sediments (Van der Meer and Warren, 1997), from glacimarine sediments 

(Solheimm and Van der Meer, in prep.) or from marine mass-movement sediments 
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(Hiemstraa et al, in prep.t chapter 3 of this thesis), because each type of sediment has been 

subjectedd to different types of stress-fields or combinations thereof. 

Itt should also be noted that when looking for indications of sedimentary or 

deformationall  history of the deposits, the micromorphological observations on texture 

andd on diagenesis are usually of littl e help. These are more descriptors than anything 

else. . 

Inn the five samples presented here, the overall set of microstructures points at a 

subglaciall  environment. However, in the sample from 63.05 mbsf it almost comes down 

too a single criterion interpretation, an undesirable situation. It should be noted 

however,, that the rotational structure in this sample is very well developed, more 

stronglyy than in samples (in our reference collection) from any other known 

sedimentaryy environment. Still we like to express reservations to the interpretation. The 

samee holds for the sample from 105.58 mbsf, because in this sample the microstructures 

aree even weaklier developed, while on the other hand it possesses a strong overall 

(macroscopic)) structure. 

Regardingg the interpretation of the samples from the depths of respectively 78.99, 

123.255 and 134.45 mbsf, we feel more confident. From the occurrence of a combination 

off  microstructures, which we only know from basal tills, we infer that these samples 

representt subglacially deformed diamicts. With respect to the latter two samples, both 

fromm unit 6.3 (119.28 - 141.60 mbsf), some refinement is required. Although till s with a 

thicknesss of several tens of metres are not uncommon, our interpretation does not 

meann that we automatically assume that all of unit 6.3 is a basal till . Studying 20 cm out 

off  20 m would stress the interpretation too far. 

Itt should furthermore be realised that these diamicts are not basal till s in the sense of 

unitss that have been deposited by and from the ice. Instead we envisage the diamicts as 

aa primary glacimarine deposits that have been thoroughly remoulded during an ice 

advance.. This way the diamicts retain most of the sedimentary characteristics of the 

originall  glacimarine deposits, while structurally they have the characteristics of a basal 

till ,, and therefore should be defined as such. In the continuum of erosion - deformation 

-- deposition in a subglacial setting this is an often-overlooked compartment. 

Thee fact that we interpret the samples as basal till s does not mean that we assume the 

icee margin to have transgressed the site of CRP-1 for a long distance. The fact that the 

developmentt of a plasmic fabric in the samples, more notably in plasma-rich zones, is 

eitherr poor or else completely lacking indicates that the effective pressure must have 

beenn very low. Basal till s from a large distance behind a tidewater ice margin (Solheim 

andd Van der Meer, in prep.; Carr, 1999) normally show a well-developed plasmic fabric 

andd cannot be distinguished from fully terrestrial till s (see also Boulton et ah, 1997). 
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Observationss in glacimarine sediments that have been subjected to a documented surge 

off  a tidewater glacier lobe in Spitsbergen (Solheim and Van der Meer, in prep.) seem to 

indicatee that in the presence of large amounts of water i.e. high porewater pressures and 

consequentlyy low effective pressures, a plasmic fabric does not develop. The 

combinat ionn of well developed plasmic fabrics further upglacier under a tidewater 

glacierr and (almost) no development under the margin of a surging tidewater glacier is 

interpretedd by us as an indication that the CRP-1 site was subglacial but close to the ice 

margin.. Near the ice margin the amount of subglacial pore-water can be expected to be 

thee greatest. 

O urr interpretation of the thin sections described here confirms the inferences of the 

Capee Roberts Science Team on the presence of grounded ice over the CRP-1 drillsite at 

799 mbsf Previously unsuspected levels at which grounding of ice influenced primary 

glacimarinee deposits were identified at 123 and 134 mbsf. 
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Welll  we know where we're going 

Butt we don't know where we've been 

Andd we know what we're knowin' 

Butt we can't say what we've seen 

Davidd Byrne 
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8.. MICROSCOPIC EVIDENCE OF GROUNDED ICE IN THE 
SEDIMENTSS OF THE CIROS-1 CORE, McMURDO SOUND, 
ANTARCTIC A A 

Abstractt  - A thin section study was carried out to evaluate current interpretations of the 

CIROS-11 core sediments (McMurdo Sound, Antarctica). Two contrasting views regarding 

depositionall  environments (Hambrey et al, 1989 and Fielding et al, 1997) were tested in 

orderr to constrain reconstruction of settings in terms of the extent of grounded ice in the 

coursee of time. The analysis of micro-scale deformation structures revealed that at least three 

levelss in the upper 366 metres of the core show evidence of subglacial deformation (around 

466 mbsf, 210 mbsf and 262 mbsf). Other parts of the upper core half were interpreted as 

glacimarinee sediments or as sediments that have been affected by gravity-driven movements. 

ReprintedReprinted with permission from Terra Antartica. © by Terra Antartica Publication, Siena, Italy. 
Hiemstra,Hiemstra, J.F. 1999. Terra Antartica, 6(4), 365-376. 

INTRODUCTIO N N 

Onee of the most successful drilling operations in Antarctica so far was the CIROS-1 

projectt in 1986. The core penetrated over 700 metres of sediments with a recovery of 98 

%.. The main objectives of the project were the dating of the onset of Antarctic 

Cenozoicc glaciation and the reconstruction of the early depositional history in the Ross 

Seaa area. Figure 8.1 shows the drilling location, situated 12 km northeast of Butter Point 

(westernn McMurdo Sound, 77e35' S, 164930' W). 

Paleontologicall  studies (Harwood et al, 1989) suggest that the recovered strata are 

chieflyy of Oligocene age. There is a general agreement regarding the youngest sediments 

representingg an Early Miocene sedimentation (Harwood et al, 1989; Hannah, 1994; 

Coccionii  and Galeotti, 1997), but the age of the lower part of the core is still subject to 

discussions.. Harwood et al (1989) dated the sediments as Early Oligocene, whereas in 

otherr studies it is argued that these sediments may be as old as Late Eocene (Hannah et 

al,al, 1997; Monechi and Reale, 1997; Wilson et al, 1998). 
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FIGUREE 8.1. Map of the south west corner of the Ross Sea, 
showingg the drill site of CIROS-1 (after Barrett, 1989). 

AA stratigraphical study of the CIROS-1 core, which was carried out by Hambrey et al 

(1989),, provided a framework for interpretations of depositional environments. Their 
modell  was until recently widely accepted. It was only after a recent re-appraisal of the 
core,, that these interpretations were challenged (Fielding et al, 1997). Evaluating the two 
pointss of view, it may be stated that there is a general consensus regarding the overall 
marinee character of the core. However, opinions differ regarding the nature of the 
glaciall  signature in the upper half of the core. 

Mostt of the points Fielding and co-workers raise against the model by Hambrey and co-
workerss concern the interpretation of certain diamicts. Where Hambrey et al. identified 
subglaciall  sediments in the core Fielding et al. found none. This once again underlines 
thatt the distinction between basal tills (subglacially produced or deformed diamicts) on 
thee one side, and diamicts deposited or re-deposited in a (glaci)marine setting (ice-
rafting,, mass movements) on the other side, is still far from clear (Anderson et al, 1980; 
Anderson,, 1983; Anderson et al, 1991). 

Inn this micromorphological study, I therefore focused on diamicts above the 
unconformityy at 366 metres below sea floor (mbsf). The purpose of the study was to 
establishh independently whether micro-scale indications of grounded ice can be found 
inn the upper half of the core. This paper reports on the analyses of strategically chosen 
samplee intervals. The consequences and the implications of the micromorphological 
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informationn for the interpretation of the core are discussed. It is attempted to resolve 

existingg disagreements between the models, which will be introduced below. 

TWOO CONTRASTING VIEWS 

Hambreyy et al.'s concise Utho-stratigraphical log (p.24 in Barrett, 1989) summarises the 

essentiall  information of the core description by Robinson et al. (1987). The 

environmentall  interpretation herein is based on recognition of facies within the 

CIROS-11 record. Sequential trends, bedding relations and sedimentary structures were 

analysedd to compile associations, which divide the core into distinct units. The 

unconformityy at a depth of 366 m subseafloor represents a major hiatus inferred to be 

inn the order of 4 million years (Harwood et al.t 1989). It separates the core in two parts, 

whichh display a marked difference in sediment characteristics. 

Thee overall fine-grained nature of the lower core half is taken as an indication that most 

off  the sedimentation took place in a marine setting, below the wave base. The repeated 

occurrencee of distinct, coarse-grained beds throughout this sequence is explained by the 

persistingg influence of glaciers that were calving at sea level. Diamictites at  665 mbsf 

andd the recurring diamictites between 500 and 400 mbsf are interpreted as 'glacially 

influencedd deposits'. It is argued by Hambrey and co-workers that (floating) ice 

advancedd over the drillsite and that, depending on the proximity to the grounding line, 

eitherr weakly stratified diamictite ('waterlain till' : Hambrey et al., 1989), or else well-

stratifiedd diamictites (proximal glaci(o)marine sediments: increased marine influence, 

considerablee ice rafted component) were deposited. 

Thee sediment accumulation above the unconformity level at 366 mbsf is much slower (

400 m/Ma vs. 200 m/Ma) and more continuous than in the lower half of the core 

(Harwoodd et al., 1989). Strata in the upper half of the core (Fig. 8.2a) are interpreted to 

bee 'strongly glacially influenced'. The relatively coarse-grained character of the sequence 

wouldd suggest predominant shallow water sedimentation interrupted by short intervals 

off  deep water sedimentation. Major glacial advances were recognised in massive to 

weaklyy stratified diamictites, interpreted respectively as lodgement and waterlain tills. 

Thesee fossil-poor diamictites thus record the glacial episodes, the fossil-rich sand and 

mudd units hence the interglacial episodes. 
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FIGUREE 8.2. Stratigraphic logs of the upper 366 m of the CIROS-1 drillcore. a) 
Interpretationn according to Hambrey et al. (1989): lithostratigraphic log and the extent of 
icee (grounding events indicated by arrows in the right margin), b) Interpretation 
accordingg to Fielding et al. (1997): Lithostratigraphic log and facies associations/sequence 
stratigraphyy (sequence boundaries indicated by small black triangles in the left margin). 

Fourr intervals are inferred to be 'glacially predominated'. Firstly, the diamictite between 

3433 and 326 m subseafloor is thought to witness a proximal glaci(o)marine deposit or a 

waterlainn till . The second nominated interval is a sedimentary association of around 60 

mm thick (base at 286 mbsf), which shows high-frequency, complex alternations of 

conglomerate,, diamictites and sandstone beds, also suggesting deposition at or close to 

thee grounding line. The occurrence of sandstone beds (distal glaci(o)marine 

sedimentation)) decreases in the course of time, while thin, massive diamictites, 

representingg 'lodgement tills', occur principally in the upper half of the association. The 

earliestt recorded local grounding event would be represented by the diamictite at + 262 

162 2 



mbsf. . 

Thee third interval (up to 157 mbsf) starts with a presumed grounding event at  212 

mbsf,, and 'shows several waxing and waning events', though no further subglacial till s 

weree recognised. Again proximal glaci(o)marine deposits are alternated with waterlain 

tills,, particularly between 213 mbsf and 180 mbsf. Finally, the 'youngest substantial 

periodd of shallowing' is represented by the sediments between 50 and 27 m subseafloor. 

Diamictites,, both stratified and massive, interbedded with stratified sandstone units 

wouldd suggest 'a complex interplay between lodgement and proximal glaciomarine 

sedimentation'. . 

Fieldingg et aL (1997) critically reviewed the above interpretation. In their analysis, the 

predominantt grain-size of the sediments was used as the primary denominator for facies 

definition.. Figure 8.2b (upper half of the core; for complete reference see Fig. 2 in 

Fieldingg et aL, 1997), shows that they introduced four associations to characterise the 

core.. The sediments of association A, which are most abundant in the core, are 

describedd as silt- and sandstones with varying clay and clast contents. Fielding and co-

workerss argue that the occurrence of complete shells in these units, as well as widespread 

bioturbationn and preserved ripple and cross-lamination may be taken as indicative of a 

broadlyy marine origin for the entire core. The overall presence of scattered clasts would 

pointt to ice rafting processes or a continuing proximity of glacial ice. 

Thee diamictites of facies C, described as either unstratified or displaying a vague wispy 

stratification,, are seemingly restricted to the upper half of the core. The occurrence of 

brokenn macrofossils, as well as vertically variable, relatively high concentrations of 

coarse,, occasionally striated and faceted clasts in these units are seen as a reflection of 

depositionn in a proximal glaci(o)marine setting. A combination of marine current 

transport,, dropout from floating ice and subglacial processes is suggested for the supply 

off  the clasts. Fielding and co-workers report however not to have identified iprima facie 

evidencee of diamict emplacement in subglacial environments'. 

Inn their approach of reconstructing environmental settings, they recognised 'packages 

containingg facies association B (breccias with a suggested mass flow origin) and the 

geneticallyy linked facies associations C and D (Pdeltaic conglomerates)'. These packages 

onlyy occur above the 366 mbsf-unconformity and are thought to represent glacial 

advance-retreatt cycles (or more complex glacial events). It is argued that the bases of 

thesee intervals, invariably described as sharp and abrupt, represent substantial facies 

dislocationss (sequence boundaries), which are attributed to glacial advances (lowstands). 

Thee preserved facies in a package would thus represent the retreat of glaciers from the 

area.. The absence of facies associations B and C below the 366 mbsf-unconformity (see 

Fig.. 2 in Fielding et aL, 1997) would indicate that glaciers did not reach the drillsite in 
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thee period covered by the lower part of the core. 

Resumingg it can be said that the models agree on the overall marine character of the 

coree and on the predominant glacial signature in its upper half. In the 1997-model it is 

emphasisedd that in the 1989-model diamictites are over-represented. Many of the 

diamictitess recognised herein would be classified by Fielding and co-workers as Variably 

mud-richh sandstones with rare coarse clasts', meaning that these would be labelled facies 

A-units.. As a consequence, the 1989-model suggests an overall more proximal setting for 

thee core (see Fig. 8.2). 

Furthermore,, Fielding and co-workers have chosen to use the term 'diamictite' only for 

'lithologiess containing common to abundant coarse clasts suspended in a mixed sand-

silt-clayy matrix, which have been inferred to be primary deposits'. This definition 

excludess re-deposited, unsorted sediments like debris flows from qualifying for the title 

'diamictite'. . 

Apartt from these points of description and definition, also more interesting differences 

relatedd to the interpretation were addressed in the Fielding et al. paper. The most 

importantt point at issue is of course the fact that Hambrey and co-workers obviously 

reportt direct evidence for grounded ice events in the form of basal till s in the sequence 

(Fig.. 8.2a), while Fielding and co-workers only find 'circumstantial' evidence. Their 

conclusionn that grounded glaciers advanced as far as and beyond the drillsite is based 

onn the presence of erosional unconformities or rather the absence of basal till s (Fig. 

8.2b),, with the addition that directly overlying these sequence boundaries, transgressive 

systemssystems may be observed, in which the glaci(o)marine sedimentation gets a more and 

moree distal character. 

THI NN SECTION SAMPLE SELECTION 

Whetherr a certain unit in the core should be classified as a basal til l or as a primary 

glacimarinee sediment, either or not re-deposited, was investigated for 12 thin sectioned 

intervalss (Tab. 8.1). I selected diamictic units, notably in the upper half of the sequence, 

whichh were indicated as 'shallow and glacially predominated' (Hambrey et al., 1989), as 

welll  as units in the direct vicinity of, and thus possibly related to 'sequence boundaries' 

(Fieldingg et aL, 1997). 
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TABLEE 8.1. List of thin sections 

Sample e 
C.406 6 
C.407 7 
C.408 8 
C.410 0 
C.411 1 
C.412 2 
C.413 3 
C.414 4 
C.416 6 
C.417 7 
C.418 8 
C.419 9 

Coree interval (mbsf) 
30.10-- 30.23 
44.611 - 44.85 
46.78-- 46.88 
93.14-- 93.28 

126.199 - 126.32 
127.60-127.75 5 
206.788 - 206.94 
212.00-212.15 5 
233.98-234.13 3 
243.13-243.28 8 
260.533 - 260. 68 
263.222 - 263.37 

Descriptionn (Robinson et al-, 1987) 
unstratifiedd diamictite 
unstratifiedd diamictite 
weaklyy stratified, partly disrupted diamictite 
nott available 
unstratified/weaklyy stratified (in places contorted) diamictite 
unstratifiedd diamictite 
unstratifiedd diamictite 
weakly,, irregularly stratified (in places contorted) diamictite 
unstratifiedd diamictite 
unstratifiedd diamictite 
weaklyy stratified (wavy, contorted) diamictite 
unstratified/weaklyy stratified (discontinuous) diamictite 

METHODOLOG YY AND NOMENCLATUR E 

Thee samples encompass 10 to 15 cm long intervals. They were air-dried and 

impregnatedd with synohte, an unsaturated polyester resin. Details of the thin sectioning 

proceduree were described by Murphy (1986) and Van der Meer (1996). 

Thee thin sections were studied using a Leica™ optical transmission microscope with 

magnificationss ranging from 6.3 to 35 times. Observations are mainly qualitative in 

characterr and comprise of analyses of texture and structure hereby focusing on 

distributionall  and orientational aspects. The terminology is consistent with the 

pedologicall  nomenclature suggested by Brewer (1976). Previous micromorphological 

workk on sediments showed that this terminology is appropriate to both sediments and 

soilss (e.g. Van der Meer 1987, 1993, 1996). Where necessary in this paper, 

micromorphologicall  terms will be elucidated. 

MICROMORPHOLOGICA LL  DESCRIPTIONS AND ANALYSES 

Withoutt exception, the investigated CIROS-1 samples seem to represent sediments with 

aa primary 'marine' character. In some intervals, sedimentary structures have been 

preserved.. The majority of the thin sections however show features that can be 

attributedd to reworking or deformation. Processes responsible for modification of 

sedimentaryy structures, or even for complete homogenisation of the sediments, may 

havee eventuated either in a (glaci)marine (gravity-driven movements) or in a subglacial 
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settingg (grounding of ice). In the following, typical examples of sedimentary and 

deformationall  features in the CIROS-1 record are outlined and discussed. 

Micro-scaleMicro-scale sedimentary characteristics in the CIROS-1 core 

Featuress indicating a (glaci)marine origin of the sediments, occur both in 

macroscopicallyy massive and in stratified diamictite units of the core (Robinson et ah, 

1987).. Under the microscope, seemingly massive, fine-grained intervals show subtle 

evidencee of sorting processes, textural separations or anisotropy in the arrangement of 

skeletonn grains (Brewer, 1976: skeleton is defined as that part of the textural spectrum, 

whichh is greater than the thickness of the thin section, i.e. ca. 30 |jm). The anisotropics 

involvee ill-defined lamination or short, discontinuous grain lineaments consisting of 

onee or few layers of grains. Figure 8.3a is a detail of thin section C.406, which clearly 

showss a (sub)horizontal, stratified signal. The thin section was subsampled from an 

'unstratified'' core interval (+ 30 mbsf) (Robinson et al, 1987). 

FIGUREE 8.3a. Micro-scale stratification, gradual transitions. Lower part shows wavy, muddy wisp. 
Detaill  of thin section C.406; plane light; field of view: 6.0 mm. Top to the right. FIGURE 8.3b. 
Texturall  differentiation constituting inclined stratification. Highlighted by carbonate cementation. 
Detaill  of thin section C.410; plane light; field of view: 13.8 mm. FIGURE 8.3c. Network of inclined 
faultss and joints accounting for disruption of stratified sediment. Note offsets and distortion. Detail 
off  thin section C.410; plane light; field of view: 12.0 mm. Top to the right. 
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Alsoo changes in the nature (composition) of the plasma occur (Brewer, 1976: plasma is 
definedd as that part of the textural spectrum complementary to the skeleton - < 30 |im -
individuall  grains can no longer be distinguished). These changes are noticed in density 
differencess (a solely clayey texture is generally witnessed by dark, dense areas) or in 
differencess in graininess (a 'grittier' appearance indicates a shift towards the silty side of 
thee spectrum). The latter type may also be present in the form of discontinuous, wavy 
laminaee or muddy wisps (Fig. 8.3b). 

Occasionally,, stratification is reflected in the distribution of gravels. Discrete levels in 
samplee C.407, from  45 mbsf, almost exclusively contained pebbles of a certain 
provenance,, whereas adjacent levels contained other lithologies or were almost devoid of 
pebbles.. This suggests that the individual 'strata' (cm-scale) indicate sedimentary phases 
orr events, most likely reflecting supply by floating ice. 

Figuree 8.3b, detail of C.410 (  93 mbsf), shows that in other cases, stratification is 
highlightedd by precipitation patterns of secondary carbonates. Carbonate cementation 
mayy directly be associated with pauses in sedimentation or with zones of high primary 
permeabilityy (Molenaar, 1989). As such distinct, parallel zones exhibiting continuous 
arrayss of linear or wispy features could be related to sedimentary strata, although 
boundariess are often not very pronounced in terms of textural differentiation. 

DeformationDeformation in the CIROS-1 deposits 

Thee CIROS-1 samples reveal a range of micro-scale deformational features, which can 

directlyy be used to make inferences regarding the nature of the deforming process. It is 

oftenn possible to specify whether deformation was essentially brittle or ductile in 

characterr and whether compressive or extensional stresses were predominant. 

Deformationn occurs in macroscopically massive diamicts, but also in stratified intervals, 

eitherr or not showing convoluted, contorted or disrupted bedding (Robinson et al., 

1987). . 

Inn thin section C.410 (  93 mbsf), the tilted stratification is dissected by a complex 

networkk of inclined joints and subhorizontal and lystric faults. This accounts for the 

brittlee deformation of bedding through differential offsetting of strata (Fig. 8.3c). In 

otherr intervals, folding and boudinage, which are regarded typical of ductile shear zones 

(seee e.g. Van der Wateren, 1995) account for disruption or contortion of the bedding. 

Thee presence of microfolding in C.418 (  260 mbsf), which is reflective of shortening of 

systemm components, implies that deformation was compressive. Viscosity contrasts 

betweenn strata were apparently sufficient to buckle the laminae into the observed shapes 

(Fig.. 8.4a). 
167 7 



FIGUREE 8.4a. Folded, buckled sandy diamict bed/lamina (carbonate cemented) imbedded in finer 
sediment.. Detail of thin section C.418; cross-polarised light; field of view: 18.0 mm. FIGURE 8.4b. 
Boudinagedd carbonate-cemented bed. Note suggestion of subhorizontal shears delineating the feature. 
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Detaill  of thin section C.413; plane light; field of view: 18.0 mm, FIGURE 8.4c. Augen-shaped or 
circularr cross-section of intraclasts or boudins resulting from disruption of bedding. Detail of thin 
sectionn C.408; plane light; field of view: 18.0 mm. FIGURE 8.4d. Elongated boudin exhibiting 
internall  plasmic fabric patterns, which represent discrete shears. Detail of thin section C.408; cross-
polarisedd light; field of view: 9.2 mm. FIGURE 8.4e. Water-escape witnessed by fluidised appearance 
off  sediment mobilised between relatively rigid (intra)clasts. Note plume-like feature to the top of die 
(intra)clastss suggesting direction of'release'. Detail of thin section C.412; plane light; field of view: 
4.11 mm. FIGURE 8.4f. Intraclasts of variable size and composition. Smaller intraclasts to die left are 
compositionallyy similar to host sediment. Detail of thin section C.412; plane light; field of view: 11.2 
mm.. FIGURE 8.4g. Brecciation producing angular elements in the sediment. Highlighted by 
carbonatee precipitates. Detail of thin section C.407; plane light; field of view: 5.6 mm. 

Evidencee of boudinage was observed in several thin sections. In C.413, from a depth of 

++ 206 mbsf, the crosscutting sets of shears accounting for crenulation are well defined 

andd directionally consistent (Fig. 8.4b). The extension direction, and likewise the 

orientationn of shearing in the system, can effortlessly be reconstructed. Thin section 

C.4088 (  46 mbsf), shows a deformed zone of 'disrupted stratification', consisting of 

sharplyy bounded lenticular or augen-shaped inclusions imbedded in a relatively sorted, 

locallyy cemented muddy sand. The inclusions consist of compact, fine-grained diamict, 

andd are considered the result of unidirectional, simple shearing (Fig. 8.4c). Boudinage is 

envisagedd as the first stage in their development: rafts of diamictic material, isolated 

fromm their original context, were stretched with progressive deformation and 

subsequentlyy sheared into their present position in the sediment. This idea is supported 

byy the observation of plasmic fabrics in the boudins. (Plasmic fabrics are defined as 

birefringencee models of the plasma, which are the result of preferred alignments of clay 

mineralss in particular areas or domains: Brewer, 1976.) Occurring types are unistrial 

plasmicc fabrics (discrete microshears, showing up as thin, continuous lines) or broader 

unidirectionall  signals (masepic plasmic fabrics). Orientations coincide or make small 

angless with the long axes of the boudins (Fig. 8.4d; detail of C.408:  46 mbsf). 

Wit hh progressive deformation, sedimentary stratification, as well as the deformation 

structuress described above (typical for low strain) might be erased (e.g. Hart and 

Boulton,, 1991). Optimally, a basal til l or a debris flow wil l look like a completely 

homogenised,, massive diamictic sediment. Fluidisation and water escape structures (Fig. 

8.4e:: detail of C.412 from + 127 mbsf), may be associated with the homogenisation 

process.. In practice, part of the old structures wil l survive, while new structures, 

indicativee of high strain situations form. These new features may thus coexist with low 

strainn structures or even with primary stratification. 

Intraclastss occur in almost all samples interpreted as being deformed (Fig. 8.4f shows a 
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detaill  of C.412; depth  127 mbsf). The intraclasts in the CIROS-1 sediments mostly 

matchh 'pebble' types distinguished by Van der Meer (1993). Dimensions range from a 

feww tens of microns to several millimetres. 

Thee most common intraclast is rounded and has gradual or 'diffuse' boundaries. The 

muddyy or diamictic composition usually resembles the composition of the surrounding 

matrix,, only displaying minor differences in grain density or content of fines. These 

differencess possibly account for heterogeneity in the sediment, in terms of cohesion or 

coherence.. Local anomalies herein would explain their development in a plastically 

deformingg medium. 

Anotherr rounded intraclast, which differs from the one above in that it is sharply 

boundedd and that it shows marked compositional differences with the host sediment, 

suggestss an incorporation of foreign material. Generally these intraclasts have a denser 

appearance.. Their composition ranges from pure clay to clayey diamict. Obviously the 

sharpp boundaries define a surface of modification. Van der Meer (1993) explained how 

brecciationn of a diamict or of clay bed might be the onset for the formation of these 

intraclasts. . 

Directt evidence of brecciation was observed in a number of CIROS-1 samples (Fig. 8.4g: 

thinn section C.407, taken from + 44 mbsf). It produces angular elements, which after 

detachmentt become incorporated in the deforming mass. Turbulence within this mass 

mayy account for rotation and rounding of individual elements. The intraclasts often 

showw internal plasmic fabrics. Types range from varieties of masepic (distinct, striated 

patternss in one or more directions) to the more abundant omnisepic (all clay is 

birefringent).. Birefringence is moderately to well developed and is either inherited (pre-

brecciation)) or else generated during transport and rotation in the deforming mass. 

Thee last type of intraclasts identified in the thin sections, consists of fine-grained 

'casings'' around skeleton grains. The casings are different from those described by Van 

derr Meer (1987). The casings are denser in appearance than the ambient plasma, and 

oftenn have sharp boundaries. The main reason for differentiation between these and the 

otherr intraclasts is their internal structure. The casing shows a 'laminated' layout: fine, 

oriented,, elongate silts as well as 'fringes' of reoriented clay are constituted in concentric 

patternss around the core grain. Figures 8.5a and 8.5b show the same detail of thin 

sectionn C.406 (  30 mbsf), illustrating the above description. The origin of these 

intraclastss may be explained by an accretionary process that is effective during 

rotationall  movement of the core-grain (see also Hiemstra, 1998). As environmental 

setting,, a water-saturated slurry is envisaged, in which small particles adhere to the 

surfacee of rotating grains, thus building up the casing. 

Plasmicc fabrics, that are usually the prime indicators of deformation in 
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micromorphologicall  studies (Menzies and Maltman, 1992; Van der Meer, 1993; Carr, 
1999),, are only sparsely present in the CIROS-1 thin sections. Faint, diffuse, isolated 
masepicc plasmic fabrics, subhorizontal or in directions conform stratification, were 
observedd in the matrix of thin sections C.407 and C.408 (  44 and  46 mbsf 
respectively). . 

Apartt from well-developed clay fabrics in intraclasts, one of the best examples was 
observedd throughout a clayey zone in C.414 (  212 mbsf). It shows distinct, oblique, 
unistriall  plasmic fabrics in combination with a more pervasive, subhorizontal masepic 
plasmicc fabric (Fig. 8.5c). This is argued to be a definite result of simple shearing. 
Thee explanation of the occurrence of short clay stringers in thin section C.413 (  206 
mbsf)) is ambiguous. The clay wisps show moderately to well developed parallel masepic 
plasmicc fabrics. Two explanations are suggested here. The clay stringers may either be 
clayeyy intraclasts, which have been 'attenuated' by shearing, or they represent 
discontinuous,, sedimentary laminae. In the latter scenario, 'visual' strain apparently 
concentratedd in those components of the deforming mass, which responded most 
plasticallyy to imposed stresses. 

Skelsepicc plasmic fabrics (Brewer, 1976) in thin section C.407 (  44 mbsf) are restricted 
too very thin layers immediately adjacent to the outlines of grains. The fact that the 
layerss are also thin around irregular-shaped grains, practically rules out that the fabrics 
aree generated by rotation of individual grains (Van der Meer, 1996). This process would 
affectt a wider zone around the grains, in which clay platelets would be arranged in a 
sweepingg motion. More straightforward seems the inference that the fabrics develop in 
ann isotropic stress regime, which forces the clay to arrange conform the shape of 
immobilee grains. As such, these fabrics can hardly be attributed any diagnostic value. 
Onlyy when the skelsepic features are thicker, as in C.406 (  30 mbsf), they might 
indicatee rotation. The plasmic fabrics may hence be regarded allied to intraclasts 
composedd of a core with casing (Figs. 8.5a and 8.5b). 
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FIGUREE 8.5a. (previous page) Fine-grained casings developing around skeleton grains. Note preferred 
orientationss of silts within the casings. Detail of thin section C.406; plane light; field of view: 9.0 
mm.. FIGURE 8.5b. (previous page) Fine-grained casings developing around skeleton grains. Note 
'skelsepic'' plasmic fabric 'fringes'. Detail of thin section C.406 (same area as in Fig. 8.5a); cross-
polarisedd light; field of view: 9.0 mm. FIGURE 8.5c. Discrete shears/unistrial plasmic fabric patterns 
inn a clayey zone of thin section C.414. Cross-polarised light; field of view: 5.6 mm. FIGURE 8.5d. 
Turbatee structure. Note preferred orientation of elongated silt- and sand grains conform the surface 
outlinee of the core-grain. Detail of thin section C.406; plane light; field of view: 6.2 mm. FIGURE 
8.5e.. 'Porphyroblast'-structure. Note extension-tails to opposing sides, indicating shear sense. Detail of 
thinn section C.419; plane light; field of view: 18.0 mm. FIGURE 8.5f. 'Comet'-structure. Note comet-
taill  to upper right. Detail of thin section C.414; plane light; field of view: 18.0 mm. FIGURE 8.5g. 
'Branchingg and merging' of shear. Highlighted by carbonate precipitation. Detail of thin section 
C.413;; plane light; field of view: 18.0 mm. 
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Turbatee structures, as in C.406 (  30 mbsf) present clear evidence of rotational 

movementss within deforming sediments (Fig. 8.5d). These structures appear as 

'constellations'' of skeleton grains, in which smaller grains are arranged in haloes or 

polygonall  forms, mostly along the surface of larger core-grains (see also Van der Meer, 

1997).. The prerequisite for their formation seems to be a homogenous, plastically 

deformingg diamict mass within which differential velocities account for local torques 

acrosss larger grains or relatively coherent elements. The effect of the induced rotational 

movementss is that fines in the direct vicinity are being aligned conform the outline of 

thee rotating object. 

Rotationall  features can often not be seen separate from evidence of planar movements 

inn the deforming sediment. In thin section C.419 (+ 263 mbsf), a muddy intraclast 

showss structures similar to a porphyroblast in metamorphic rocks (Passchier and 

Trouw,, 1996). Eccentric tails of mud, occurring at opposite sides of the inclusion, 

obviouslyy smeared out as a result of shear-induced planar movements in combination 

withh rotation of the intraclast (Fig. 8.5e). Similarly, an example of a 'comet'-structure 

(Menzies,, 1998; Van der Meer and Hiemstra, 1998) around a fine gravel gives an 

indicationn of planar movements (Fig. 8.5f, C.414; depth:  212 mbsf). The tail of the 

comett consists of clayey mud and displays evidence of plasmic fabrics in the stretching 

directionn of the tail. 

Ass was mentioned already, plasmic fabrics are generally not the best lead to identify 

deformationn in the CIROS-1 sediments. Shearplanes, witnessing planar movements in 

thee sediment, are commonly recognised by strong clay reorientations, showing up as 

distinct,, unidirectional signals. For some reason, which may be the presence of disperse 

carbonatess masking the birefringence or low clay contents, the CIROS-1 samples 

generallyy lack well-developed clay fabrics. Nevertheless, it is suggested that shearplanes 

mayy be present: configurations recognised in features highlighted by carbonate 

precipitatess (Fig. 8.5g: C.413; depth  206 mbsf) show a marked similarity to geometries 

consideredd typical for shearplanes (Ramsay, 1980; Hiemstra and Van der Meer, 1998). 

Sharpp linings of precipitated carbonate splice or bifurcate around larger skeleton grains, 

proceedd as two lines, merge again, and 'continue' as one single lining. This behaviour 

mayy be expected from shears that encounter obstacles in their development. It is 

thereforee argued that these carbonate precipitates were actually formed in shearplanes. 

Thee concept that carbonate will precipitate in zones of high primary hydraulic 

conductivityy (Molenaar, 1989) fits well in this hypothesis. Arch et ah (1988) and Arch 

andand Maltman (1990) already suggested that shearplanes inhibit flow in directions 

perpendicularr to the plane, but can act as aquifers in a parallel, 'lateral' direction. As a 

resultt of preferred alignments in these zones, water may thus flow preferentially 

through,, which makes the precipitation possible. 
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DISCUSSION N 

GlacimarineGlacimarine sediments, basal tills or mass movement deposits f 

Ann overview of the micromorphological features discussed in the previous section is 

givenn in Table 8.2 below. 

TABLEE 8.2. Overview of micromorphological characteristics. Key to the symbols: • • • abundant; 

•• • common; * rare; - absent. 

Sample e Stratificationn Intraclasts PF Structures Structures 
Skel./Plas.. Unidir. Rotational Fold./Boudin. 

-A A 
-/--

"/--
-/--
•A A 

•• • / » • • 
•• • • / • • 

-A A 

Structures s 
Faulting g 

C.406 6 
C.407 7 
C.408 8 
C.410 0 
C.411 1 
C.412 2 
C.413 3 
C.414 4 
C.416 6 
C.417 7 
C.418 8 
C.419 9 

. . . / . . . 

. . / . . 

. . / . . . . 
 /

. . / . . 
A A 

 /
-/--

--
-A A 

Itt was already entered that the entire core has a broadly marine origin. In the current 

microscopicc approach this view, which was postulated by both Hambrey et al. (1989) 

andd Fielding et al. (1997) can be confirmed. In all of the analysed thin sections at least 

somee evidence of marine influence on sedimentation was recognised. As such faint 

texturall separations, small-scale evidence of ice rafting but also the occurrence of (intact) 

microfossilss could qualify. The results of sorting processes, either attributed to wave 

actionn or bottom currents, could be established even in samples that have been 

describedd as massive diamictites (Tab. 8.1; Robinson et al, 1987). This suggests that one 

off the most important criteria used for the recognition of marine influence, i.e. sorting 

off sediment, might easily be overlooked when studying the core 'with the naked eye'. 

Whenn the above line of reasoning is adopted, one could argue that the subsamples all 
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representt (glaci)marine sediments. Instead I state that sediments can only be defined as 

glacimarine,, in case no indications of re-deposition, reworking or, more generally, of 

post-sedimentaryy deformation are found. Thin sections that do show these indicators 

mayy be classified either as mass movement deposits or as basal till s (core deformation 

cann be excluded because of the lithified character of the core). This study suggests that 

alll  of the investigated sediments have initially been deposited in a (glaci)marine setting. 

Ass a consequence, they acquired characteristics that are typical for such environments. 

Onlyy one of the twelve samples, thin section C.411, hardly shows any evidence of 

deformation,, and is therefore qualified as a relatively 'pristine' glacimarine sediment. 

Exceptt for some intraclasts and a very weak, undifferentiated plasmic fabric, the 

sedimentt only shows its primary characteristics. The fabrics must be attributed to 

settlingg in a marine environment (regular particle accumulation is considered 

insufficientt to generate strong unidirectional orientations). 

Assumingg that this sample is indeed representative of a larger core interval (based on 

Robinsonn et aL, 1987), I cautiously argue that the sediments between 123.15 mbsf and 

126.366 mbsf were deposited in a proximal glacimarine setting close to the grounding 

line,, and did not or hardly experience deformation during or after deposition. The 

striatedd clasts found in this interval were probably introduced through ice rafting. On a 

largerr scale this sample represents unit 2 (Robinson et al., 1987), which Hambrey and co-

workerss (1989) identified as 'a complex interval with evidence of lodgement and 

glaciomarinee sedimentary processes'. For the specified interval no subglacial setting can 

bee reconstructed: micromorphological analysis does not support this interpretation. 

Thee second group of sediments comprises of those that have been affected by gravity-

drivenn movements. Dependent on the efficacy of the process, as well as on the 

susceptibilityy to strain, which is determined by their internal shear strength, the 

sedimentss show features generated during subaqueous slumping, sliding or flow. 

Individuall  features need not be exclusive for this type of deformation. Rather, it is a 

combinationn of characteristics which is regarded diagnostic for 'destabilised' 

glacimarinee sediments. 

Thee mass movement deposits show evidence of rotational movements, either in the 

formm of turbates or as rounded intraclasts (the casing-type intraclasts is the only feature 

whichh may possibly be considered diagnostic as they are seemingly restricted to mass 

movementt deposits). The isolated features occur dispersed throughout the sediments. 

Theree seems to be no control on the location where movements are generated: it seems a 

stochasticc process that is 'determined' by coincidences, for example by occurrence of 

clotss within a deforming mass. This renders the sediments a 'chaotic' character. Along 

withh the general lack of 'unidirectional', planar features, this suggests that deformation 

eventuatedd in an 'unconfined' situation. Occurring zones of masepic plasmic fabrics are 
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discontinuouss and weakly developed. They tend to dissipate in some places. Apparently, 

thee deforming sediment system had 'some freedom' in responding to imposed stresses. 

Gravity-drivenn movement of destabilised, primary glacimarine sediments seems thus a 

simplee and straightforward explanation for the observed characteristics. An essentially 

plasticc and ductile deformation is envisaged in which pore-water plays a prominent role. 

Internall  flow-adjustments are witnessed by water-escape structures and indications of 

fluidisation. . 

Thinn sections C.417, C.412, C.410, C.407 and C.406 represent mass movement deposits. 

Thinn section C.417 was sampled from a part of the core (228 - 250 mbsf), in which 

Fieldingg et at. (1997) identified evidence of 'postdepositional mixing'. Micro-scale 

deformationn in C.417 supports this view for at least the represented interval. Sample 

C.4166 (+ 234 mbsf) was also sampled from this part of the core. However, the poor 

qualityy of this calcareous, fully cemented interval did not allow for any precise analyses. 

Inn a microscopic view, the sediment looks massive, without any apparent stratification 

orr structures. It could consequently not be established whether this level was also 

affectedd by gravity-driven deformation (Fielding et al, 1997). The possible lodgement-

originn suggested by Hambrey and co-workers could not be tested either. I am reluctant 

too perform any large-scale extrapolations regarding the extent of affected sediments. It 

seemss however plausible to assume that the unit between 241.19 mbsf and 248.71 mbsf 

(Robinsonn et al, 1987) in its entirety is a mass movement deposit. The adjoining 

stratifiedd sandstone beds above and below this interval suggest a more extensive record 

off  gravity-driven movements. 

Thinn section C.412, sampled from a depth of 127.68 mbsf and showing features of 

gravity-drivenn deformation, as well as thin section C.411, from 1+ metre higher up in 

thee sequence (undeformed glacimarine: see above), are part of the 'ice-proximal facies' 

relatedd to the suggested sequence boundary at 136 mbsf in Fielding et al.'s model (1997). 

Thee outcome of micromorphological analyses fits this model. It contradicts Hambrey et 

al.\al.\ interpretation that the interval stretching from 126.36 mbsf to 128.03 mbsf is a 

lodgementt till . From this study it seems more likely that identified deformation resulted 

fromm reworking in a debris flow. 

Thinn section C.406 was, like the sediment of sample C.407, sampled from the interval 

'recordingg the youngest substantial period of shallowing' (Hambrey et al, 1989). It is 

arguedd that the widespread, though isolated occurrence of rotational structures, and the 

absencee of clear unidirectional shear indicators in both samples are pointing to a mass 

movementt origin more than anything else. As unit 2 (Robinson et al, 1987) is rather 

complexx in terms of alternating beds, and because their mutual relations are hard to 

comprehend,, I merely state here that this study leads to believe that the interval between 

29.855 mbsf and 31.25 mbsf and the interval between 43.72 mbsf and 44.81 mbsf are the 
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resultt of subaqueous, gravity-driven flow. 

Althoughh thin section C.410 does not resemble the other mass movement deposits, 

whichh show predominantly ductile deformation features, this interval may also have 

beenn affected by a form of gravity-driven movement. Both Hambrey et al. and Fielding 

etet al. assumed an ice-proximal setting (based on various lines of evidence), but discard 

thee impact of grounded ice. From the micro-scale deformation characteristics, subglacial 

deformationn cannot be excluded. 'Reworking as subaqueous debris flows', as was 

proposedd by Hambrey and co-workers seems however unlikely because of the 

'brittleness'' of the deformation. Following the 'gravity-driven' scenario I envisage the 

observationss in the sampled interval (93.14 - 93.28 mbsf) to be indicative of a relatively 

coherentt plug flow. 

Wheneverr sediments, also primary glacimarine sediments, are overridden by grounded 

icee and become deformed in a subglacial setting, they should be classified as basal tills. 

Thiss may sound trivial, but all too often sediments are only assigned the label 'basal till ' 

whenn there are presumed indications for direct deposition by the ice. Van der Meer 

(1993)) reflected that for this reason til l sequences should be discussed in tectonic terms 

ratherr than in terms of lodgement and melt-out. Evidence of subglacial deformation was 

observedd in thin sections C.419, C.418, C.414, C.413 and C.408. Direct deposition by 

icee could not be ascertained. 

Ass was already postulated, individual characteristics, which are exclusive to a certain 

typee of deformation, are scarce. In situ fractured grains for example, which are 

consideredd diagnostic for the subglacial case (Hiemstra and Van der Meer, 1997), were 

nott found at all in the analysed thin sections. Criteria used here to differentiate between 

subglaciall  deformation and gravity-driven modifications therefore concern 

combinationss of 'indicative' features. As was reasoned above, gravity-driven deformation 

inn a subaqueous setting is 'unrestricted' in terms of directions in which strain may 

develop.. This was witnessed by a 'chaotic' sediment nature in which rounded forms are 

abundant.. Subglacially deforming systems on the other hand, are more or less 

'confined'' by overlying ice. It may therefore be expected that the gross of movements 

wil ll  evolve in directions parallel to imposed stresses. Although e.g. dilatancy is a 

commonn process in basal tills, the predominance of planar components should be 

evidentt from the occurrence of elongated boudins and discrete shearzones in the thin 

sections.. The location of turbates, other than in massflows, appears to be controlled by 

planarr movements. 'Optimally' a situation occurs where rotational movements are only 

generatedd in the direct vicinity of discrete shearplanes (Hiemstra and Van der Meer, 

1998). . 

Thinn sections C.419 and C.418 were subsampled from a unit between 260.20 and 264.00 

mbsff  (Robinson et al., 1987) which, according to Hambrey et al. (1989), represents the 
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earliestt grounding event in the CIROS-1 core. This study supports the view that this 

unitt is subglacially deformed. The same can be said of the lower part of unit 10 

(Robinsonn et al., 1987), which would manifest two waxing events. Micro-scale 

characteristicss of C.414 confirm that the lower part, stretching from 211.16 mbsf to 

212.933 mbsf is a basal till . I would argue that sediments in the vicinity of sample 

intervall  C.413 (206.78-206.94 mbsf) also represent a basal till . Further specifications 

cannott be given for unit 10 (200.73 - 212.93 mbsf) because interpolation is complicated 

byy the high-frequency alternation of sandstone, mudstone and diamictite strata 

(Robinsonn et al, 1987). It should be noted that Fielding et al. (1997) in this part of the 

coree just identified sediments deposited below the storm wave base. They do not 

distinguishh a sequence boundary between those at 310 mbsf and 136 mbsf (Fig. 8.2b). 

Samplee C.408 represents the youngest basal til l recorded in this study. With some 

reservationn I propose to extrapolate the basal til l to the interval between 45.76 mbsf and 

48.5048.50 mbsf (Robinson et al., 1987). Higher up in the core, the sediments are 

predominantlyy primary glacimarine or mass movement deposits. 

CONCLUSION S S 

Thee results of this thin section study are summarised in Table 8.3 below. The 

conclusionn seems justified that throughout the upper half of the core (above the 366 

mbsff  - unconformity), the occurrence of mass movement deposits is common. This 

suggestss that the environmental setting was unstable during deposition. Alternatively, 

thee sediments might somehow have become destabilised postdepositionally. This may be 

associatedd with local tectonics or with waxing and waning events (Kurtz and Anderson, 

1979;; Wright et al., 1983). 
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TABLEE 8.3. Interpretations of thin-sectioned intervals 

Coree interval (mbsf) Hambrey et al. Fielding et al. (1997) This paper 
(1989) ) 

30.10-- 30.23 lodgement til l proximal glaci(o)marine primary glacimarine, 
subaqueouss massflow 

44.611 - 44.85 lodgement til l proximal glaci(o)marine primary glacimarine, 
subaqueouss massflow 

46.788 - 46.88 waterlain till , proximal glaci{o)marine subglacially deformed 
masss movement 

93.14-- 93.28 waterlain till , proximal glaci(o)marine glacimarine, slump 
masss movement 

126.19-126.322 waterlain proximal glaci(o)marine primary glacimarine 
till/lodgement t 
til l l 

127.755 lodgement til l proximal glaci(o)marine primary glacimarine, 
subaqueouss massflow 

206.944 lodgement til l distal glaci(o)marine, subglacially deformed 
masss movement 

212.155 lodgement til l distal glaci(o)marine, subglacially deformed 
masss movement 

234.133 lodgement till ? Proximal - distal uncertain 
glaci(o)marine e 

243.288 waterlain till , distal glaci(o)marine, primary glacimarine, 
masss movement current reworking, mass subaqueous massflow 

movement t 
260.533 - 260.68 lodgement til l distal glaci(o)marine, subglacially deformed 

masss movement 
263.222 - 263.37 lodgement til l distal glaci(o)marine, subglacially deformed 

masss movement 

Inn three thin sections the impact of grounded ice was demonstrated. The earliest 

groundingg event, also recognised by Hambrey et al (1989), is represented by sediments 

justt below 260 mbsf (for reference see Fig. 8.2). Higher up in the sequence (up to around 

2400 mbsf), samples show evidence of mass movements in a proximal glacimarine 

setting,, so that in that interval with some confidence a regressive ice sheet can be 

reconstructed. . 

Afterr a series of more distal sediments or a further waning of the ice sheet (unreported 

thinn section analysis: heavily bioturbated silty mudstone at 213.56 mbsf), the second 

episodee of grounding was established. The thin section samples from around 207 mbsf 

andd 212 mbsf both indicate subglacial reworking. Whether this second episode 

comprisedd one singular grounding event or, as was suggested by Hambrey and co-
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workers,, involved phases of distal and proximal glacimarine sedimentation alternated 

withh two grounding events, can not be expressed on basis of this study because 

interpolationn between two thin section samples remains treacherous. 

Thee latest re-advance of grounded ice over the drillsite was recorded between 45.7 mbsf 

andd 48.5 mbsf. It is concluded that, contrary to what Hambrey and co-workers postulate 

regardingg occurrence of lodgement till s higher up in this part of the core, there only 

seemss to be evidence of subglacial settings in the lowermost part of this unit. Thin 

sectionss higher up 'just' point to mass movement processes in a proximal glacimarine 

setting.. This would imply that this part of the core may be interpreted as representation 

off  a regressive ice sheet, which starts off with the subglacial sediment. Again, some 

cautionn is desired, for interpolation in this complex core-interval is difficult . 

Furtherr grounding events, as suggested by Hambrey and co-workers (1989) could not be 

substantiated.. No micromorphological information leading to reconstruction of 

groundedd ice in annotated intervals could be found. The interpretation of the local 

advancee represented by unit 6 (  127 mbsf) and other proposed grounding events in 

unitt 2 and unit 12 (around 30 mbsf and 234 mbsf respectively) can therefore not be 

maintained. . 

Thee association of sequence boundaries with glacial advances in Fielding et al. (1997) 

couldd not directly be tested in this study. The sequence boundaries are argued to 

representt erosional unconformities that record ice maximums. Subglacial sediments 

wouldd therefore not be preserved. The model proposed by Fielding and co-workers, 

whichh reports at least six occasions of grounded glaciers advancing as far as and beyond 

thee site of CIROS-1, may therefore be valid, although I would suggest that the two 

groundingg episodes at + 207 - 212 mbsf and at  260 mbsf, as identified in this study, 

weree clearly missed. The youngest grounding event proposed here (+ 46 mbsf) may be 

relatedd to the uppermost sequence boundary at  54 mbsf. The statement that 'no prima 

faciefacie evidence of diamict emplacement in subglacial environments could be identified' 

cann be placed in a different perspective after these micromorphological analyses. 
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9.. THI N SECTION STUDIES OF QUATERNARY 
ANTARCTI CC SEDIMENTS: THE WESTERN ROSS SEA 
TESTT CASE 

Abstractt  — Thin sectioned sediment samples from Deep Freeze 1980 piston cores were 

analysedd with the purpose of providing detailed information on their depositional and 

deformationall  history. The different types of diamicts in the record, potentially the most 

interestingg when it comes to reconstructing grounding line dynamics, were - prior to this study 

-- poorly understood as they proved to be practically indistinguishable when using 'standard' 

techniques.. With die aid of a microscope, these diamicts could be distinguished: basal rills, 

glacimarinee sediments as well as mass movement deposits were identified. The results may be 

usedd in reconstructions of the (Late) Quaternary grounding line movements on the western 

Rosss Sea continental shelf. 

InIn review with Quaternary Science Reviews. 

I N T R O D U C T I O N N 

I tt may be stated with some confidence that the Ross Sea continental shelf has been the 

venuee for several grounding events in the course of the Quaternary. Oxygen isotope 

recordss indicate that the frequency of volumetric changes of the Antarctic ice sheet 

reachedd peak values in the Pleistocene (e.g. Abreu and Anderson, 1998), and from seismic 

dataa it may be concluded that at least some of these changes in ice volume were 

'translated'' into migrating grounding lines (GL) on the Ross Sea continental shelf 

(Andersonn and Bartek, 1992). That such data can lead to convincing reconstructions is 

beyondd doubt: the "amalgamation" of planar reflectors in the seismic record for example, 

iss Very likely' to represent the composite (Late Pleistocene) glacial erosion unconformity 

thatt Anderson and Bartek (1992) suggested. 

Stilll  it can hardly be considered a satisfactory situation that our knowledge of the recent 

glaciall  history of the Ross Sea area is based predominantly on relatively crude, 'remotely 

sensed'' phenomena and proxies. The obvious explanation for this unwanted situation is 

thatt in the Ross Sea - as in other offshore cases - sediments are in fact the only source of 

directdirect (= not circumstantial), 'high resolution' evidence. As seafloor sediments can only be 

obtainedd by coring or drilling, it should not be surprising that the availability of such data 

187 7 



iss limited. Also taking into account that the sediments are everything but straightforward 

whenn it comes to interpreting them, one can understand why up til l now the development 

off  direct evidence lags behind. 

Givenn the scarcity of cores, it is least to say unfortunate that previous attempts to get to 

thee bot tom of the Ross Sea sedimentary stratigraphy stranded in discussions about 

diamictt genesis. Although Kellogg stal. (1979) and Anderson eta/. (1980; 1991; 1992) were 

ablee to identify several depositional facies, decisive answers regarding the origin of 

diamictss in the piston cores could mostly not be given. Particularly distinguishing between 

GL-proximall  glacimarine diamicts and basal till s caused them major problems. 

Investigatingg why proposed criteria were not adequate, it became clear that the actual 

decisionn whether a diamict was of subglacial or glacimarine origin mostly came down to 

onee single sediment quality, which - in addition - often appeared to be ambiguous. 

Restrictingg mvself to 'local' studies I can say that Licht et al. (1999) established that in 

termss of provenance, and also looking at sediment constituents and microfossils, 

differencess between proximal glacimarine sediments and basal tills are often negligible. 

Kluivin gg et al. (1999) demonstrated that stratification - one of the obvious criteria for 

separatingg the two - is not necessarily reserved to (glaci)marine deposits, and that high 

valuess of sediment strength - another popular characteristic to identify basal till s with -

shouldd not be considered exclusive either. 

Too assist in the unravelling of the Late Quaternary Ross Sea sedimentary record, at least 

wheree it concerns the Victoria Land side (see Fig. 9.1), I selected sixteen intervals from 

fifteenn Deep Freeze 1980 piston cores for thin sectioning. In spite of the attempts by 

Lichtt et al. (1999), which clearly led to improvements (see below), I still felt that some 

aspectss concerning the interpretation of the recovered western Ross Sea sediments were 

under-exposed.. Where Licht and co-workers in their study mostly dealt with the question 

whetherr the impact and presence of grounded ice could be excluded on basis of acquired 

information,, I have been looking for microscopic information on whether sediments are 

basall  tills, i.e. whether thev were actually deformed or deposited by grounded ice. 
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FIGUREE 9.1. Map of the study area around Drygalski Ice Tongue and Terra 
Novaa Bay (after Anderson and Kurtz, 1980). Indicated are core locations and 
bathymetry.. Note that four of the cores investigated in this study were recovered 
fromm south of the displayed area (PC 80-85, 90, 192 and 193; see Table 9.1). 

T H EE ROSS SEA SEDIMENTAR Y RECORD 

Foundation Foundation 

Thee majority of piston cores recovered from all over the Ross Sea area penetrated 

diatomaceous,, muddy sediments overlying diamicts (Anderson et al, 1980; 1991). On the 

basiss of their crude stratification, their sorting characteristics, their composition as well as 

theirr physical properties, the muds were interpreted as compound glacimarine deposits. These 

aree thought to originate in a setting with buoyant ice: the sediment is pelagic, current-

derivedd and partly ice rafted. 

Thee terrigenous diamicts in the cores were accredited to subglacial deposition and partly to 

transitionaltransitional glacimarine deposition (GL proximal deposition). The distinction between diamicts 
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wass made on the basis of e.g. compaction characteristics, grain shapes or the presence of 

certainn foraminifer species (Anderson et al, 1980; 1991). 

Andersonn and co-workers postulated that the Quaternary record in the eastern and 

centrall  Ross Sea is reflective of a quick change from subglacial to marine conditions. The 

supposedd basal tills, found as the lowermost units in the cores, would have been 

depositedd during the LGM by an extensive grounded West Antarctic ice sheet. Anderson 

andd colleagues propose a swift retreat of this ice sheet from the area to explain the general 

absencee of GL-proximal deposits and the commonly sharp transition between the till s 

andd the overlying (compound) glacimarine deposits that they found. 

Inn the western Ross Sea contemporaneous deposits are likely to reflect the behaviour of 

'tributary'' Victoria Land vallev glaciers. During the LGM, these were probably part of an 

extendedd West Antarctic ice sheet. If this assumption is correct, one could say that at the 

timee the East Antarctic and the West Antarctic ice sheets formed one great, 'confluent' 

Rosss Sea Ice Sheet system. Anderson et al. (1991) interpreted the western Ross Sea 

diamict-mudd sequence as the result of LGM grounding of valley glaciers in pre-existing 

glaciall  troughs, again followed by a rapid retreat and subsequent glacimarine 

sedimentation.. The rapid retreat would account for the scarcity of transitional glacimarine 

sediments. . 

Re-appraisal Re-appraisal 

Becausee they were sceptical about aforementioned diamict interpretations, Licht et al. 

(1999)) decided to re-assess a selection of piston cores from the western Ross Sea (Eltanin 

32,, 52 and Deep Freeze 1980, 1987). In addition to previous analyses, they measured the 

carbonatee contained in the sediments and examined their grain-size distributions. They 

arguedd that variable TOC with depth would indicate time-variable biogenic productivity 

(inn other words: marine conditions), whereas a high sand content in a sediment could 

reflectt the marine process of winnowing. 

Viewingg X-rays of the piston cores enabled Licht and co-workers to identify IRD and 

tephraa layers. Particularly the tephra layers form a powerful lead in their work. The 

presencee of volcanic layers consisting of nothing but 'geochemically pure glass' would 

leadd them to exclude a sediment from being a subglacial till : in this case a sediment would 

bee interpreted as a primary, i.e. a not-reworked glacimarine deposit (open water or thin 

seasonall  ice and subsequent settling). In case the tephra layer was found to contain glass 

off  a mixed chemical signature, the sediment would be considered reworked, either by 

groundedd ice or by gravity flows. 

Usingg AM S radiocarbon dating results as indicator for reworking performed a similar 
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trick:: where ages were found to be in chronological order downcore, subglacial reworking 
wouldd be excluded for that particular unit. Again such sediment would be interpreted as a 
primaryy glacimarine deposit. 

Lichtt and co-workers found that all diamicts in cores north of 74° S could by these 
measuress be qualified as primary glacimarine sediments. In cores south of this 'line', they 
encounteredd - apart from more primary glacimarine sediments - also reworked diamict 
units,, which they interpreted as basal tills. This led them to infer that till s do not occur all 
thee way to the edge of the western Ross Sea continental shelf, and that the maximum 
extentt of grounded LGM ice was apparendy around 74° S. 

Assistance Assistance 

Att first sight, the approach by Licht et al. (1999) seems a good way to separate unaffected 

glacimarinee diamicts from subglacial tills and debris flows. It obviously gets round a few 
off  the problems that were encountered in previous studies. 

Stilll  there are two flaws that should be noted: first, the success of the method seems 
largelyy dependent on the presence of dateable material and tephra layers in the cores. If 
thesee fail, deformation in the sediments might just remain unnoticed. Dependent on the 
degreedegree of reworking, i.e. on how 'original' sediment characteristics are retained, deformed 
depositss might be mistaken for primary glacimarine deposits. Secondly, it seems that the 
describedd method can only identify if a sediment has been deformed; it does not specify 
howhow it happened. The differentiation between till s and debris flows seems therefore not 
attainable. . 

Usingg the technique of micromorphology may obviate these shortcomings. Information 
onn what process is responsible for deformation in a sediment is the type of information 
thatt the study of thin sections can provide. Previous papers showed that if a sediment 
'lodges'' indications of any kind of deformation, micromorphology is likely to track them 
downn (cf. Van der Meer, 1993; Menzies, 1998; Van der Meer and Hiemstra, 1998). 
Carryingg out a thin section study of already analysed and re-analysed Deep Freeze 1980 
pistonn cores is thus not an attempt to 're-invent the wheel'. It should be regarded as 
complementaryy to the studies by e.g. Anderson et al. (1991) and the efforts of Licht et al. 

(1999).. It provides detailed, additional information on the deformational history of the 
westernn Ross Sea sediments. 
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T H EE MICROMORPHOLOGICA L WA Y 

Thee samples studied here represent Deep Freeze 1980 core intervals that are between 4 

andd 6 cm in width (= the core diameter) and between 9 and 15 cm in length (Table 9.1). 

Thee vertical cross-section areas of the samples range between + 40 cm2 and a maximum 

off  90 cm2. The intervals were strategically selected from diamictic units in the cores (cf. 

Cassidy,, 1988). They mainly represent the area around Drygalski Ice Tongue and Terra 

Novaa Bay (Fig. 9.1). The sixteen thin sections were prepared following a procedure 

similarr to the one outlined in Murphy (1986). The procedure involves air-drying of 

undisturbedd sediment intervals, impregnation with unsaturated polyester resin, cutting of 

thee hardened blocks, and grinding to a thickness of  30 (im. 

TABL EE 9.1. Information on the thin section samples (cmbsf = centimetres below seafloor). 

Sample e 

C.356 6 

C.357 7 

C.358 8 

C.359 9 

C.360 0 

C.361 1 

C.362 2 

C.363 3 

C.364 4 

C.553 3 

C.554 4 

C.555 5 

C.556 6 

C.557 7 

C.558 8 

C.559 9 

Core e 

PCC 80-85 

PCC 80-193 

PCC 80-90 

PCC 80-98 

PCC 80-131 

PCC 80-132 

PCC 80-108 

PCC 80-115 

PCC 80-118 

PCC 80-96 

PCC 80-100 

PCC 80-105 

PCC 80-116 

PCC 80-121 

PCC 80-131 

PCC 80-192 

Interva l l 
(cmbsf) ) 
6 1 - 74 4 
123-135 5 
133-144 4 
611 - 75 
53 -67 7 
104-117 7 
129-137 7 
52 -61 1 
6 0 - 72 2 
105-115 5 
6 5 - 75 5 
40-50 0 
55 -65 5 
3 0 - 40 0 
95-105 5 
14-24 4 

Depth h 
(m) ) 
625 5 

732 2 

790 0 

704 4 

755 5 

668 8 

915 5 

841 1 

439 9 

539 9 

708 8 

914 4 

549 9 

713 3 

755 5 

766 6 

Region n 

Scottt Coast 

Scottt Coast 

Scottt Coast 

Drygalski i 

Drygalski i 

Drygalski i 

Terraa Nova 

Terraa Nova 

Terraa Nova 

Drygalski i 

Drygalski i 

Terraa Nova 

Terraa Nova 

Terraa Nova 

Drygalski i 

Scottt Coast 

Bay y 

Bay y 

Bay y 

Bay y 

Bay y 

Bay y 

Latitud e e 

76°55'S S 

76°33'S S 

76°01'S S 

75°34'' S 

75°25'S S 

75°33'S S 

75°04'' S 

74°55'' S 

74°43'S S 

75°36'' S 

75°24'S S 

75°03'S S 

74°55'' S 

74°42'' S 

75°25'S S 

76°55'' S 

Longitu d d 

163°32'E E 

165°01'E E 

163°11'E E 

164°56'' E 

165°48'E E 

166°08'' E 

166°00'E E 

165°12'E E 

164°15'' E 

164°11'E E 

165°03'E E 

164°07'' E 

164°36'' E 

166°05'' E 

165°48'E E 

163°16'E E 

Thee thin-sectioned samples were studied using Leica™ equipment. An optical 

transmissionn microscope (magnifications between 6.3 and 35 times) and an accompanying 

cameraa were used to accurately examine mutual relations between in situ sediment 

constituents.. In the analvses I focused on characteristics relating to size, shape, patterns 
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andd orientations (see also Van der Meer, 1996). 

Mostt terms that are used to describe the microscopic features wil l not require 

explanation.. In fact they would describe common and known deformational (and 

sedimentary)) features, if it were not for the smaller scale. Some terms are derived from a 

pedologicall  micromorphology nomenclature (Brewer, 1976). These wil l be defined at first 

use.. An overview of important microscopic observations is given in Table 9.2 below. 

TABLEE 9.2. Micromorphological observations. Key: - = absent, not developed; • = rare, weakly 
developed;; • • = common, moderately developed; • • • = abundant, well developed. 

Plasmicc Fabrics Other  Structures 
Skel-insepicSkel-insepic Vatcby' Skelsepic Unidir. Stratif. Intraclasts Turbates Lineaments 

 - •/• • 
•• ••  -  •  • •  •• • 

-/ ••  • 

••  •• •  •• • 
-/ • • 

••  •• •  •  • •  ••/•• • 

• ••  • •  •/• •  ••/•• •  ••/•• • 
• ••  • •  •• •  • 

•• ••  •/• •  • • 
• ••  •• •  •/• •  •  • •  ••/•• • 

•• ••  •/• •  •  • 
•/• ••  • 

••  -  •  •  •  •/• • 

PlasmicPlasmic Fabrics 

PlasmaPlasma is the generic term covering all sediment material - mineral and organic - smaller 

thann  30 (j,m, i.e. the approximate thickness of a thin section. The way the plasma is 

'organised'' may be reflected in birefringence models, in the so-called plasmic fabrics 

(Brewer,, 1976). Under crossed polarisers these show up as extinction phenomena. 

Becausee birefringence is based on the optical properties of clay minerals with a layer 

latticee structure as well as on the orientation of such particles relative to each other, 

plasmicc fabrics may be regarded as a means to identify stresses that have been 

experiencedd by a sediment during its formation or deformation. Generally, it may be 
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C.35 6 6 
C.35 7 7 
C.35 8 8 

C.35 9 9 

C.36 0 0 

C.36 1 1 
C.36 2 2 
C.36 3 3 

C.36 4 4 
C.55 3 3 

C.55 4 4 

C.55 5 5 

C.55 6 6 
C.55 7 7 

C.55 8 8 
C.55 9 9 
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statedd that the intensity of the plasmic fabrics is a measure of the amount of strain. It 

shouldd be kept in mind however that clav percentages and the type of clay minerals could 

influencee the degree of development. The presence of 'masking agents', viz. secondary 

carbonates,, organic substances and diatoms tend to conceal plasmic fabric patterns. 

Tablee 9.2 shows that birefringence models in the investigated Deep Freeze 1980 samples 

aree rather variable. 

I nn three thin sections — in C.362 and in the two from core 131 (C. 360 and C.558) - the 

homogeneouss plasma seems absolutely devoid of signals. The samples have a high diatom 

percentagee (between 10 and 25 %) and a low clay percentage in common (Cassidy, 1988). 

Thinn section C.361 (also with a high diatom content: 38 %), shows a complex, 

discontinuous,, interfingering-type of plasma stratification, in which fabrics appear only to 

bee developed in streaks or bands where diatoms are absent. The four samples strongly 

suggestt that diatoms influence the perceptibility of clay reorientations in a sediment. 

FIGUREE 9.2a. Detail of thin section C.358 in cross-polarised light (correctly positioned: top of the 
thinn section to top of figure). The longer side of the image represents 5.6 mm. Diamict with faindy 
reorientedd plasma. Birefringence occurs in isolated domains and shows no distinct patterns in terms 
off  orientation (insepic). FIGURE 9.2b. Detail of thin section C.555 in cross-polarised light (correct 
position).. The longer side of the image represents 10.3 mm. In this diamict irregular patches within 
thee plasma are reoriented (lighter), whereas other zones show no or poorer birefringence (darker). 
Orientationss are hard to establish. This type of plasmic fabrics is referred to as 'patchy'. FIGURE 
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9.2c.. Detail of thin section C.557 in cross-polarised light. Top of the thin section is to the left. The longer 
sidee of the image represents 11.2 mm. 'Patchy' plasmic fabric often accounts for a 'chaotic' overall 
appearancee of the diamict. Note that some of the microcracks delineate reoriented zones. FIGURE 
9.2d.. Detail of thin section C.363 in cross-polarised light. Top of the thin section is to the upper left. The 
longerr side of the image represents 7.0 mm. Once again a 'patchy' birefringence to illustrate that 
withinn this type of plasmic fabrics orientations are varying. Note diat most zones of birefringence 
aree subparallel to the orientation of the thin section. 

AA lot of the samples that zie free of diatoms (Cassidy, 1988) show a faint type of plasmic 

fabrics,, which may be specified as skel-insepic (Brewer, 1976). This type of 'background' 

birefringencee is a 'hybrid' of skelsepic and insepic plasmic fabrics (Fig. 9.2a). The insepic 

typee denotes "plasma separations with striated orientation, occurring as isolated 'islands' 

withinn overall flecked plasma". The accompanying skelsepic plasmic fabrics are very diin 

(estimatedd to be in the order of 10 |U,m), and refer to plasma separations with striated 

orientationss that occur subcutanically (and parallel) to surfaces of silt- and sandgrains. 

Thee skel-insepic plasmic fabrics seem to occur irrespective of clay percentage. They have 

developedd in both samples widi a low and in samples with a relatively high clay 

percentagee (between 5 and 30 %). 

Inn some parts of thin sections C.359 and C.363, and throughout thin sections C.555 and 

C.557,, pervasive, 'patchy' plasmic fabric configurations are exhibited (Fig. 9.2b). The 

birefringencee is mosdy moderately developed. The term 'patchy' was chosen because 

birefringencee occurs in irregularly shaped, mosdy rounded, mm-scale zones. Preferred 

orientationss of the clay within individual patches are uniform and in one single direction. 

BetweenBetween patches, orientations may be very different, which, in combination with the shape 

off  the patches, gives the sediment a rather chaotic character (Figs. 9.2c and 9.2d). 

Inn the terminology by Brewer (1976), the type that would come closest is omnisepic plasmic 

fabric.. Omnisepic plasmic fabrics is defined as birefringence whereby "all the plasma 

exhibitss a complex striated orientation pattern; in thin section the striae have an intricate 

patternn as regards direction of preferred orientation". 

Plasmicc fabrics that are discrete in their appearance, commonly convey a stronger 

'directional'' message. The first type in this category concerns the aforementioned 

skelsepicc plasmic fabrics, now in a 'thicker design' (Fig. 9.3a). These belong to a group of 

featuress that I refer to as 'circular' features. As thin sections are basically 2-D 

representationss of the sediment, in 3-D these features may actually be spherical or open-

cylindricall  (sheath-like). 

Scatteredd examples of such skelsepic plasmic fabrics were found in thin sections C.554 

andd C.556. Unlike their thin counterparts, they do not precisely 'wrap around' the outline 

off  the centre grain. Rather they form symmetrical and nicely rounded and circular zones, 
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ass i f the grain in t he midd le (which m ay be a-symmetr ical in out l ine) pe r fo rmed a 

ro ta t ionall  m o v e m e n t. 

F IGUREE 9.3a. Detail of thin section C.554 in cross-polarised light. Top of the thin section is to the upper 

left.left. The longer side of the image represents 5.6 mm. Thick skelsepic plasmic fabrics around the 

whitee grain in the centre. Note that the dark grain to the left shows a thin skelsepic layer around it. 

F IGUREE 9.3b. Detail of thin section C.363 in cross-polarised light. Top of the thin section is to the upper 

left.left. The longer side of the image represents 9.0 mm. Well developed, distinct, unidirectional plasmic 

fabricss showing up as a masepic, inclined band in the centre of the image. Note that to left and to 

thee right, but parallel to the central feature also thinner examples occur (unistrials). F IGURE 9.3c. 

Detaill  of thin section C.359 in cross-polarised light (correct position). The longer side of the image 

representss 4.7 mm. Particularly the left half of the image shows several, (dis)continuous unistrial 

featuress running at approximately 50° from the vertical. F IGURE 9.3d. Detail of thin section C.553 

inn plane light (correct position). The longer side of the image represents 11.2 mm. Within the overall 

isotropicc diamict, one planar zone shows a concentration of clayey plasma. In cross-polarised light, 

suchh zones are moderately birefringent. 

L inearr or p lanar (the 3 -D equivalent) p lasmic fabric features are s h o wn in 10 out of the 

166 th in sect ions (Figs. 9.3b and 9.3c). D e p e n d e nt on the w id th of the zones, such signals 

mayy be qualif ied as masepic or else unistrial p lasmic fabrics (see Brewer, 1976). Masepic 

plasmicplasmic fabrics refer to small p lasma separat ions that are or iented in (parallel) zones in one 

d i rect ion:: " t he str iated or ientat ion is e longated parallel to the length of the zones". 
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UnistrialUnistrial plasmic fabrics are defined similarly when it comes to orientation, but these tend to 

takee the form of thin, continuous, distinct 'lines'. 

Plasmicc fabrics in thin section C.553 occur in plasma anisotropics like in Figure 9.3d. 

Theyy are confined to the upper half of the thin section. Merely in clayey streaks or in thin 

laminaee or bands where clay density is slightly higher than average, the plasma exhibits a 

moderatelyy developed unidirectional birefringence. Preferred orientations are 

approximatelyy parallel to the elongation of the plasma anisotropy form. The features are 

orientedd in two cross-cutting (conjugate), low oblique directions. 

Suchh a consistent organisation of orientations could not be established in thin sections 

C.356,, C.359, C.555 and C.557. In the first two, in which the plasma composition is 

relativelyy homogeneous, unidirectional features occur isolated and dispersed. Individual 

featuress are relatively short and discontinuous. In thin sections C.555 and C.557, zones of 

masepicc plasmic fabrics (mostly a few millimetres in length and up to around 500 n.m 

wide)) only occur as part of the omnisepic patterns (Fig. 9.4a). 

FIGUREE 9.4a. Detail of thin secüon C.557 in cross-polarised light (correct position). The longer 
sidee of the image represents 11.2 mm. Except for the lower right corner of the image (poor to no 
plasmicc fabrics), this diamict exhibits a patchy, omnisepic plasmic fabric. At the inclined transition 
betweenn the zones, one unidirectional, masepic (unistrial) feature is visible. It seems to be part of the 
omnisepicc configuration. FIGURE 9.4b. Detail of thin section C.363 in cross-polarised light (correct 
position).. The longer side of the image represents 5.6 mm. The image shows at least three parallel, 
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inclinedd birefringent bands, alternated with zones that are virtually devoid of a plasmic fabric signal. 
FIGUREE 9.4c. Detail of thin section C. 357 in cross-polarised light. Top of the thin section is to the upper 
left.left. The longer side of the image represents 7.0 mm. Close-up of one of the birefringent zones. 
Althoughh most of the reorientations in the plasma are onented diagonally (lower left to upper right), 
internallyy the zone is not uniform: parts are masepic, parts are more irregular ('patchy1). Also 
distinct,, fine unistrials occur. 

Unidirectionall  features are 'culminating' in thin sections C.357, C.363 and C.556. Though 

thee strength of fabrics differs, the patterns in each of these samples are alike: the 

sedimentss show discrete, parallel zones of moderately to well-developed plasmic fabrics 

thatt are alternated with zones showing relatively poor birefringence or no birefringence at 

alll  (Fig. 9.4b). 

Inn C.357 and C.556 this 'zonation' is most obvious. Particularly in the latter, masepic 

signalss are restricted to subhorizontal and low oblique bands of at most 5 mm in 

thickness.. Vertical spacing is regular, and, if it were not for local disturbances because of 

poorr impregnation, the bands would have been continuous across the width of the 

sample. . 

I nn fact, thin section C.357 has the same character, although the birefringent zones are 

noww 2-3 cm thick and less uniform. Instead they consist of a suite of plasmic fabric types 

(Fig.. 9.4c). Unistrials and masepic plasmic fabrics are present; some small parts may even 

bee qualified as omnisepic. Internally, the preferred orientations differ, but overall - 'at a 

largerr scale' - orientation is parallel to the outline of the 'reoriented' zone. 

Ass was mentioned above, thin section C.363 partially exhibits a 'patchy' plasmic fabric 

pattern.. Its upper half however displays distinct unidirectional signals. Occurring unistrials 

aree well developed and consistently (sub)horizontal. Although less discrete and less 

continuouss than in the C.357 and C.556, individual unistrial features are in terms of 

intensityy relatively best developed. 

OtherOther Structures 

Judgingg from the common occurrence of plasmic fabrics in the investigated Deep Freeze 

samples,, one may conclude that plasma is generally 'rather susceptible' to alterations and 

rearrangementss during (de)formation of sediments. In the absence of masking agents, the 

diamictss unchangeably show some form of clay (re)orientation. 

Stilll  it should be noted that because of the common subtlety of the signals, plasmic fabrics 

mayy not tell an unambiguous story, i.e. they may not always be conclusive on their own. 

Thiss is why usually in micromorphological studies also other characteristics are 
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consideredd (see e.g. Van der Meer, 1993; Menzies, 1998). In the current paper I have 

categorisedd such characteristics under the heading 'other structures'. 

Scale-wisee the 'other structures' are up to cm-size. In the spectrum of microscopically 

observablee features (which also includes plasmic fabrics), they should be placed on the 

'coarse'' end. The most important for the identification of deformation are assorted in 

Tablee 9.2. 

Tenn samples show features that relate to textural differentiation in the sediment. Using the 

planee light setting on the microscope permits the recognition of (sub)vertical silty and 

sandyy ('crinkle') tracks in C.358, C.557 and C.559, and the detection of lenticular, 

(sub)horizontall  silt and sand concentrations in C.359 and C.553 (Fig. 9.5a). 

Otherr samples show more pronounced stratification, although it often seems 

discontinuous,, or 'disrupted and modified'. In thin sections C.359, C.360, C.361, C.362, 

C.364,, C.553 and C.556, the arrangements of pebbles, silt- and sandgrains, but also subtle 

differencess in the texture of the plasma highlight layered structural patterns. 
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FIGUREE 9.5a. Detail of thin section C.553 in plane light (correct position). The longer side of the 
imagee represents 13.8 mm. Isolated, lenticular, streamlined body composed of silts and sands within 
overalll  homogeneous diamict. FIGURE 9.5b. Detail of thin section C.553 in plane light. Top of the 
thinthin section is to the upper left. The longer side of the image represents 11.2 mm. Well rounded intraclast 
composedd of clay and silt (low grain density) within overall homogeneous diamict. FIGURE 9.5c. 
Detaill  of thin section C.361 in plane light (correct position). The longer side of the image represents 
9.00 mm. Scattered occurrence of intraclasts composed of a skeleton core and a casing of fine-
grainedd sediment (here diatomaceous, clayey). Note that the casing of the intraclast in the upper left 
cornerr suggests a concentric lamination. FIGURE 9.5d. Detail of thin section C.554 in plane light. 
TopTop of the thin section is to the left. The longer side of the image represents 5.6 mm. Turbate structure: 
thee coarse grain in fhe centre is surrounded by a halo of finer grains, which have long-axis 
orientationss subtangential to fhe surface of the core grain. FIGURE 9.5e. Detail of thin section 
C.5533 in plane light (correct position). The longer side of the image represents 7.0 mm. Another 
examplee of a turbate structure. Note that the halo consists of a 'spiralling' organisation of silt and 
sandd grains. FIGURE 9.5f. Detail of thin section C.553 in plane light (correct position). The longer 
sidee of the image represents 7.0 mm. The image shows a horizontal lineament in the centre: a 'train' 
off  aligned particles. The lineament consists of 5 grains with their long axes subparallel to the 
imaginaryy line through their centres. 

Anotherr widespread phenomenon is the intraclast. In the investigated thin sections, 

intraclastss are often rounded (Fig. 9.5b). They measure a few tens of micrometres up to a 

feww rnülimetres in size. In differing abundances, intraclasts occur in all sixteen samples. 

Theyy consist of sediment that deviates from its surroundings. Their internal birefringence 

characteristicss (mostly omnisepic) are generally well developed. 

Thee most remarkable type of intraclast was found in large quantities in thin section C.361 

andd in fewer numbers in C.359 and C.554 (Fig. 9.5c). They are perfectly rounded, circular 

(orr more likely: spherical) sedimentary clasts and usually consist of a core grain with a 

'fine-grainedd casing' (C. 359, C.554: clayey/silty and C.361: diatomaceous). In all cases the 

casingss are devoid of plasmic fabrics. They appear to reflect a concentrically laminated 

internall  structure: incorporated elongate fine silt grains are ordered parallel to the surface 

outlinee of the core grain. 

I nn reference to these oriented (silfjgrains, one might say that microfabric features are 
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potentiallyy very important for identifying structures in 'massive' fine-grained diamicts. It 

seemss that structures occurring in such homogeneous diamicts either relate to the 

orientation,, or to the distribution of skeleton. 

Skeleton,, which is complementary to plasma, encompasses all grains larger than + 30 (j,m. 

Inn the same way as plasma does, skeleton grains with elongated shapes may, either 

individuallyy or in combinations, reflect preferred orientations within the sediment. 

TurbatesTurbates are 'circular' arrangements of grains (see Van der Meer, 1993; 1997). Just like in 

thee casings that were discussed above, turbates consist of systematically arranged particles 

-- here silt- and sandgrains - positioned around a coarser skeleton grain or pebble (Figs. 

9.5dd and 9.5e). This 'core' need not be present in the plane of the thin section. Turbates 

mayy be considered the skeleton-equivalent of skelsepic plasmic fabrics. Dimensions are 

comparablee to the sizes of intraclasts. Turbates occur in thin sections C.357, C.363, 

C.553,, C.554, C.556 and C.559. Particularly in C.554 their occurrence is widespread, while 

thee differences in diameters (even within this sample) are considerable. 

AA quite current 'linear' (or in 3-D: planar) skeleton distribution feature is the so-called 

lineament.lineament. Usually a lineament is composed of three or more grains, which have their 

centress aligned (Fig. 9.5f). The long axes of the 'participating' grains are approximately 

parallell  to the imaginary line through the centres of the grains. Well-developed examples 

weree observed in thin sections C.357, C.363, C.553 and C.556. 

DISCUSSION N 

Mostt of the outlined observations reflect deformation of sediments. Individually, features 

mayy indicate whether the sediment was strained heavily or just lightly, whether it was 

shearedd in a 'neat', simple sense, or whether deformation evolved more chaotically. 

Onlyy rarely, individual features are actually diagnostic for a certain deformational process. 

Decidingg if a given sediment was deformed subglacially or in a gravity-driven movement 

iss therefore mosdy a matter of finding the right associations of indicative micro-

characteristics.. Together these characteristics may have a diagnostic value. 
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MethodologicalMethodological aspects 

Withh this in mind, I would argue that Kluiving et al. (1999), who put Quaternary central 

Rosss Sea sediments to a 'microscopic test', did not 'exhaust' all opportunities that the 

techniquee of rnicromorphology offers. I n their attempts to distinguish gladmarine from 

subglaciall  deposits, they 'merely' looked for specific plasmic fabric configurations that - if 

presentt - would prove microscopically that a sediment was subglacially sheared. They 

arguee that the occurrence of the so-called S-C and S-C-C' type shear band cleavages 

(analogouss to structures found in low-grade metamorphic rocks) are exclusive to basal 

tills. . 

Puttingg aside the question whether gravity-driven sliding can be ruled out as a possible 

sourcee of such fabrics (see Hiemstra et aL, in prep., chapter 3 in this thesis), it seems that 

thee way of reasoning adopted by Kluiving and co-workers implies that the absence of shear 

bandd fabrics indicates that a sediment was not deformed underneath a glacier. I claim that 

thiss need not always be true: although plasmic fabrics should be regarded the most 

sensitivee strain-meter there is, I am convinced of the occurrence of deformed sediments 

inn which 'the plasmic fabrics index will simply not deflect'. In situations where a sediment 

containss secondary carbonates, amorphous organic matter or diatoms (see above) - not to 

mentionn where it lacks micaceous clay minerals (prerequisite) - existing fabrics wil l not 

show. . 

Thiss is exactly the reason why I also contemplated the 'other structures' in the western 

Rosss Sea micromorphological analyses. It seems reasonable to assume that combining 

plasmicc fabrics and micro-scale structures in skeleton potentially leads to more reliable 

interpretations. . 

PhilosophicalPhilosophical aspects 

Beforee actually getting to the discussion and the interpretations of the Deep Freeze 1980 

samples,, it is important to note that I consider the processes of deposition, deformation 

andd erosion at or near the grounding line as parts of a continuum rather than as separable 

'events'' (see also Van der Meer and Hiemstra, 1998; Hiemstra, 1999). I am of the opinion 

thatt where sediments are deposited subglacially, concurrent internal deformation is 

unavoidable.. The deposited material - the basal til l - may be 'newly supplied' by the 

groundedd glacier or it may consist of'recycled' seafloor deposits. I also think that where a 

groundedd glacier removes previously deposited strata, the sediments underneath are likely 

too deform. These subglacially deformed sediments should also be called tills. The resulting 
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groundingg line sedimentary record could therefore theoretically be a mishmash of 

sedimentss with both terrestrial and marine ingredients, either or not deformed by glacial 

overriding. . 

ThisThis shows in practice 

Thee Deep Freeze 1980 samples exhibit microscopic features that I attribute to planar and 

rotationall  types of strain. Conveniendy considering preferred orientations of clay platelets 

andd elongated skeleton grains as a marker for movements that have taken place within a 

sediment,, it is obvious that unidirectional plasmic fabrics and lineaments express 

displacementss and rearrangements along planes. Unistrial as well as masepic plasmic 

fabricss reflect parallel organisations of layer lattice minerals, which develop in case a 

sedimentt is sheared (see Van der Meer, 1993). A lineament should be considered as the 

skeletonn equivalent of such plasmic fabrics: although actual displacements are probably 

veryy limited, also coarser grains may align in response to imposed shear stresses (see 

Hiemstraa and Rijsdijk, submitted, chapter 4 in this thesis). 

Rotationn within the deforming sediment is first of all reflected in the thick type of 

skelsepicc plasmic fabrics and in the occurrence of turbates (see Van der Meer, 1993; 

1997).. Rotating movements of individual grains account for reorientations of clay ('thick' 

skelsepics)) and skeleton (turbates). The fact that turbates are more common than thick 

skelsepicc plasmic fabrics (Table 9.2) - in spite of clay being more susceptible to 

reorientationss - has nothing to do with the frequency of occurrence. 

Thiss statement may be clarified by picturing the organisation of elements within the 

spheree of influence of a rotating grain. The rotation is likely to cause a 'spiralling', 

imbricatee (= not necessarily parallel) configuration of elongate elements in the direct 

vicinityy of the grain. It should be obvious that such patterns can be observed in the 

skeletonn grains simply because of their size, whereas in occurring micaceous clays they 

cann not be observed due to the lack of clear (parallel-particle) birefringence. Only where a 

surface-parallell  configuration is assumed, the well developed, thick skelsepic plasmic 

fabricss may be shown. The turbates exhibit both the predicted spiralling organisation and 

thee core-surface parallel orientation of the long axes. 

Becausee most are rounded, it is suggested that intraclasts have been subject to rotational 

movementss as well. Where they consist of foreign material, the intraclasts are rafts that 

havee been incorporated in the sediment (see Van der Meer, 1993). The rounded shapes 

mayy in this case be explained by erosion during transport and reworking. The 

'remarkable'' casing-type intraclast develops differentiy: it is thought to build up when 

individuall  grains or fine pebbles start rotating. Fines accumulating onto rotating cores by 
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adheringg to their surfaces would explain the observed 'layered' internal structures (see also 

Hiemstra,, submitted, chapter 5 in this thesis). 

Thee occurrence of skel-insepic plasmic fabrics is an expression of a low-intensity 

isotropicc stress regime. It should not be associated with simple shear: the patterns 

constitutedd by the vague, isolated insepic domains are often symmetrically striated, and the 

skelsepicc plasmic fabrics are too thin to consider rotation of grains as a possibility (see also 

Hiemstraa and Rijsdijk, submitted, chapter 4 in this thesis). 

Thee patchy plasmic fabrics are considered the reflection of a chaotic type of sediment 

modification.. As may be gathered from the complex patterns with their multitude of 

internall  preferred clay orientations, 'movements' were probably not well ordered. Though 

thee sediment appears to have been affected in its entirety, some zones and patches seem 

too have behaved different than others in the process. Because of the complexity in the 

birefringencee patterns, it is suggested that the water content in the sediment during 

deformationn was high. Occasionally the patchy fabric can directly be associated with the 

occurrencee of pebbles. In these cases the pebbles seem to have influenced the strain in 

thee sediment. 

TowardsTowards interpretations 

Ass stated, individual features almost never form a good basis for a diagnosis regarding the 

originn and the deformational history of a sediment. Focussing on the gravity-driven and 

subglaciall  deformation as possible options, the trick is therefore to form associations of 

microscopicc phenomena that are 'more likely' to occur in one than in the other. 

II  applied the following principles: 

Wheneverr the features lead to believe that under imposed stresses the sediment was 

allowedd to 'deform freely in all directions', i.e. if the situation seems unconfmed, I 

interpretedd the sediment as a mass flow (Table 9.3). 

Patternss in mass flow deposits are complex and chaotic, not in the last place because of 

supposedlyy high water contents. The 'ideal' set of criteria would include a patchy plasmic 

fabric,, thick skelsepic plasmic fabrics, rounded intraclasts and turbates; the latter three 

preferablyy dispersed throughout the sediment and occurring in different sizes. Most 

featuress in mass flows are thus circular in character. Planar features may occur, but these 

aree likely to be short, discontinuous and in random directions. 

I nn contrast, I postulate that the deformation brought about by the shearing action of 

groundedd ice makes the prevailing type of signatures planar and more organised in 
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character.. I consider unistrial and masepic plasmic fabrics and lineaments common 
featuress in tills. 

Unlikee mass flows, basal till s are 'restrained' in the way they are deforming: the presence 
off  ice on top of the sediment column essentially confines most internal movements to 
zoness parallel to imposed shear stresses. Orientations of individual features in these zones 
-- often conjugate - are subparallel or low oblique to the presumed shear sense (see 
Kluivingg et aL, 1999). Circular features do occur in basal till , but are unlikely to be 
dispersedd throughout the sediment. Turbates for example would occur mosdy in (narrow) 
zoness close to shear planes: the torques required for rotations of grains or pebbles are 
generatedd by displacements eventuating along the planes. 

TABLEE 9.3. Interpretations. 

Sample e 
C.356 6 
C.357 7 
C.358 8 
C.359 9 
C.360 0 
C.361 1 
C.362 2 
C.363 3 
C.364 4 
C.553 3 
C.554 4 
C.555 5 
C.556 6 
C.557 7 
C.558 8 
C.559 9 

Core e 
PCC 80-85 
PCC 80-193 
PCC 80-90 
PCC 80-98 
PCC 80-131 
PCC 80-132 
PCC 80-108 
PCC 80-115 
PCC 80-118 
PCC 80-96 
PCC 80-100 
PCC 80-105 
PCC 80-116 
PCC 80-121 
PCC 80-131 
PCC 80-192 

Interpretatio n n 
Basall  till 
Basall  till 
Bioturbated d 
Alasss flow 
Inconclusive e 
Masss flow 
Uncertain,, probably basal till 
Basall  till 
Nott deformed: glacimarine 
Basall  till 
Masss flow 
Masss flow, core deformation 
Basall  till 
Masss flow 
Inconclusive e 
Bioturbated d 

Occasionallyy individual characteristics played a decisive role in the interpretations: the 

occurrencee of the casing-type intraclasts (see Fig. 9.5c) for example 'tipped the balance' in 

favourr of a mass flow origin (C.359, C.361 and C.554). 

Similarly,, the occurrence of in situ fractured quartz grains (Figs. 9.6a and 9.6b) combined 

withh an aggregated structure (Fig. 9.6c) in C.356 was considered to be evidence of 

subglaciall  conditions (see Hiemstra and Van der Meer, 1997). Because it concerned a 

ratherr 'special' case, it was not mentioned in Table 9.2. 
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FIGUREE 9.6a. Detail of thin section C.356 in cross-polarised light (correct position). The longer 

sidee of the image represents 5.1 mm. Example of an in situ fractured quartz grains close to a planar 

crack.. The grain, just below the centre of the image, is split in half. F IGURE 9.6b. Detail of thin 

sectionn C.356 in cross-polarised light (correct position). The longer side of the image represents 5.1 

mm.. Another example of a fractured grain. Part of the white quartz grain in the exact centre of the 

imagee (above the grey, elongate grain) is dislocated. F IGURE 9.6c. Detail of thin section C.356 in 

planee light (correct position). The longer side of the image represents 18.0 mm. Marble bed 

structuree (Van der Meer, 1993). The diamict is composed of aggregates that are highlighted by a 

labyrinthh of continuous microcracks. FIGURE 9.6d. Detail of thin section C.362 in plane light. Top 

ofof the thin section is to the left. The longer side of the image represents 18.0 mm. The lenticular, 

streamlinedd form in the upper right quadrant is a remnant of a sedimentary stratification. It is 

composedd of a siltv clay. F IGURE 9.6e. Detail of thin section C.553 in plane light (correct position). 

Thee longer side of the image represents 18.0 mm. Head-on collision. The dark track in the centre of 

thee image is a burrow. The worm passed the pebble to the left. 
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Featuress like lenses or boudins, i.e. streamlined forms consisting of silt, sand or clay, were 

consideredd part of a disrupted stratification (Fig. 9.6d). They are associated with a 

stretchingg type of strain, which is as likely to happen in gravity-driven deformation as in 

subglaciall  deformation. Although not direcdy mentioned in Table 9.2, their occurrence 

wass also helpful in deciding for one or the other (C.359 and C.361: mass flows; C.362, 

C.5533 and C.556: tills). 

Evidencee of bioturbation was established in C.358 and in C.559. In C.358 this evidence is 

restrictedd to short, vertical silty tracks, which are very likely to represent small-scale 

burrowss or infilled channels. In C.559 the evidence is more convincing. The sediment 

showss countless channels and turbate features that are highlighted in differences in 

texturee (Fig. 9.6e). 

Onee should be aware of the possibility that some of the sediments might have 

experiencedd a poly-phase type of deformation. This is suggested in thin section C.356, 

whichh shows indications for 'ductile' deformation in the form of unidirectional plasmic 

fabrics,, as well as the combination of aggregation and crushed grains, which seems 

reflectivee of brittle deformation. Changing conditions are also suggested in C.557, which 

showss localised, small-scale fluidisation and water escape characteristics next to short, 

discontinuous,, planar plasmic fabrics. Apparently the hydrology of the sediment changed 

whilee it was moving down a subaqueous slope, which makes the combination of unistrial 

plasmicc fabrics and the fluidisation features possible. 

Synthesis Synthesis 

Itt goes without saying that presenting a historical environmental reconstruction on basis 

off  merely micromorphological analyses is not a sensible thing to do. In order to 

comprehendd the glacial history of a certain area one should - for a start - have an idea 

aboutt how sediment units correlate, something that can obviously not direcdy be inferred 

fromm thin section studies; most certainly not without having absolute ages available. 

Stilll  I consider it useful to give a 'graphic' overview of the distribution of microscopically 

establishedd mass flow deposits, glacimarine sediments and basal tills, in other words: of 

thee spatial sediment variability in the study area (Fig. 9.7). 
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FIGUREE 9.7. Map of the area around Drygalski Ice Tongue with the 
interpretationss of the individual cores (after Anderson and Kurtz, 
1980).. Key: A — basal till ; • = glacimarine sediment; • = mass flow 
deposit. . 

Focussingg on the area around Drygalski Ice Tongue, basal tills seem to occur on both 

flankss of the prominent Drygalski Trough. On its northern flank cores PC 80-115 and 

1166 (thin sections C.363 and C.556) positively represent basal tills. On its southern flank 

thee origin of thin section C.362 (core PC 80- 108) is less certain, but I still tend to opt for 

subglactall shearing as being responsible for the observed micro-scale characteristics. 

Thinn section C.553 from core PC 80-96 also exhibits a subglacial deformation signature. 

Assumingg that a Late Quaternary advance of David Glacier did account for the 

aforementionedd tills, it is possible that the till in this core - recovered from a (relatively 

shallow)) position outside the main trough - is not associated with the same grounding 

event. . 

Inn conclusion, it can be said that the microscopic data largely support previous 

reconstructionss involving grounded ice once being present on the western Ross Sea 

continentall shelf (e.g. Anderson et al., 1991; Licht et al, 1999). This was to be expected. 

IndividualIndividual micromorphological interpretations of diamicts on the other hand, turn out to 

differr considerably from the interpretations in some of the previous papers. The 
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applicationn of micromorphology to the western Ross Sea case brought to light that for 

examplee diamicts, initially interpreted as basal tills, are in fact mass flow deposits. In other 

casess "unaffected, primary glacimarine deposits" microscopically turned out to be 

subglaciallyy deformed diamicts. Without analysing all differences individually, it is obvious 

thatt the problems concerning the 'macroscopic' recognition of diamict-types - in fact the 

mainn reason for carrying out the thin section studies - may well be for real. 
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Ikk heb 't hier bekeken 

Ass ik dit zo heur 

Iee zuiken 't moar oet 

Jaa ik goa der vandeur 

Edee Staal 
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10.. WRAPPING UP... 

RECAPITULATIO N N 

... .When one puts aside the embarrassment that is commonly felt looking at 'dirt 
pictures',, one is likely to discover the secrets kept in their details... 

TheThe case studies 

Itt was shown in this thesis that micromorphology is a useful technique in the unravelling 
off  the Antarctic continental shelf sedimentary record. With the exception of an 
occasionall  analysis that did not lead to an interpretation, I can safely say that the study of 
thin-sectionedd sediments from the areas of Marguerite Bay, Pine Island Bay and the Ross 
Seaa resulted in reliable distinctions between primary glacimarine sediments, basal till s and 
masss movement deposits. Comparing the situation before with the situation after carrying 
outt the micromorphological analyses, one can do nothing but establish that the 
knowledgee of the Antarctic sedimentary continental shelf record has increased 
considerably. . 

AA selection of thin sections from Marguerite Bay (Antarctic Peninsula) shows that many 

off  the Quaternary sediments on the local continental shelf have been deformed in gravity-

drivenn movements. That these gravity flows form an important part of the sedimentary 

recordd had already been established in earlier publications. The current 

micromorphologicall  data suggest however that the frequency of their occurrence is much 

higherr than was anticipated. 

Becausee the local bathymetry is extremely rugged, the leading role of mass movements on 

thee Marguerite Bay continental shelf can hardly come as a surprise. To what degree a 

dynamicc grounding line contributed to the triggering of the mass movements remains 

unclear. . 

Whatt is clear is that at some time during the Late Quaternary - the Last Glacial 

Maximumm would be a good candidate — grounded ice reached at least as far as (68° 29' S, 

70°° 36' W) onto the continental shelf. The thin section from the core recovered from this 

positionn during Deep Freeze 1985 (deep water) shows microscopic features that should 

bee attributed to subglacial shearing. 
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Thee Pine Island Bay continental shelf in West Antarctica was, relying on the outcome of 

thee micromorphological analyses of shallow Deep Freeze 1985 cores, covered by 

groundedd ice all the way to the shelf edge at around 71° South. Although not all 

interpretationss are equally certain, it may be stated that it is very probable that the outer 

shelff  sediments were deposited or deformed by grounded ice, most likely during the 

LGM . . 

Apparently,, the process of subaqueous mass movement was less prominent here than in 

Margueritee Bay. Only one of the investigated Pine Island Bay thin sections showed a 

combinationn of microscopic features that is regarded characteristic for a debris flow 

deposit. . 

I nn relation to 'the mystery of the ice shelf that disappeared' — the part of the West 

Antarcticc Ice Sheet drained by fast-flowing Pine Island Bay and Thwaites Glaciers is 

consideredd potentially unstable because of the absence of a 'supporting' ice shelf — it is 

notedd that the thin sections suggest that such an ice shelf may have existed. Close to 

Burkee Island, where the shelf is relatively shallow, subglacially deformed sediments were 

recognisedd in the midst of unaffected glacimarine sediments. Assuming that the 

subglaciallyy deformed sediments and the surrounding glacimarine sediments are 'of the 

samee age', one could imagine how an extensive ice shelf supported by a Burke Island 

pinningg point, did recently occupy the Pine Island Bay continental shelf. 

Micromorphologyy shows that grounded ice also played an important role in composing 

thee Quaternary western Ross Sea sedimentary record. Along Scott Coast, around 

Drygalskii  Ice Tongue and in Terra Nova Bay, nearly half of the sampled Deep Freeze 

19800 diamicts appear to be subglacially deformed, while another third show signs of 

gravity-drivenn deformation. 

Al ll  sediments with deformational characteristics were recovered from within large glacial 

troughh systems. Apart from the fact that such a setting is ideal for subaqueous mass 

movements,, the presence of the till s in the deep troughs leads to believe that valley and 

oudett glaciers such as David Glacier are 'responsible' for their formation. Whether these 

glacierss were part of an extensive Ross Sea ice shelf system that was also fed by WAIS, 

remainss unclear. 

Thee history of the ice sheet prior to the Quaternary was investigated in thin section 

sampless from the CIROS Project and the Cape Roberts Project (both McMurdo Sound 

area).. Without taking the risk of losing myself in reconstructions that would be stretched 

tooo far — isostatic, tectonic as well as eustatic effects should be taken into account - I can 
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sayy that a number of grounding events eventuated during the Oligocene (CIROS-1) and 

duringg the Miocene (CRP-1 and top CIROS-1). 

Bearingg in mind that dating of, and correlation between the two cores are still subject to 

discussions,, I would tentatively state that the Early Oligocene and the Miocene have been 

periodss of increased ice grounding activity in the McMurdo Sound area, and that the 

periodd in between was more quiescent (no recorded glacial advances over the respective 

coree sites). 

Whetherr the regional grounding events should be associated with mountain glaciations or 

withh 'continent-wide' glaciation is obviously not a decision that can be made merely on 

basiss of micromorphological information obtained from two cores. 

OnOn the method 

Inn retrospect, it cannot be denied that the project as a whole has a rather methodological 

character.. The development of micromorphology as a technique runs like a continuous 

threadd through this thesis. Finding criteria that distinguish between subglacial tills, 

proximall  glacimarine sediments and mass movement deposits has been the objective 

throughout:: not just in 'methodological' chapters 2, 3 and 4, but also in the case studies of 

chapterss 5 through to 9. 

Itt was found: 

-- that even under the microscope, subglacial and glacimarine diamicts (either or not re-

distributed)) are compositionally mosdy indistinguishable. As expected, the Antarctic 

continentall  shelf sedimentary record proved to be 'a mishmash of sediments with both 

terrestriall  and marine ingredients': subglacial tills containing perfectly preserved, 

microscopicc shell material as well as glacimarine sediments containing nothing but (melt 

water-derived)) sand and silt and (ice-rafted) pebbles were encountered. 

-- that many of the investigated diamicts display micro-scale structures indicative of 

deformationall  processes. In view of the lack of compositionally diagnostic features, and 

inn view of the 'philosophy' that during their formation mass movement deposits and 

subglaciall  tills almost by definition experience deforming action, it follows that being able 

too recognise these subtle indications forms an important lead in cracking the grounding 

linee problem. 
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-- that on a micro-scale — irrespective of the responsible process - sediments deform 

throughh discrete, internal movements that may be circular or planar in character. The 

movementss are reflected in specific arrangements and orientations of grains, pebbles or 

clayy platelets. These features, most of which are described and explained in chapter 4, 

appearr to show similarities with structures a few orders of magnitude larger that are 

observedd in field situations. I propose to name this phenomenon 'structural 

isomorphism'. . 

Inn spite of, or maybe just because of the above 'discoveries', it has to be concluded that 

presentingg a 'foolproof micromorphological algorithm for the interpretation of sediments 

inn a grounding line record is (at the moment?) impracticable. Most of the identified 

deformationall  features were observed — albeit sometimes in differing intensities - in both 

subglaciall  till s and mass movement deposits: it is quite exceptional that individual features 

aree diagnostic for either one or the other. In fact it is only the fractured quartz grains 

describedd in chapter 2 and the trends in shear orientations (chapter 3) that 'come close' to 

beingg exclusive to respectively subglacial and gravity-driven deformation. 

Reliablee interpretations are necessarily based on associations of micro-scale features. 

Althoughh the reliability of an interpretation wil l improve with increasing number of 

'indications',, it goes without saying that — just like in any other technique - one can never 

completelyy rule out the possibility that a sediment gets misinterpreted. There is always a 

chancee that a combination of micro-scale features, commonly indicating subglacial 

deformationn processes (and therefore logically interpreted as such) was actually the result 

off  gravity-driven failure, or the other way around. 

T OO C O N C L U D E : F U T U R E RESEARCH 

II  recommend that in problems like that of the reconstruction of the Antarctic grounding 

line,, micromorphology should be a standard technique next to e.g. stratigraphical analyses 

andd seismic analyses. Taking into account that manufacturing and analysing thin sections 

cann be time-consuming; I am convinced that the surplus value of the micro-scale 

informationn amply 'outbalances' the extra efforts. 

Embroideringg on the case studies discussed in this thesis, I mention here that the analyses 

off  additional thin section samples would further increase the reliability of the 

interpretationss of individual sediment units. It would - in consequence - also provide a 

moree secure basis for reconstructions regarding the glacial history in the respective areas. 
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Too name an example: a good coverage of thin sections in an area where iceberg scouring 
mayy have occurred would be helpful in deciding whether an identified subglacially 
deformedd sediment was an ice keel turbate or whether it was actually deformed 
underneathh an extensive grounded glacier or ice cap. Such decisions are much more 
conjecturall  working with singular, 'isolated' sample stations. 

Myy final point concerns the way I think micromorphology should be used in future 
studies.. In the reported case studies, the technique was (by sheer necessity) used to judge 
whetherr previous interpretations were correct: micromorphology often played the role of 
-- what I would call - an 'executioner'. In order to take full advantage of micromorphology 
however,, I would recommend using it from now on, not as a 'stand-alone' technique, but 
ass a means of providing integration between techniques in multi-disciplinary studies. In 
additionn to the advantages that were demonstrated in this thesis, micromorphology could 
inn this wider framework - like in the Cape Roberts Project (see chapter 7) - account for a 
betterr understanding of the results of other, associated research tools. 
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Tryingg his best to unlock all the secrets 

Butt he's not sure what he's found 

Colinn Hay 
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11.. NEDERLANDSE SAMENVATTIN G 

SLIJPPLATE NN ONTHULLE N DE VROEGERE OMVAN G VAN DE 
ANTARCTISCH EE IJSKAP 

Achtergronden Achtergronden 

Eenn belangrijke aspect van het bestuderen van Antarctica als glaciaal systeem is het 

verkrijgenn van inzicht in het gedrag van de ijskap in de loop van de geschiedenis. 

Aangezienn de Antarctische ijskap mag worden beschouwd als een 'motor' van het klimaat 

opp aarde, kunnen veranderingen in de vroegere omvang van de ijskap vaak gerelateerd 

wordenn aan veranderingen in dit wereldklimaat (en omgekeerd). Uiteindelijk zou aldus 

verkregenn kennis van pas kunnen komen in modellen die uitspraken moeten doen over 

toekomstigetoekomstige ontwikkelingen, met name met betrekking tot de hoogte van de zeespiegel. 

Hett moge duidelijk zijn dat de omvang van de ijskap pas sinds de tijd van de eerste 
ontdekkingsreizenn min of meer bekend is, en pas met de eerste satellietfoto's direct 
meetbaarr is geworden. Wat daarvoor gebeurde, moet noodzakelijkerwijs worden 
gereconstrueerdgereconstrueerd uit gegevens die vandaag de dag (nog) voorhanden zijn. In de eerste plaats 
moett hierbij gedacht worden aan sedimenten, ofwel afzettingen. 

Opp dit moment bedekt de ijskap ongeveer 98 % van het vasteland van Antarctica, en 

bereiktt het ijs op veel plaatsen de omliggende oceaan. Dit houdt in dat sedimenten ten 

hoogstee op 2 % van het vasteland ontsloten zijn. Informatie over tijden dat de ijskap kleiner 

waswas dan vandaag de dag ligt dus veelal 'begraven' in de sedimenten onder de hedendaagse 

ijskap.. In perioden waarin de ijskap aangroeide, moet het ijs 'over de rand van het 

vasteland',, de oceaan 'ingeschoven' zijn. Wanneer deze glaciale expansies sporen hebben 

achtergelaten,, zouden deze terug te vinden moeten zijn in de sedimentarchieven van het 

continentaall  plat rond Antarctica. 

Wanneerr een gletsjer of ijskap de oceaan inschuift, zijn er - afhankelijk van lokale 

klimatologische,, topografische en tektonische factoren - twee mogelijkheden: ofwel het ijs 

blijf tt in contact met de zeebodem, ofwel het vormt een zogenaamde l\)s-shelf en begint te 

drijvenn bij de zogenaamde 'grounding line\ De grounding line, de grens tussen het deel van de 

ijskapp of gletsjer dat (nog) in contact is met de ondergrond, en het deel dat niet (meer) in 

contactt is met de ondergrond, is dus een belangrijke parameter in de bepaling van de 

omvangg van de ijskap op een bepaalde locatie op een zeker tijdstip. 
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Ervann uitgaande dat sedimenten die worden afgezet in een dergelijke glaci-mariene 

omgevingg (vóór het gletsjerfront of onder de ijs-shelf) verschillen van sedimenten afgezet 

inn een subglaciak omgeving, zouden (boor)kernen afkomstig van het continentaal plat 

uitsluitsell  kunnen geven over de positie van de grounding line in de loop van de 

geschiedenis. . 

Err is echter gebleken dat dit in de praktijk niet zo eenvoudig is. Met de technieken en 

methodenn die normaal worden gebruikt, is de herkomst en geschiedenis van 

'aangeboorde'' sedimenten vaak niet eenduidig vast te stellen. De problemen liggen vooral 

inn het onderscheiden van verschillende typen diamict (slecht gesorteerde sedimenten). Het 

'toeval'' wil namelijk dat verscheidene processen in een glaci-mariene omgeving kunnen 

leidenn tot het afzetten van diamict. Zo kunnen ze bijvoorbeeld worden afgezet ten 

gevolgee van ice rafting, het uitsmelten van sediment of puin aan de basis van een drijvend 

ijslichaamm (ijs-shelf, ijsberg: primaire glaci-mariene afzettingen), of na massabewegingen als gevolg 

vann hellinginstabiliteit op de zeebodem. In het laatste geval wordt sediment ge-re-

mobiliseerdd om hellingafwaarts opnieuw te worden afgezet als een gravitatief diamict, een 

massabewegingaf^etting.massabewegingaf^etting. Ook subglaciak depositie of deformatie (onder een gletsjer of ijskap) kan 

eenn homogeen, macroscopisch massief (structuurloos) diamict opleveren. Het moge duidelijk 

zijnn dat het vaststellen van de exacte positie van de grounding line uit Antarctische 

sedimentarchievenn wordt bemoeilijkt doordat het onderscheid tussen de verschillende 

afzettingenn niet te maken is met gebruikelijke methoden en technieken. 

Slijpplaat-studies Slijpplaat-studies 

Di tt onderscheid tussen diamicten is in de meeste gevallen wel te maken wanneer gebruik 

wordtt gemaakt van dunne doorsneden [slijpplaten) van intervals uit kernen. Deze techniek, de 

micromicro morfologie, is afkomstig uit de bodemkunde en wordt op dit moment slechts op 

beperktee schaal toegepast in de glaciale sedimentologie. De studie van slijpplaten biedt 

evenwell  de mogelijkheid om onder de microscoop onderlinge relaties tussen sediment-

componentenn in detail te bestuderen zonder dat de samenhang van het materiaal 

verstoordd wordt. 

I nn de hoofdstukken 2, 3 en 4 van dit proefschrift wordt verslag gedaan van pogingen om 

eenn referentiekader te vormen voor de specifieke Antarctische probleemstelling. Deze 

hoofdstukkenn vormen als het ware het methodologische deel van het proefschrift (hierover 

laterr meer: z. 'over de methode'). De hoofdstukken 5 tot en met 9 zijn een serie van 5 

Antarctischee case studies. 
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Mett uitzondering van een enkel geval waar slijpplaat-analyse geen uitsluitsel gaf, kan 

wordenn gezegd dat de studie van sedimenten uit Marguerite Bay (hoofdstuk 5), Pine 

Islandd Bay (hoofdstuk 6) en de Ross Sea (hoofdstukken 7, 8 en 9) heeft geresulteerd in 

eenn betrouwbare classificatie van primair glaci-mariene sedimenten, 

massabewegingafzettingenn en subglaciale sedimenten. Als men de situatie van vóór en na 

dezee micromorfologische studies vergelijkt, kan alleen maar worden vastgesteld dat de 

kenniss van het sedimentarchief van het Antarctisch continentaal plat aanzienlijk is 

toegenomen. . 

Eenn selectie van slijpplaten afkomstig uit Marguerite Bay (Antarctisch Schiereiland) laat 

zienn dat veel van de locale Kwartaire sedimenten zijn gedeformeerd doordat ze zijn 

verplaatstt in massabewegingen. Dat massabewegingafzettingen een belangrijk deel van het 

sedimentarchieff  in Marguerite Bay vormen, was al vastgesteld in eerdere studies. De 

micromorfologischee informatie laat echter zien dat hun voorkomen waarschijnlijk 

frequenterr is dan tot nu toe werd aangenomen. 

Gezienn de geaccidenteerdheid van het continentaal plat ter plaatse kan deze grote rol voor 

massabewegingprocessenn niet echt als een verrassing gezien worden. In welke mate deze 

processenn werden geïnitieerd door het migreren van de grounding line blijf t onduidelijk. Wat 

well  duidelijk is, is dat de ijskap in contact is geweest met de 'zeebodem' op 68° 29' ZB, 

70°° 36' WL tijdens het Laat Kwartair (vermoedelijk Laatste Glaciale Maximum). De 

slijpplaatt van een kern genomen op deze locatie tijdens de Deep Freeze 1985 expeditie 

vertoontt microscopische verschijnselen die moeten worden toegeschreven aan subglaciale 

deformatie. . 

Hett continentaal plat rond Pine Island Bay (West Antarctica) was in het Laat Kwartair 

(LGM?),, afgaande op de resultaten van de micromorfologische analyses van Deep Freeze 

19855 kernen uit dit gebied, volledig, d.w.z. tot aan de rand op ongeveer 71° ZB, door de 

ijskapp bedekt.. Hoewel gezegd dient te worden dat niet alle interpretaties even zeker zijn, 

kann worden geconcludeerd dat het erg waarschijnlijk is dat de onderzochte sedimenten van 

dee buitenste regionen van het continentaal plat zijn afgezet of gedeformeerd door een 

ijskapp die in contact was met de ondergrond. 

Naarr gebleken is, kwamen in vergelijking met Marguerite Bay massabewegingen 

beduidendd minder voor in en rond de Pine Island Bay. Slechts in één van de onderzochte 

slijpplatenn werd een combinatie van microscopische verschijnselen herkend die 

karakteristiekk is voor gravitatieve afzettingen. 

Mett betrekking tot het 'mysterie van de ijs-shelf die verdween' (dit deel van de west 

Antarctischee ijskap, dat wordt gedraineerd door de snelstromende Pine Island Glacier en 

Thwaitess Glacier, wordt beschouwd als potentieel instabiel omdat een 'ondersteunende ijs 

shelff  ontbreekt) kan worden gemeld dat een dergelijke ijs-shelf vroeger mogelijk heeft 

bestaan.. Dichtbij Burke Island, waar het continentaal plat relatief ondiep is, werden 
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temiddenn van primaire glaci-mariene sedimenten subglaciaal gedeformeerde diamicten 

geïdentificeerd.. Aannemende dat deze sedimenten alle van dezelfde ouderdom zijn, zou 

menn zich een uitgebreide ijs-shelf kunnen voorstellen, die Burke Island als een soort 

ankerpuntt heeft gebruikt. 

Ookk in het gebied rond Drygalskilce Tongue en in Terra Nova Bay (westelijke Ross 

Sea)) bestaat een groot deel van de aangeboorde Kwartaire sedimenten uit subglaciaal 

gedeformeerdee en /of subglaciaal afgezette diamicten. Bijna de helft van de microscopisch 

onderzochtee Deep Freeze 1980 sedimenten vertoont karakteristieken die worden 

veroorzaaktt in processen van subglaciale deformatie, terwijl nog eens een derde tekenen 

vertoontt die kunnen worden toegeschreven aan massabewegingdeformatie. 

All ee slijpplaten van gedeformeerde sedimenten werden genomen van kernen uit grote 

glacialee dalsystemen, hetzij van de flanken, hetzij van de 'bodem'. Afgezien van het feit 

datt een dergelijke 'setting' ideaal is voor het ontstaan en voorkomen van submariene 

massabewegingen,, geeft de aanwezigheid van subglaciale sedimenten in de dalen reden 

omm aan te nemen dat vallei- en 'outlet' gletsjers als David Glacier 'verantwoordelijk' zijn 

voorr hun vorming. Of deze gletsjers deel uitmaakten van een uitgebreid Ross Sea ijs-shelf 

systeemm dat ook werd gevoed door de west Antarctische ijskap is iets wat niet kon 

wordenn vastgesteld in deze studie. 

Dee geschiedenis van de ijskap vóór het Kwartair weid onderzocht in slijpplaat monsters 

afkomstigg van de kernen geboord in het McMurdo Sound gebied tijdens het CIROS 

Projectt en het Cape Roberts Project. Zonder uitspraken te doen die te ver zouden voeren 

-- er is een scala van isostatische, tectonische en eustatische factoren dat mogelijk een rol 

heeftt gespeeld - kan worden vastgesteld dat tijdens het Oligoceen (CIROS-1) en tijdens 

hett Mioceen (CRP-1 en top CIROS-1) de ijskap een aantal malen in contact moet zijn 

geweestt met de zeebodem in McMurdo Sound. Aangezien de datering en de correlatie 

vann de twee kernen nog steeds onderwerpen van discussie zijn, kan slechts met enig 

voorbehoudd worden gesteld dat het Vroeg Oligoceen en het Mioceen perioden zijn 

geweestt van toegenomen activiteit wat betreft bewegingen van de grounding line. De 

periodee hiertussen zou wat 'rustiger' geweest zijn: in geen van beide kernen is in de 

sedimentenn die deze periode zouden vertegenwoordigen bewijs van subglaciale 

deformatiee gevonden. De micromorfologische analyses kunnen geen antwoord geven op 

dee vraag of de gevonden locale uitbreidingen van het ijs in verband moeten worden 

gebrachtt met een alpiene vergletsjering, dan wel met een vergletsjering op continent-

schaal. . 
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OverOver de methode 

Terugkijkendd kan niet worden ontkend dat het project als geheel een duidelijk 
methodologischmethodologisch karakter heeft gekregen. De ontwikkeling van de techniek micromorfologie 
looptt als een rode draad door dit proefschrift. Het zoeken naar criteria die zouden 
kunnenn leiden tot het onderscheid in subglaciale keilemen, proximale glacimarine 
diamictenn en massabewegingafzettingen was steeds het achterliggende motief voor de 
individuelee studies, niet alleen in de 'methodologische' hoofdstukken 2, 3 en 4, maar ook 
inn de 'case studies' van hoofdstuk 5 tot en met 9. 

Dee belangrijkste 'methodologische' resultaten op een rijtje: 

-- Zelfs onder de microscoop zijn subglaciale, glaci-mariene en gravitatieve diamicten 

vrijwell  niet van elkaar te onderscheiden op basis van hun textuur of compositie. Het 

sedimentarchieff  van het Antarctisch continentaal plat blijkt inderdaad een Vergaarbak' 

vann sedimenten met zowel terrestrische als mariene componenten. Er zijn zowel 

subglacialee keilemen met perfect, intact schelpmateriaal als glaci-mariene afzettingen 

bestaandd uit niets dan terrestrisch silt, zand en kiezels aangetroffen. 

-- Veel van de onderzochte diamicten bevatten structuren die wijzen op deformatieprocessen. 

Gezienn het gebrek aan differentiërende textuur- en compositiekenmerken, alsmede gezien 

hett specifieke idee dat tijdens de vorming van massabewegingafzettingen en subglaciale 

diamictenn per definitie deformatie optreedt, moeten deze vaak subtiele microscopische 

structurenn worden gezien als een belangrijke leidraad in het oplossen van het Antarctische 

groundingg line probleem. 

-- Sedimenten deformeren op een microschaal door discrete, interne rotaties en 

bewegingenn langs vlakken, ongeacht het proces dat 'verantwoordelijk' is voor de 

deformatiee (zowel gravitatief als subglaciaal). De bewegingen worden 'gereflecteerd' in 

kenmerkendee schikkingen en oriëntaties van (zand)korrels, kiezels en kleideeltjes. Zo 

gevormdee microscopische structuren (zie o.a. hoofdstuk 4) vertonen vaak een opvallende 

gelijkeniss met macroscopische deformatiestructuren zoals bekend uit veldsituaties. Men 

zouu dit verschijnsel structureel isomorfisme kunnen noemen. 

Ondanks^Ondanks^ of misschien wel juist dankzij de bovengenoemde 'ontdekkingen' moet worden 

vastgesteldd dat het geven van een 'foolproof micromorfologisch algoritme voor de 

interpretatiee van sedimenten in een grounding line archief (op dit moment?) niet te geven 

is.. De meeste van de geobserveerde verschijnselen schijnen zowel in subglaciale als in 

gravitatievee diamicten voor te komen: slechts in een uitzonderlijk geval kan één enkel 
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verschijnsell  werkelijk diagnostisch zijn voor het ene of het andere proces. Eigenlijk 

kunnenn alleen de in situ gekraakte kwartskorrels (zoals beschreven in hoofdstuk 2) en de 

specifiekee trends in shear richtingen (hoofdstuk 3) gezien worden als exclusieve 

verschijnselenn voor subglaciale, respectievelijk massabewegingdeformatie. 

Betrouwbaree interpretaties zijn derhalve noodzakelijkerwijs gebaseerd op associaties van 

microscopischee kenmerken. Hoewel de betrouwbaarheid normaal gesproken zal 

toenemenn met het aantal kenmerken in een associatie, behoeft het verder geen uideg dat 

-- zoals in iedere andere onderzoeksmethode - onjuiste interpretaties nooit helemaal 

kunnenn worden uitgesloten. Er is altijd een kans dat een zekere combinatie van 

verschijnselen,, die in de meeste gevallen voorkomt in bijvoorbeeld subglaciale sedimenten 

(enn dus als zodanig zal zijn geïnterpreteerd), nu eens voorkomt in massabeweging. 
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Alonee with Everybody 

Richardd Ashcroft 
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12.. Thanx to y'all 

General General 

Thankss are due to all people that in one way or another contributed to the realization of this 
work. . 

Specified Specified 

II  have decided to thank just a few people individually. Please do not take it personally if you 
aree not one of the chosen; I left out some of my best friends. 

Speciall  thanks go to Jaap van der Meer, who over the years became more than just a 

competent,, dedicated supervisor and a pleasant colleague. I think our friendship may be 
regardedd as a breakthrough in the unceasing Battle of the Northern Provinces. 

II  further thank Simon Carr for interesting and enjoyable get-togethers, most of which were 

'graced'' with a few or more pints. "Honest Jaap, we have been working". 

II  want to thank my 'Antarctic mate' Matt Paterson for his very pleasant company during the 
1998-19999 Allan Hill s expedition. "Blow, wind, blow. Blow our troubles away." 

II  also thank Kenneth Rijsdijk for his infectious enthusiasm in all of our scientific discussions. 
Mayy our co-operation last till  stubbornness do us part. 

II  got to know Kamil Zaniewski as a helpful and very witty person. I think his skills in 

analysingg images should be awarded with the title 'Graphics wizard'. Never mind the Ph.D. 
Finally,, a few words for Reina. Talking over what to write down to acknowledge her 

contributionn to this thesis, she once jokingly said that I would probably have finished earlier 

withoutt her... As such this remark is by no means illustrative for her role, but it does illustrate 
thatt she is very much 'down-to-earth'. I wouldn't trade her for the world. 
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