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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 
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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). 
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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. 
173 3 



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 

174 4 



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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