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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 
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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. 
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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 til l 'amidst' glacimarine deposits in the EMP that is a 

benchmarkk in this respect. As the basal til l 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 condit ions 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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