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Abstract 

The use of diatoms as palaeoecological indicators is well established, particularly in polar 

marine and lake environments where the frustules are well preserved in, and often 

dominate, the sedimentary record. Until recently, marine studies have been concentrated 

primarily in West Antarctica, namely the Ross Sea, Weddell Sea and Ant~ctic Peninsula. 

-- - In-comparison,_ relatively little research has been conducted in East Antarctica, which is the 

focus of this study. Here, diatom assemblage's preserved in over 100 surface sediment 

samples, collected from Prydz Bay and Mac.Robertson Shelf, have been analysed for 

diatom distribution and abundance. They are compared to the assemblages preserved in 

six sedimentary cores from the same area, as a means of reconstructing the natural 

variability of Holoc~ne palaeoclimates on the East Antarctic continental shelf. 

\ 

The distribution and composition of four diatom assemblages are identified in the surface 

sediments of Prydz Bay and Mac.Robertson Shelf using multivariate statistical analyses. 

Multiple regression is used to identify the relationship between these ass~mblages and 

known environmental-variables: The -"coastal" assemblage; characterised by sea-ice 

, species, is present in' near-shore and shallow regions where seasonal sea ice breakout does 

not regularly occur. , In the centre of the bay, and extending west along Mac.Robertson 

Shelf, the "shelf' diatom assemblage is characterised by sea-ice and ice-edge diatoms. 

Offshore of the continental shelf break '.zone, the "oceanic" assemblage is' characterised by 

open water species. This assemblage also extends along the eastern margin of Prydz 

Bay, and it is suggested that they have been transported onshore by the slowly circulating, -

cyclonic Prydz Bay gyre. The fourth diatom assemblage contains both sea-iCe and open 

water species. All are characteristically large and heavily silicified, and the assemblage is 

interpreted to represent one from which the smaller and more fragile diatom frustules have 

been removed by current winnowing. 

The diatom assemblages in cores from Prydz Bay and Mac.Robertson Shelf are analysed 

and compared to the surface assemblages using the same multivariate methods. Down 

core assemblages that are analogous to those in the surface sediment indicate peri?ds 

during which the depositional regime and palaeocological conditions on the continental 

shelf were similar to that of those today. These assemblages dominate the cores, 

,providing a useful indicator of sea ice concentration and extent since the Late Pleistocene. 
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It is also suggested that they indicate changes in both the geographic position of the Prydz 

Bay gyre and strength in water currents exiting the bay. 

The presence of down core assemblages that have no modern analogue indicate periods of 

deposition that were significantly different from today. This is most evident in the 

depositional basins of Iceberg Alley and Nielsen Basin, on Mac.Robertson Shelf, where 

_ -----~aminated core intervals are characterised by Chaetoceros rest~g spores or Corethron 

criophilum. Compared to similar assemblages observed in West Antarctica, the intervals 

suggest that, the during the Holocene, parts of the East Antarctic continental shelf 

experienced periods of decreased sea ice concentration and increas_ed primary production. 

Chaetoceros resting spores may also be a useful proxy to record changes in the position of 

maximum summer ice retreat. 

; ' 
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-Part A-

Distribution of Diatoms in Surface Sediments of 

Prydz Bay and Mac.Robertson Shelf. 



Introduction 

-Chapter 1-

Introduction 

Knowledge of palaeoclimates is particularly important in Antarctic areas to study ice­

cap advance and retreat (Pickard, 1982). Climate change data from the Southern 

Hemisphere is limited, however, particularly that concerning the response of the high 

latitude Southern Ocean during the Holocene (<10.0 Ka) (Leventer et al., 1993). 

Interpretation of Antarctica's glacial and climate history is largely based on evid<?nce 

from marine sedimentary records from the Southern Ocean, due to the inaccessibility of 

most terrestrial sediments (Ciesielski and Weaver, 1974). These estimates have come 

principally from oxygen isotopic composition of ocean waters, the distribution of ice­

rafted debris, occurrence of subglacial volcanism, terrestrial floral assemblages, and 

marine biostratigraphic work (chiefly diatom occurrence and abundance) (Mercer, 

1978). 

Diatoms make an excellent indicator of the palaeoenvironment and relative 

palaeotemperatures in Antarctica (Barron, 1993). Differences in temperature, nutrients, •'" 

salinity, artd other physical and chemical parameters influence the distribution of living 

species. They can also be used to estimate palaeosalinity, to recognise glacial or 

interglacial stages in the Quaternary, and to trace Antarctic Bottom Water characterised 

by the presence of endemic Antarctic diatoms in the south Atlantic and Indian Oceans. 

Diatoms also offer many advantages fpr biostratigraphy over other microfossils (Barron, 

1993). These include their: 

1. Abundance and diversity (calcareous microfossils are generally sparse or low in 

diversity at high latitude). 

2. Good preservation in sediment (unlike calcareous microfossils). 

3. Ease to process (due to small size and large number). 

Surface sediment assemblages represent modern, planktonic diatom assemblages in the 

water column. When correlated to known oceanographic and sea ice conditions, they . 
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Introduction 

can then be used as the basis for a model to interpret down core changes in the diatom 

. assemblage, as a response to the palaeoclimate. Upon this basis, the aim of the 

following project is two-fold: 

1. To identify the composition and distribution of diatom assemblages in 

surface sediments from Prydz Bay and Mac.Robertson Shelf, East 

Antarctica. 

2. To identify the fossil (down core) changes in diatom assemblages, and 

interpret these changes in response to the palaeoenvironment. 
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Biology of Diatoms 

-Chapter2-

Biology of Diatoms 

Diatoms (Division: .Bacillariophyceae) are unicellular, golden brown algae that inhabit 

the euphotic zone (generally <100 m) of almost all aquatic environments. They are 

characterised by an external, box-like skeleton (frustule), and range in size from 1 µm - -

1000 µm (Barron, 198.5). The frustule is comprised of hydrated, amorphous silica that is 

deposited in a regular pattern to creat~ a highly ornamented cell surface with, for 

example, extensions, pores and striae. Taxonomy is based upon the frustule structure and 

its ornamentation and, from this, two diatom orders are recognised (Fig. 2.1): Centrales 

(radial symmetry) and Pennales (bilateral symmetry). 

Diatoms occur as photosynthetic autotrophs, colourless heterotrophs or photosynthetic 

symbiotes (Schmaljohann and Rottger, 1978) and adopt various modes of lifestyle. 

Benthic colonies form commonly within the euphotic zone by excreting a mucilaginous 

substance with which they adhere to rocks and macroalgae. In polar regions, sea ice also 

·forms a suitable substrate. Ice assemblages may occur within the ice (interstitial), in 

pools on the ice surface, or consi~t oflarge strands floating directly beneath', or attached 

·to, the underside of the ice (Horner, 1990) (Fig. 2.2). In Antarctica, the donlinant ice­

associated species are usually from the genera Amphiprora, Pleurosigma, Nitzschia 

(Fragilariopsis), Navicula and Pinnularia (Leventer and Harwood, i993). Planktonic 

diatoms are dispersed passively by ocean currents in the surface layers of the ocean, but 

, may possess various adaptations to promote flotation. These include frustule shape and 

extensions, colony formation and fat or oil storage within the cell (Barron, 1993). 

The requirement for phosphorus, nitrate, and silica for incorporation into the frustuie 

limits diatoms. In the open marine environment, these nutrients are typic~ly 

concentrated befow the euphotic zone, but become available in areas where deep water 

upwelling transports them to the surface (Barron, 1985). In boreal, equatorial and 

Antarctic latitudes, free exchange of surface waters with deeper waters, due to a weak 
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Biology of Diatoms 

thertnocline, constantly replenishes the euphotic zone with nutrients (Jouse et al., 1971; 

Barron, 1985). 

In the Antarctic marine environment, diatoms occur in high abundance and are the main 

primary producers, forming up to 90% of the suspended silica in surface water (Barron, 

1985). Their distribution and abundance in the water column is influenced by a variety 

of environmental variables, which, along with macro- and micro-nutrients, include light, 

temperature, salinity, silica, sea ice, and water column stability (Leventer and Harwood, 

1993). An understanding of how these variables control the distribution of specific 

species .and species assemblages is a valuable tool, from which the study of fossil 

diatoms can be used to reconstruct past oceanographic and climatic conditions (Leventer 

and Harwood, 1993). Only a small proportion of the living diatom assemblage 

(biocoenose) becomes a part of the fossil assemblage ( thanatocoenose ), however. This 

is due to the effects of recycling, during sedimentation, and silica 4issolution, prior to 

burial at the sediment-water interface. 
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CENTRALES 

Shape of cell,± ring of processes, polarity, elevations 

Coscinodiscineae : 
Rhizosoleniineae : 

D 
pervalvar axis 

ring of processes 

Biddulphiineae: 

bipolar 

elevations 

pseudocellus I ocellus 

PENN ALES 

Apical pore field, labiate process, ± raphe, shape of raphe 

Araphidine~e : c::::::::::::::~ cl..:=• =====~J 
no raphe 

Raphidineae_: c:::::~:::::::::? c 
Fig. 2.1. Orders of diatoms (Centrales and Pennales), upon which taxonomy is based. 

(From Medlin and Priddle, 1990). 
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SEA ICE BIOTA 

BRINE CHANNEJ 
ASSEMBLAGE INTERIOR 

BAND ASSEMBLAGES 

ASSEMBLAGE 

INTERSTITIAL· 1· . 
ASSEMBLAGE BOTTOM 

SUB-ICE ASSEMBLAGES 
ASSEMBLAGE 

Fig. 2.2. Habitats in sea ice occupied by diatoms. (From Leventer and Harwood, 1993). 
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-Chapter3-

Sedimentation and Dissolution of Diatoms 

3.1 Sedimentation 

Most siliceous material in suspension settles at a rate equivalent to that of 1 µm - 5 µm 

quartz spheres (Lisitzin, 1971) (Fig. 3.1). It takes the heaviest and coarsest diatom 

frustules from 30 to 100 days to descend 5000 m through the water column; the finest 

frustules may take tens of years. During this time, some lateral transport of the frustules 

by water currents may occur, but a relatively accurate record of the overlying 

biocoe~ose can still be recorded in the underlying sediment (Kozlova, 1966; Kozlova 

and Mukhina, 1967; Leventer and Dunbar, 1986, 1~87a, 1988) . 

. 1 

e 
.x 

..: 3 -a. .. 
""D 

4 

R0 = ZI pm 

!I. 
I 1 z 3 

time y 

Fig. 3.1 Settling rates for unaggregated silica particles, with a radius of 25 µm, through 

waters of the Antarctic Divergence. Circles: ideal conditions; squares: non-ideal 

conditions. Continuous line: upwelling rate (rate= 0.00016 cm s·1). Dashed line: no 

upwelling (rate = 0 cm s·.1 ). (From Kamatani and Riley, 1979 ). 
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Some frustules may survive the sinking process as individuals, as noted by Gersonde 

and Wefer (1987) who observed the presence of intact Corethron criophilum and chains 

of Nitzschia species in sediment traps deployed in the Drake Passage, Bransfield Strait 

and Powell Basin (west of the South Orkney'Islands). Broken, individual frustules may 

also be filled with diatomaceous debris, which includes the intact, smaller frustules of 

other species. Only a small proportion of diatom frustules descend freely to the ocean 

floor, however. At least two other mechanisms act to aggregate the frustules and 

increase their sinking rate: incorporation into faecal pellets, and frustule aggregation. 

The grazing of diatoms by zooplankton incorporates the frustules into faecal pellets, 

acting to increase both the rate of settling and to inhibit dissolution by enclosing them in 

a protective membrane (Schrader, 1971). Water exchange across the faecal pellet is 

limited as long as the membrane remains intact to protect the frustules from further 

dissolution. Although the pellets disintegrate mostly by 500 m water depth, due to 

bacterial decomposition and secondary grazing, they do act to rapidly transport silica 

from the active zone of dissolution, in the water's surface layer, to a relatively more 

passive zone (Hurd, 1972). 

Grazing by zooplankton does not have an entirely beneficial effect on frustule 

preservation. During grazing, the frustules undergo mechanical breakage by 

mastication, which increases the surface area, and chemical breakdown by digestion. 

Both factors increase the rate of frustule dissolution (Hurd, 1972). Mechanical 

breakdown by zooplankton has been demonstrated to most strongly affect large diatoms, 

including C. criophilum (Gersonde and Wefer, 1987). Such species, which may be an 

important component of the biocoenose, may therefore be under-represented in the 

thanatocoenose. Similarly, weakly silicified frustules may also be under-represented. 

Intact diatoms may also sink as a frustule aggregation, either incorporated in, or attached 

to, "large amorphous aggregates" or "marine snow" (Honjo et al., 1982). Aggregates 

are formed during increased mucous secretion by diatoms, leading to entanglement and 
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aggregate formation (Smetacek, 1985). Sinking rates for such aggregates range from 

43 m - 95 m day-1 and is an important role in marine transport from the euphotic to 

aphotic zone (Shanks and Trent, 1980). 

3.2 Dissolution 

The world's oceans are undersaturated in respect to the opaline silica from which diatom 

frustules are constructed (Heath, 1974). As a consequence, frustules undergo 

differential dissolution during the sedimentation process, which continues at the 

sediment - water interface prior to their burial. Dissolution alters the planktonic diatom 

assemblage in several ways: up to 99% of the biocoenose can be removed (Shemesh et 

al., 1989), and there is preferential dissolution of the smaller and more fragile frustules, 

leading to a decline in both species diversity and abundance (Dunbar et al., 1989; 

Mikkelson, 1990). 

Dissolution in the Water Column 

Dissolution is temperature dependent (Hurd, 1972; Kamatani and Riley, 1979) (Fig. 

3.2). The surface-water temperature controls the rate at which silica dissolves in the 

ocean (Treguer et al., 1989), and is most rapid in surface waters, where temperatures are 

relatively higher and silicate concentrations low because of its utilisation by both 

phytoplankton (diatoms and silicoflagellates) and zooplankton (Kamatani and Riley, 

1979). In Antarctica, dissolution of biogenic silica within the water column is 

exceptionally slow due to the low temperatures that prevail throughout the whole water 

column (Treguer et al., 1989), and the effect of dissolution may not alter the 

palaecological expression of diatoms in all sediments (Shemesh et al., 1989). A 

comparison of the diatom biocoenose with Holocene sediment assemblages in Pry dz 

Bay by Stockwell et al. (1991), for example, demonstrated that, although selective 

dissolution of diatom frustules is apparent, it does ,_not appear to greatly affect diatom 
I 

diversity within the sediment. They observed that two out of the three species dominant 

in the plankton (Fragilariopsis curta and F. cylindrus) survive sedimentation and the 

- selective dissolution process to dominate the sediments. Numerous studies have also 

demonstrated successfully that fossil diatoms in Antarctic marine sediments can be used 
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demonstrated successfully that fossil diatoms in Antarctic marine sediments can be used 

as proxies for past oceanographic and climatic conditions. These include sea surf ace 

temperature, water mass distribution and sea ice distribution (e.g. Jouse et al., 1963; 

Burckle, 1972, 1984; Kellogg and Truesdale, 1979; Defelice and Wise, 1981; Pichon et 

al., 1987; Leventer and Dunbar, 1988; :i;.,eventer, 1992; Leventer et al., 1993, 1996; 

Cunningham et al., in press). 

11-s ............ 
........... . ·• ....... ......... 
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......... ..... 
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Fig. 3.2. Effect of temperature on the dissolution of silica frustules. Rate ( K1) versus 

temperature ("C). Continuous line: delimits the domain of variations of the rate 

constant, for different species. Monospecific assemblages of Chaetoceros deflandrei 

(hollow circles: pH 7.5,- filled circles: pH 8.5) and Fragilariopsis cylindrus (hollow 

squares: pH 7.5,- filled squares: pH 8.5). Dashed line indicates the regression at pH 

7.5. (From Kamatani and Riley, 1979 )~ 

. . 
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Dissolution at the Sediment- Water lnteiface 

Dissolution of diatom frustules continues at the sediment - water interface, prior to 

burial. This in enhanced by the burrowing and foraging of benthic animals, which 

macerate and resuspend the frustules, before they finally settle. Dissolution may then 

continue in the upper few centimetres of the sedimentary sequence (Schrader, 1971; 

Lisitzin, 1985). 

It is estimated that only 1 % - 10% of biogenic silica fixed in the euphotic zone actually 

reaches the bottom sediments (Kozlova and Mukhina, 1967; Calvert, 1968; Lisitzin, 

1971, 1985; Heath, 1974). Of this, only - 2% avoids post-depositional dissolution 

(Heath, 1974). In the Atlantic Sector of the Southern Ocean, Gersonde and Wefer 

(1987) noted that it is prior to burial that the majority of weakly silicified diatom 

frustules are dissolved. The remaining moderately to strongly-silicified frustules, which 

still represent a significant proportion of the biocoenose, are incorporated into the 

sediment and become part of the geologic record. 

3.3 Diatomaceous Oozes in Antarctica 

Below the most productive of the world's oceans, diatom frustules form the dominant 

biogenic component in sediment. Three such areas are recognised (Lisitzin, 1971; 

Baldauf and Barron, 1990): 

1. Southern Belt (Antarctica) - encompassing the Southern Hemisphere in an 

almost continuous belt. 

2. Northern Belt (Boreal) - in the Pacific Ocean, Sea of Okhtosk, Japan Sea, 

and Bering Sea. 

3. Equatorial Belt - in the Pacific and Indian Oceans. 

The diatomaceous oozes of Antarctica (Fig. 3.3) appear to be the richest in the world 

(Jouse et al., 1971), with biogenic silica contributing up to 75% of the total sediment 

(Kozlova, 1966; DeMaster, 1981; Gersonde and Wefer, 1987). More than 75% of all 

oceanic silica accumulates here, as a 900 km - 2000 km broad, circum-Antarctic 
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siliceous sediment belt (the Southern Belt) of the Southern Ocean (Lisitzin, 1971 ). The 

belt is bounded to the south by the Antarctic Divergence (65°S) and silty, diatomaceous 

clay. The northern boundary coincides roughly with the Antarctic Convergence (58° -

63°S) (Gordon, 1971) and sediment rich in biogenic carbonate (Burckle and Cirilli, 

1987). 

0 

Fig. 3.3. Distribution of sediment types around Antarctica. Angled lines illustrate 

circumpolar belt of diatomaceous ooze extending north to the Antarctic Polar Front, 

where it gives way to calcareous ooze (dashed lines), and south to the Antarctic 

Divergence, where it gives way to diatomaceous silt (horizontal lines). (From Leventer 

and Harwood, 1993). 
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The rate at which diatomaceous oozes are deposited around Antarctica locally exceed 

2.2 cm I 1000 years. The highest rates of accumulation in the Southern Ocean have been 

attributed to high rates of primary production. Direct measurements indicate typically 

low to moderate rates of production (Holm-Hansen et al., 1977; El Sayed et al., 1983), 

however, suggesting that the efficiency of preservation plays an important role in the 

processes contributing to silica accumulation (DeMaster et al., 1992). Silica 

concentrations are not evenly distributed in the Southern Belt, being absent on steep 

scarps and where there are underwater elevations (Lisitzin, 1971). On the Antarctic 

Shelf, where the biogenic silica content of sediment ranges from <1 %to46%, by weight 

(Dunbar et al., 1984), the impact of siliceous sedimentation may be also masked by 

terrigenous deposition (Heath, 1974). Prydz Bay is characterised by clayey deposits 

enriched in diatom frustules, whose remnants constitute 30% - 60% of the sedimentary 

matter (Stockwell et al., 1991). Sediments with the highest concentration of biogenic 

silica (opal) are distributed predominantly in the deeper depressions and basins (Harris 

et al., in press) (Fig. 3.4). 

OPAL fraction 

i 
<10% 
10-20% 
20-30% 
>30% 

Fig. 3.4. Distribution of biogenic silica in Prydz Bay. (From Harris et al., in press). 
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-Chapter4-

Diatom Assemblage Studies in Antarctica 

4.1 Assemblage Studies in the 19th Century 

Antarctic diatoms have been studied since the 19th Century, commencing with Hooker's 

observations made during the Erebus and Terror Expeditions (1839-1843). Hooker 

reported of diatoms during the Antarctic summer that occurred " ... in such countless 

myriads, as to stain the Berg and Pack-Ice, ... , they imparted to the Brash and Pancake­

Ice a pale ochreous colour" (Hooker, 1847, cited in Hasle, 1969). Samples collected 

between Cape Hom and the Ross Sea during these expeditions were returned to the 

Genilan diatomist Ehienberg, and resulted in the first published account of diatoms from 
' 

· Alltatctica. Following expeditions to Antarctica were' concerned primarily with .. 

geogiaphic exploration, but some planktonic diatom.samples were collected and 

systematic descriptions published (Table 4.1). 

. 4.2 Modern Assemblage Stu~es · ". · · · 

. '• 

It W~S not until the work of Jouse et al. .(1963) that diatoms in Antarctic marine · 

sediments were investigated extensively, and their value as indicat~rs of climate change' 

in the Southern Ocean recognised. Investigating diatoms from both the water column 

and sediment-water interface, Jouse et al. (1963) defined two diatom floral zones 

(cited in Burckle, 1972): the Antarctic and sub-Antarctic zones. The Antarctic zone is 

characterised by species such as Eucampia antarctica, Actinocyclus actinochilus, 

Fragilariopsis curta, F. rhombic a ( = F. angulata) and Thalassiosira gracilis. Most are 

benthic primarily on the underside of sea-ice and therefore have a restricted distribution 

close to the Antarctic continent. The sub-Antarctic zone is characterised by 

T. lentiginosa and F. kerguelensis; species with a broad latitudinal distribution in the 

Southern Ocean. Similar diatoms zones were described by Kozlova ( 1966). from surface 

sediments in the Indian and Pacific sectors of the Southern Ocean. 

14 
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Table 4.1. Diatom publications resulting from early Antarctic expeditions. 

Expedition 

Erebus and Terror Expeditions 

H.M.S. Challenger 

Belagica Expedition 

German Deep Sea Expedition 

German South Pole Expedition 

Scottish National Antarctic 

Expedition 

2nd French Antarctic ~xpedition 

Discovery Expedition 

' ' 

Duration 

1839 - 1843 

1873 - 1876 

1897 - 1899 

1898 - 1899 
( 

1901 - 1903 

1902- 1904 

1908 - 1910 

1929-1931 

Diatom Publication 

Ehrenberg, 1844 

Castracane, 1886 

Van Heurck, 1909 

Karsten, 1905 - 1907 

Heiden and Kolbe, 1928 

Manguin, 1922 

Manguin, 1915 

Hart, 1934 

The use of diatoms as palaeoclimatic indicators has since ·become well established. This 

is particularly so in the Southern Ocean, where diatoms form a major component of both 

the plankton (Fenn~r et al., 1976) ;;tnd sediment (Kozlova, 1966): Numerous studies' 
' ' 

have used the environmental tol~rance-ranges of extant species as models for the past 

(DeFelice and Wise, 19Sl). The work ofBurckle (1972), Truesdale and Kellogg (1979), 

DeFelice and Wise (1981), Kellogg and Kellogg.(1987), Pichon et al. (1987), Leventer 

and Dunbar (1988), Leventer et al. (1993; 1996) and Cunningham et al. (in press), for 

example, have all successfully used Antarctic marine diatom assemblages as a proxy to 

interpret climate change down-core. 

Many diatom studies have used statistical techniques to reconstruct Quaternary glacial 

history, such as the transfer function (factor analysis) developed by Imbrie and Kipp 

(1971). Factor analysis is based on knowing the environmental preferences of extant 

species and, using this knowledge, analysing changes in species abundance and diversity 

in fossil (down-core) assemblages. The changes can be interpreted as a response to 

environmental change, based on the assumption that the ecological response of a given 

species to physical and chemical parameters of the ocean is unchanged over time (Imbrie 

and Kipp, 1971). 
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Using factor analysis, three major diatom zones have been defined in surface sediments 

from the Scotia and Weddell Seas (Burckle, 1972). The shelf zone (dominated by 

F. curta) and meroplanktonic zone (dominated by E. antarctica) are essentially 

identical to the Antarctic zones of Jouse et al. (1963) and Kozlova (1966). All are 

dominated by species that occur principally as benthic colonies on the underside of sea­

ice. The holoplanktonic zone (dominated by T. lentiginosa and F. kerguelensis) 

corresponds with the sub-Antarctic zone of Jouse et al. (1963). Burckle (1972) further 

identified the Pleistocene I Holocene boundary in deep-sea cores from the South_ 

Atlantic, based on the upward change from predominantly shelf and meroplanktonic 

diatoms to holoplanktonic forms. 

. Investigat~ng. mai:ine diatoms from surf ace sed:iments of tl~e R?ss $ea, True~dale anq 

Kellogg (1979) ~sed factor analysis to defin~ four significant. diatom assemblages. 

Assemblage l, consisting of epontic species dominated by F. cur.ta, formed the most 

important assemblage (explaining 52.5% of the assemblage varia11ce), with high factor 

loadings on the continental shelf in locations where sedim~nts are undisturbed. : 
• > 

Assemblage 2 (explaining 25 .0% ), dominated by E. antarctica, is considered to indicate 

winnowed sediments from which the fine ·material and fragile, lightly silicified species 

have been removed selectively by bottom currents. Eucampia is found normally only in 

small numbers in the plankton, but is more important in sediments as its highly­

silicified, robust frustules resist dissolution during sedimentation and burial (Kozlova, 

1966; Fenner et al., 1976). Assemblage 3 (10.35%) contained a numberof diatoms from 

widely differing stratigraphic ranges and is interpreted as being reworked. The 

assemblage is distributed mainly on the continental slope, where diatoms have probably 

been reworked from the continental shelf, and near the southern ice-shelf margin of the 

Ross Sea where relict sediments are exposed (Truesdale and Kellogg, 1979). · 

Assemblage 4 (5.3% ), dominated by F. kerguelensis, is an oceamc assemblage 

characteristic of Antarctic waters north of the Antarctic Divergence. 
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Using the same method, Pichon et al. (1987) demonstrated that the geographic 

distribution of Antarctic diatoms (and two silicoflagellates) in surface sediments can be 

correlated with modern sea surface parameters, such as summer sea surface temperature, 
I 

phosphate concentration and sea ice distribution. Their study identified three significant 

assemblages: two associated with Antarctic waters and one with sub-Antarctic waters. 

To further this study, Pichon et al. (1992) developed a model to estimate past sea surface 

temperatures from the Antarctic fossil diatom record. Factor analysis again identified 

. three assemblages (two Antarctic and one sub-Antarctic), correlated with water mass 

distribution (Fig.4.1), and a forth assemblage characterised as a "dissolution 

assemblage" . 

. Most recently, principal component analysi~ h~ peen used to identify-three, 

geographically distinct diatom assemblages in surface sediments of the Ross Sea 

(Cunningham, 1997). Assemblages in the west-central Ross Sea are characterised by 

\~ ~ "' ' 

tax.a associated with a wind-mixed, open water column; in the western ·Ro'ss Sea they are· 

dominated by sea ice taxa. A south-central assemblage, characterised by extinct and I. " . -

or heavily silicified tax.a, is interpreted to have been current reworked, similar to that 

described by Truesdale and Kellogg (1979). Using these data, Cunningham {1997) 

analysed down-core diatom assemblages as a proxy to infer a Late Pleistocene to 

Holocene glacial I interglacia~ transition in the Ross Sea, followed by a mid-Holocene 

climatic optimum and Late Holocene cooling. 

\ 
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Fig. 4.1. Distribution of the three dominant diatom assemblages defined by Pichon et 

al. ( 1992) in sub-Antarctic and Antarctic waters. 
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4.3 Assemblage Studies in Prydz Bay 

Many Antarctic studies investigating the distribution of diatoms in modem marine 

sediments, and their relation to fossil assemblages, have been concentrated in West 

Antarctica, chiefly the Ross and Weddell Seas. In comparison, systemic studies of 

diatoms in surface sediments from East Antarctica, including Prydz Bay, have been 

limited and, with the exception of lake studies in the Vestfold Hills (e.g. Roberts and 

McMinn, 1996, 1998), a statistical comparison of these assemblages virtually non­

existent. 

A qualitative and quantitative comparison of phytoplankton samples from 34 stations in 

Prydz Bay, collected. during February 1969, by Ligowski (1983) enabled the abundance 

and distribution of th~ most.common species to be identified (Fig. 4:2). In the littoral 

and central zones of the bay, the most abundant species observed were Chaetoceros 

dicheata, Nitzschia curta (= F. curta) and Thalassiothrix antarctica. To the north, 

C. criophilum, Rhizosolenia alata and T. antarciica dominated. A study by Stockwell et 

al.· (1991), compared planktonic·diatom assemblages, from 14 station:s, to surface 

sediment assemblages from five stations. The water column biomass was dominated 

primarily by three ice-related, pennate taxa, which formed up to 96% of the assemblage: 

N. cloisterium, N. cylindrus (= F. cylindrus) and N. curta (=F. curta). In the surface 

sediment, N. cylindrus and N. curta formed up to 78% of the assemblage, and 

Chaetoceros resting spores subdominated. An important observation by Stockwell et 

al. 's (1991) study was that, whilst selective preservation of the diatom frustules in the 

sediment was apparent, dissolution did not seem to greatly affect diatom diversity within 

the sediments and Prydz Bay appeared to be an ideal site for further diatom studies. 
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Fig. 4.2. Distribution and abundance of diatom species in Prydz Bay net hauls. 1: 

Thalassiothrix antarctica. 2: Fragilariopsis curta. 3: Chaetoceros criophilum. 4: 

Rhizosolenia alata. 5: C. dichaeta. 6: Nitzschia barkleyi. 7: F. sublineata. 8: 

Rhizosolenia hebetata var. styliformis. 9: F. cylindrus. 10. C. atlanticus. 11: other 

species. 12: ice shelf. (From Ligowski, 1983). 
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The analysis of 33 surficial bottom sediments from Prydz Bay by Franklin (1993) 

identified three sedimentary facies, and four foraminiferal and two diatom assemblages 

(Fig.4.3). Diatom assemblages were dominated by N. curtain all but one site (site Tl l), 

near the seaward end of Prydz Channel; here, N. kerguelensis (= F. kerguelensis) 

dominated. The abundance of N. kerguelensis at site Tl 1 was interpreted to represent 

the strong, oceanic influence that the incoming, southward current associated with the 

Prydz Bay gyre (discussed in Chapter 5) as it crosses the continental shelf into the bay 

(Franklin, 1993). A more comprehensive analysis of surface sediments from both Prydz 

Bay and Mac.Robertson Shelf has been carried out most recently by Harris et al. (in 

press). Using 206 samples, and incorporating cluster analysis, Harris et al. (in press) 

identified five lithofacies on the continental shelf. The abundance and distribution of 
. ' 

two, key indicator diatom species, F, curra~ and F. kerguelensis, among'otherparameters . .', 
' ~ :. ' ; 

. defined the lithofacies. The distributio11 ~~'d significance of the lithofacies .is. discusse4 .. · ... 

in Chapter 5. 
. ,(' . 

------------r---------.- ... 
· OTINttzsehia ·curta flora (lo~ abuli!ia~ce) 

IIIIII1Mr;schia curta flora (high a~uiidan~e) : 

~~1t~sch1a kergue/enens1s flora 

67"S 

Amer~· Ice Shelf 

100 KdnmctTC1' 

Fig. 4.3 .. Distribution of diatom assemblages in Prydz Bay sur./ace sediments. (From 

Franklin, 1993). 

. •, \ 
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Detailed, qualitative and quantitative analyses of down-core, sedimentary diatom 

assemblages in Prydz Bay are even more limited than water column or surface sediment 

assemblage studies. Pushina et al. (1997) used diatom data from eight cores, collected 

during several Soviet Antarctic Expeditions, to interpret the Holocene, palaeoecological 

environment of Prydz Bay. Rathburn et al. (1997) incorporated the diatom and 

forarniniferal data of two gravity cores, collected from Fram Bank, to indicate changes 

in sea-ice patterns and oceanographic conditions over the past 8000 years. Both studies 

used a multi-disciplinary approach (micropalaeontological, lithological and 

geochemical) data as part of the analysis, but neither used quantitative, statistical 

procedures to compare fossil diatom assemblages with those being deposited t~day . 

.. 4.4 Aims of the Current Research 

In order to determine the response of ice-caps to climate change, knowledge of 

palaeoclimates in polar regions is' of major concern. Compared to Northern Hemisphere, 

data from the Southern Hemisphere has been relatively limited, however, particularly 

· ·""that concerning the response of the high fatitu~e Southern Ocean during the Late~ · 

Quaternary (Leventer et al., 1993). '·Given that the success of palaeoecological studies 

on the West Antarctic continental shelf, such as those discussed above, have yielded 

valuable results, the need for similar studies in East Antarctica is obvious. This is 

particularly so if we are to address the response of the Antarctic Ice Sheet, as a whole, to 

past and future global climate change. 

The aims of the current research project are two-fold. The first involves an extensive 

survey of over 100 surface sediments recovered from Prydz Bay and Mac.Robertson 

Shelf, East Antarctica, to determine the abundance and distribution of modern, 

planktonic diatom assemblages. Using multivariate statistical techniques, the 

relationship between these assemblages and known oceanographic parameters will be 

determined. From this knowledge, the second aim compares the surface diatom 

assemblages to those down-core, as a means of reconstructing the natural variability of 

Holocene palaeoclimates on the East Antarctic continental shelf. Six gravity cores, with 

ages spanning from the Late Pleistocene to Holocene, are examined. 
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5.1.1 Prydz Bay 

-ChapterS-

Prydz Bay and Mac.Robertson Shelf 

Physical Setting 

Prydz Bay is a triangular-shaped embayment lying in the Indian Ocean sector of the 

Southern Ocean, East Antarctica (Fig. 5.1). Mac.Robertson Land (69°E) to the west, and 

by Princess Elizabeth Land and the West Ice Shelf (80°E) to the ~ast border it. The 

south-western apex of the bay has direct contact with the Amery Ice Shelf (70°S), which 

forms almost 200 km of the bay's coastline (Wong, 1994). The ice shelf is 300 m thick 

at the ice-front (Budd et al., 1982). The northern limit of the bay extends offshore into 

the Princess Elizabeth Trough (Wong, 1994); however, Prydz Bay proper is normally 

considered that area south of the imaginary line between the West Ice Shelf and Cape 

Darnley. The dimensions of this area are approximately 400 km east-west and 300 km 

north-south (Franklin, 1993), and cover a total area of -80 000 km2 (Stagg, 1985). 

Morphologically, the continental shelf of Prydz Bay is typical of other Antar~tic 

continental shelves (O'Brien, 1994). Th~ broad, deep Amery Depression occupies the 

inner region of the bay and descends to a depth of 800 m. Deep trenches extend 

northwards from the depression to form the Prydz Channel, along which cold shelf water 

has a direct contact with warmer, deep ocean water (Smith and Treguer, 1994; Nunes 

Vaz and Lennon, 1996). The narrower and deeper Svenner Channel also connects shelf 

waters from the West Ice Shelf, east of the bay, with the inner part (Nunes Vaz and 

Lennon, 1996). Unlike Prydz Channel, the Svenner Channel is a morphologically 

complex structure and has several shallower saddles along its axis (O'Brien and Harris, 

1996). Landward of the continental shelf break, the Amery Depression is bordered by 

two shallow banks. Four Ladies Bank, to the north-east, and Fram Bank, to the north­

west, rise to a minimum depth of 200 m and form a partial barrier to water exchange 

with the deep ocean (Smith and Treguer, 1994). 
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The maximum depth of Prydz Bay occurs adjacent to the Amery Ice Shelf, where the 

Lambert and Nanok Deeps exceed 1000 m (Franklin, 1993). The smaller, and deeper, 

Lambert Deep is a narrow trough, trending north-east and south-west. Surrounding the 

Nanok Deep is an irregular, crescent-shaped rim- the Nella Rim- that delineates water 

from the Nanok Deep and Amery Depression (Quilty, 1985). Southwest of Davis 

Station lies another small depression, the Rauer Deep, thought to exceed 1100 m water 

depth (Quilty, 1985; Stagg, 1985). 

Sediment-laden ice is deposited in Prydz Bay from the Lambert Glacier I Amery Ice 

Shelf system (Harris et al., in press). Where sediments have been deposited along the 

axis of the glacier, they have prograded offshore to form the Prydz Bay Trough Mouth 

Fan. The fan is a major area of deposition for the bay and extends at least 90 km 

offshore and is up to 140 km in width (O'Brien and Harris, 1995). On the outer shelf 

banks, sediments are thickset, and thin to absent over much of the inner shelf (Stagg, 

1985). Iceberg plough marks are common on the outer shelf, in particular on Fram Bank 

and Four Ladies Bank (Harris et al., in press). On parts of Four Ladies Bank, however, 

the seafloor is so shallow that icebergs ground before crossing them. After breaking up 

by calving and spalling, the icebergs drift across the rest of the bank unhindered and 

here undisturbed sediments have been deposited (O'Brien, 1994). 

Five surface sediment lithofacies have been identified in Prydz Bay, based on biogenic 

silica, calcium carbonate, grain size analysis, and the relative abundance of the diatom 

taxa Fragilariopsis curta and F. kerguelensis (Harris et al., in press) (Fig. 5.2): 

1. Slightly gravelly, sandy mud (g)sM. 

2. Siliceous mud and diatom ooze (SMO). 

3. F. kerguelensis pelagic ooze. 

4. F. curta gravelly, sandy mud (mgS). 

5. Calcareous gravel. 

The (g)sM lithofacies is distributed on the shallower areas of the shelf, including Four 

Ladies Bank and western Prydz Bay, and Mac.Robertson Shelf. It contains coarse, 
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poorly-sorted sediment that has been reworked by iceberg ploughing. The SMO is the 

most extensively distributed lithofacies in Prydz Bay. It occurs in the deepest areas of 

the continental shelf, such as the Amery Depression, Burton Basin, Nielsen Basin, and 

Iceberg Alley, where it is protected from iceberg and current reworking, and forms 

thicknesses >5 m. Fragilariopsis kerguelensis pelagic ooze is similar to the (g)sM 

lithofacies, but is characterised by the abundance of F. kerguelensis frustules in the 

sediment and is distributed offshore of the continental shelf break zone. Fragilariopsis 

curta mgS forms a transitional belt between the (g)sM and SMO and is also correlated to 

the iceberg ploughed zone on Four Ladies Bank. Calcareous gravel is the rarest 

lithofacies and has been described from only two locations: on the shallowest portion of 

Storegg Bank, and a small area adjacent to the shelf break at the apex of the Prydz Bay 

Trough Mouth Fan. 

[J (g)sM facies 

~ Siliceous muddy ooze (SMO) facies 

• F. Curta gmS Facies 

Q F. Kerguelensis rich pelagic ooze facies 

[j] Calcareous gravel facies 

0 100km 

Fig. 5.2. Surface sediment lithofacies identified in Prydz Bay. (From Harris et al. , in 

press). 
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5.1.2 Mac.Robertson Shelf 

The Mac.Robertson Shelflies adjacent to Mac.Robertson Land. It extends west of 

Prydz Bay for 400 km, from 69° to -60°E, and is bounded by ice cliffs and small 

glaciers to the south (O'Brien et al., 1994). Compared to ~rydz Bay, it is much 

narrower and more rugged, with an average shelf width of 90 km (Harris et aZ:, 1996). It 

is otherwise similar to most other Antarctic continental sh~lves, with inshore deeps 

separated from the shelf edge by flat-topped, shallow banks (Stagg, 1985). 

The average shelf depth on Mac.Robertson Shelf is 350 m (Harris and O'Brien, 1996). 

This rises to a minimum depth of 110 m to 150 m on East and West Storegg Banks, and 

F:ram Bank (O'Brien et al., 1994). The banks separate three, ·steep-sided valleys that are 

joiJ?.ed t9 the shelf break qy arcuate shelf valleys (Harris and O'Brien, 1996). All are 

typically fjordal, being'steep-sided (up to 70°), flat-floored and CT-shaped (O'Bri~n, 

1994; Harris and O'Brien, 1996). The deep~st, Nielsen Basin, has a maximum depth of 

-1400 m and is characterised by several closed depressions that are separated by 

·shallower sills (Harris.et al., 1996). The depths of both Burton Basin and Iceberg Alley 

also locally e~ceed 1200 m. 

Mac.Robertson Shelf is largely an erosional environment, compared to Prydz Bay 

(Stagg, 1985; O'Brien, 1994). This is due to a strong, westward flowing shelf current 

associated with the East Wind Drift, which resuspends sediment as it is settling. As a 

result the outer shelf and upper slope of Mac.Robertson Shelf are characterised by a high 

sand and gravel content, in comparison to the.ice-rafted, fine sand and diatoms that 

accumulate' within the deep shelf basi~s (Harris et al ..• 1997a). 

Four geomorphological zones are described on Mac.Robertson Shelf (Harris and 

O'Brien, 1996), based on a compilation of geophysical, sedimentalogical and. 

bathymetric data (Fig. 5.3). These are: 

1. High-relief, ridge and valley topography. 

2. Smooth sea-fl9ors associated with depositional environments. 

3. Low-relief, planated bank-tops. 
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4. Sea-ward bank margins exhibiting iceberg gouges and dunes. 

The high-relief, ridge and valley topography of geomorphic zone one was formed 

probably by subglacial incision and erosion during Pleistocene and older glacial 

maxima; zone two was formed by deposition of subglacial and glacial-marine sediment 

(Harris and O'Brien, 1996). Zones three and four are a product of iceberg grounding 

and erosion by strong bottom currents (Harris and O'Brien, 1996). 

r-1 High-relief Ii Depositional n;] Planated 
ClQ ridge & t=::I U·shaped LJ bank-tops 

vaffey valleys 

D 20 

63° E 64" 65° 66. 

~ Current-rewor1<ed 
~ and iceberg­

gouged sediments 

Fig. 5.3. Geomorphic zones of Mac.Robertson Shelf. (From Harris and 0 'Brien, 1996). 

5.2 Sea Ice Distribution 

Sea ice covers Prydz Bay throughout autumn, winter and spring (Smith et al., 1984; 

Smith and Treguer, 1994) and extends northwards to 58°- 60°S (Jacka ,1983). Polynyas 

are commonly found to the north-west (MacKenzie Bay), and to the south-east (off 

Davis Station) (Smith et al., 1984). Smith and Treguer (1994) associate these with the 

presence of anomalously warm waters found towards the centre of the bay. Ice breakout 

occurs in early summer, so that open water is predominate by January, and is often 

associated with seasonal phytoplankton blooms. 
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5.3 Oceanography 

There is relatively little known about the oceanography of Prydz Bay and 

Mac.Robertson Shelf. This contrasts with the vast amount of physical and chemical data 

collected from the two largest Antarctic embayments - the Ross Sea (Pacific Sector) and 

Weddell Sea (Atlantic Sector). Prior to 1970, a number of exploratory voyages were 

carried out by Soviet research expeditions (summarised in Nunes Vaz and Lennon, 

1996). These were followed by large-scale, U.S. operations from the Antarctic Shelf 

(62°E) to the Crozet and Kerguelen Plateaux and South Africa (Jacobs and Georgi, 

1977) and in the southwest Indian Ocean (Gordon and Molinelli, 1982). Following 

Australia's involvement with BIOMASS 1 during the early 1980's, a number of ANARE 

voyages aboard the MV Nella Dan were carried out in Prydz Bay (Table 5.1). Although 

these were concerned primarily with biological data collection, some hydrographic data 

was obtained with the collection of physical and chemical oceanographic data. More 

recently, a systematic oceanographic survey of Prydz Bay was carried out aboard the 

RSV Aurora Australis during the FISHOG922, from which Wong (1994) analysed the 

structure and dynamics of water masses and circulation. The discussion below reviews 

the current knowledge of oceanography in Prydz Bay, Mac.Robertson Shelf and the 

surrounding waters. 

5.3.l Horizontal Water Circulation 

Horizontal water circulation in Prydz Bay is characterised by four principal features 

(Fig. 5.4), based on geostrophic (density) measurements from water salinity and 

temperature. These are the: 

1. Eastward zonal flow. 

2. Westward flowing slope current. 

3. Westward flowing coastal current. 

4. Cyclonic gyre system. 

1 BIOMASS - Biological Investigation of Marine Antarctic Systems and Stocks 
2 FISHOG92 -1992 Fisheries and Oceanography Voyage 
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Fig. 5.4. Distribution of major horizontal water currents in Prydz Bay. Eastward Zonal Flow (65 °S) not illustrated. 
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The four features are analysed and described in detail by Wong ( 1994) and confirm the 

findings of previous surveys carried out over the last two decades - chiefly that of Sniith 

et al. (1984), Middleton and Humphries (1989), Smith and Treguer (1994), and Nunes 

Vaz and Lennon (1996). 

Table 5.1. ANARE marine science oceanographic surveys conducted between 1981 -

1987. 

Voyage Year Publication 

FIBEX-l3 Jan - Mar 1981 Kerry et al., 1987a 

GEOSCIENCE Jan - Mar 1981 Woehler et al., 1987 

ADBEX-14 Nov - Dec 1982 Kerry and Woehler, 1987 

ADBEX-2 Jan - Feb 1984 

SIBEX-25 Jan 1985 Kerry et al., 1987b 

ADBEX-3 Sep - Dec 1985 

AAMBER6 Feb-Mar 1987 Woehler and Williams, 

1988 

Eastward Zonal Flow 

The eastward zonal flow is characterised by waters from the broad, deep Antarctic 

Circumpolar Cun;,ent (ACC), which is driven by prevailing westerly winds that transport 

surface water eastwards. As coastal, easterly winds create a westward flow, divergence 

and deep water upwelling occurs at -65°S. Here the Antarctic Divergence (AD) allows 

deep water contact with the atmosphere (Gordon, 1971). Data compiled by Nunes Vaz 

and_Lennon (1996) from ADBEX-1, AAMBER and_FIBEX-1 indicate that the primary 

source of water inflow to Prydz Bay at lower levels (200 m - 500 m) is warm water 

diverted across the continental shelf break from the offshore ACC. The upwelling 

processes associated with tides and continental shelf waves, generated by strong coastal 

3 FIBEX-1- First International BIOMASS Experiment 
4 ADBEX - Antarctic Division BIOMASS Experiment 
5 SIBEX-2-Second International BIOMASS Experiment 
6 AAMBER - Australian Antarctic Marine Biological Ecosystem Research 
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winds in the bay, aid this inflow (Middleton and Humphries, 1989; Smith and Treguer, 

1994). 

Westward Flowing Slope Current 

The westward flowing slope current is defined as a narrow current centered on 66° -

67°S that is associated with the East Wind Drift, which dominates south of the AD 

(Wong, 1994). Smith et al. (1984) suggest that the westward slope current is not a 

distinct current, but instead is a broken band of flow that occurs between the AD and the 

Prydz Bay continental shelf rise. 

Westward Flowing Coastal Current 

The westward flowing coastal current is a strong current (8.0 sec - 1; Wong, 1994) that is 

also suggested to be associated with the East Wind Drift (Wong, 1994). It is the 

principal source of inflow to Prydz Bay at upper water levels ( <200 m), and provides a 

source of cold water that has originated from the east, in the vicinity of the West Ice 

shelf, and penetrated into the southeast of the bay (Smith et al., 1984). 

Summer AAMBER data have demonstrate that the westward flowing coastal current is 

very well defined and continuous around the bay (Nunes Vaz and Lennon, 1996). 

Iceberg sightings and ice conditions in the bay are also consistent with a westward 

coastal flow regime. Icebergs off Princess Elizabeth Land, for example, have been 

observed to move in a south-west direction, whilst those calving off the Amery Ice Shelf 

follow the western periphery of the bay, towards Cape Darnley (Smith et al., 1984). 

Spring ADBEX-1 data, however, indicate that the southeast region of Prydz Bay might 

be a zone of confluence for inflowing water, prior to its turning westward along the 

coast. Nunes Vaz and Lennon ( 1996) suggest that this '),"epresents a seasonal difference 

or an inter-annual cycle, rather than a separate coastal flow regime. 

Within the Prydz Bay, water flow is at least partially controlled by bathymetry (Smith 

and Treguer, 1994) and contours of "effective" geopotential anomoly, which allow the 

westward coastal current to flow beneath the Amery Ice Shelf (Hellmer and Jacobs, 
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1992; Wong, 1994). As a consequence of this flow, high salinity shelf water (HSSW) is 

introduced to the base of the Amery Ice Shelf, by a process other than normal 

thermohaline convection and slope of the continental shelf towards the grounding line. 

From beneath the western end of the ice shelf, HSSW, which entered from the east, 

emerges as a considerable volume of very cold ice shelf water (ISW). The ISW is 

characterised by a temperature < -1.89°C, which it has obtained by heat loss to, and 

melting below, the Amery Ice Shelf. As it rises in the water column ice crystals form to 

compensate for the super-cooling that would otherwise occur (Hellmer and Jacobs, 

1992). 

Water emerging from beneath the Amery Ice Shelf continues its westward flow and exits 

Prydz Bay as a concentrated flow west along Mac.Robertson Shelf. Here it joins with 

the westward flowing slope current (Wong, 1994) and both are ultimately diverted 

offshore at - 62°E. An unknown proportion continues along the shelf towards Enderby 

Land (Nunes Vaz and Lennon, 1996). This flow has been confirmed by the direction of 

-icebergs tracked leaving Prydz Bay (Hosie, 1994). Some have been observed to 

continue moving west along the shelf, past Mawson Station (-62°E), and beyond 

Enderby Land. 

An increase in water salinity and decrease in potential temperatures have also been noted 

around the coastal perimeter of Prydz Bay, from east to west. Similar observations have 

been made in the Weddell and Ross Seas. In Pry~z Bay, the phenomenon is attributed to 

the progressive salinity enhancement by brine rejection that occurs during westward 

coastal flow around the bay (Nunes Vaz and Lennon, 1996). 

Cyclonic Gyre System 

A major feature of the horizontal circulation in Prydz Bay is a large, cyclonic gyre that is 

fed by a broad inflow of water from the north-east (Smith and Treguer, 1994). The gyre 

is centered in the bay at - 73 °E (Wong, 1994 ), and appears on the western side of the 

bay where it is bordered by Cape Darnley and Fram Bank (Smith et al., 1984). Its 

formation is the combined result of cold, fresh water at the western end of Prydz Bay 
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(HSSW, contributed by the Amery Ice shelf), which produces a dynamic high, and a 

pool of salty water in the middle of the bay, which forms a dynamic low due to brine 

rejection during winter sea ice formation (Wong, 1994). Water flow within the gyre 

involves partial re-circulation, so that some of the outflow, exiting near Cape Darnley, is 

re-circulated offshore and fed back into the bay. The re-circulated proportion is 

significantly less than that entering, from the east (as westward flowing coastal water; 

Nunes Vaz and Lennon, 1996). The proportion that is not re-circulated continues west 

along Mac.Robertson Shelf as part of the westward flowing coastal current. The 

presence of the cyclonic gyre is consistent with all data reviewed by Nunes Vaz and 

Lennon (1996) (ADBEX-1, AAMBER, FIBEX-1, SIBEX-2) and Wong (1994). 

5.3.2 Water Masses and Vertical Structure 

Seven principal vertical water masses can be identified in the vicinity of Prydz Bay, 

. based on temperature and salinity profiles (Fig. 5.5): 

1. Summer surface water. 

2. Circumpolar deep water. 

3. Winter water. 

4. High salinity shelf water. 

5. Ice shelf water. 

6. Warm deep water. 

7. Antarctic bottom water and Prydz Bay bottom water. 

The water masses geographical distribution is illustrated in Fig. 5.6. 

34 



; . 
•,; 

' I~:,,!~}' ~t~,~· 
' ~ 'M ' • ·~, ,_.., , '' -

' " ~... ' ... . .. 
·,,, 'I, 

\'• 
" " 

~ 
.c 
~ • 0 

.... 

..... 

-
.... 

.... 

Physical Setting 

4 
.' I I I , I I I 

3 I I I • I 
I I I 

/ I I 

2 I I 

i 
I 

u 
SSW .... 

I 
! 0 I 

I 

_, i 

i -
-2 

-3 
32 33 34 

s.linltr (PSU) 

Fig. 5.5. Schematic distributio'n. of potential temperature and salinity determination for 
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Summer Surface Water 

Summer surface water (SSW) is a distinct, but highly variable, Antarctic water mass. It 

is generally characterised as a relatively fresh water layer (salinity -33.5%0 to -34.0%0) 

with a temperature> 0°C. These characters are dependent on the distribution an~ 

thickness of sea ice (Wong, 1994). Within the shelf zone, SSW typically forms to a 

depth from 10 m to 60 m, depending on the prevailing ice conditions. North of Prydz 

Bay, where sea ice is less thick, depth can exceed 100 m (Smith and Treguer, 1994) as 

lesser amounts of solar radiation are required to melt the ice and it instead acts to raise 

the surface water temperature (Grigor'yev, 1970). 

Due to the heating and the melting of sea ice during summer, SSW forms a pronounced, 

seasonal halocline on both the continental shelf and adjacent offshore zone (Smith et al., 

1984; Hosie, 1994). It has also been noted that within Prydz Bay, relatively warmer 

SSW temperatures have been recorded in the southwest, just north of the Amery Ice 

Shelf. These anomolously warm temperatures are attributed to the earlier breakout of 

sea ice in this region, compared to elsewhere within the bay (Wong, 1994). Smith et al. 

(1984) also note that SSW depth tends to be greatest here. The coldest SSW, which 

forms near the West Ice shelf, is correlated with ice conditions. 

Circumpolar Deep Water 

Circumpolar deep water (CDW) is the most abundant water mass in the Antarctic 

oceanic domain. It is characterised as a modified, warm (0.0° - 2.0°C), salty subantarctic 

water (Hosie, 1994a), which originates from the North Atlantic, Pacific and Indian 

Oceans (Gordon, 1971). To the south it is bordered by the AD. Circumpolar deep water 

occupies the water column between depths of 300 m - 2000 m north of the AD, rising to 

-600 mat its southern-most extent in association with upwelling (Wong, 1994). Like 

SSW, it produces a pronounced, seasonal thermocline. 

Circumpolar deep water is comprised of two components (Smith and Treguer, 1994): a 

deep layer, identified by a salinity maximum (34.70%0 - 34.75%0) and formed by a water 

mass related to North Atlantic deep water; and an upper layer with a characteristic 
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oxygen minimum and influenced by the Pacific and Indian Oceans. South of the AD, 

the two layers become modified so that along the continental shelf slope only a single 

core layer of warm CDW is evident. This layer is suggested to be the product of mixing 

between CDW and continental shelf water, and is referred to as Prydz Bay bottom water 

(Middleton and Humphries, 1989), discussed below. 

Winter Water 

Below the SSW and above the CDW lies a temperature minimum water mass, 

considered to be the· remnant of a winter mixed layer, which forms from spring to 

autumn. Unlike SSW, this winter water (WW) po~sesses distinct properties, with 

temperature< -l.5°C and salinity 34.2%0 - 34.56%0 (Smith et al., 1984; Smith and 

Treguer, 1994). 

Winter water forms a layer up to 300 m thick over the continental shelf, which decreases 

north of Prydz Bay to a minimum of -30 m (Wong, 1994). A sharp transition zone, 

present near the continental rise, distinguishes shelf zone WW from oceanic WW. 

Winter water over the continental shelf is not so clearly defined from CDW, due to the 

greater penetration of winter mixing (Smith et al., 1984), and in Prydz Bay such water 

has been referred to as low salinity shelf water (LSSW) (Smith et al., 1984). 

High Salinity Shelf Water 

A relatively salty and dense layer of high salinity shelf water (HSSW) is present over the 

continental shelf. It is a subclass of continental shelf water (CSW) (Smith ,et al., 1984; 

Wong, 1994). High salinity shelf water lies below WW in places where seafloor 

depressions act to trap the saline, dense water that is formed by brine rejection during 

the formation of winter sea ice (Middleton and Humphries, 1989; Wong, 1994). Like 

WW, HSSW has a temperature< -1.5°C, but is characterised by a salinity >34.50%0 

(Smith et al., 1984). 

High salinity shelf water is mostly confined to Prydz Bay and Mac.Robertson Shelf, but 

some may be forced off the shelf. As it flows down the continental slope, the HSSW 

37 



Physical Setting 

mixes with CDW, forming modified Prydz Bay Bottom Water (PBBW) (Middleton and 

Humphries, 1989). Although PBBW is able to flow to intermediate depths, it is not 

dense enough to reach abyssal depths and form true Antarctic bottom water (AABW) 

(Middleton and Humphries, 1989; Smith and Treguer, 1994). 

Ice Shelf Water 

Ice shelf water (ISW) is a saline, super-cooled water mass, produced near WW, with a 

temperature < -2.0°C. It is formed by heat loss and salt rejection beneath the Amery Ice 

Shelf (Smith et al., 1984). Jacobs et al. (1992) suggest that HSSW draining into ice 

shelf cavities below the Amery Ice Shelf, which have formed where the continental shelf 

deepens towards the grounding li~e (Wong, 1994), may evolve into the cold ISW by 

providing latent heat for basal melting of the ice shelf. Refreezing on the underside of 

the shelf would then lead to the accumulation of super-cooled, salty ISW (Smith et al., 

1984) that is circulated out into the bay at intermediate depths by thermohaline 

convection (Wong, 1994). Together, the majority of cold, Prydz Bay water< -l.6°C (i.e. 

ISW, WW, and HSSW) leave the bay either directly offshore or initially westward. 

Eventually most of this water joins the eastward ACC as a lens of relatively cold water 

centered at a depth of 100 m (Nunes Vaz and Lennon, 1996). 

Warm Deep Water 

Warm deep water (WDW) is often referred to as CDW. Wong (1994) distinguishes it as 

water that occurs in the oceanic domain and with salinity similar to CDW (-34.70%0), 
' 

but a cooler temperature (0.0° - l.0°C) and with a slightly higher dissolved 0 2 content 

compared to CDW. In the Weddell Sea, the mixing of WDW and WW intrudes over 

the continental shelf break and mixes with HSSW. The resulting water mass descends 

the continental slope to form AABW. In Prydz Bay, WDW has been noted only in the 

oceanic domain, where it occupies a depth of -300 m, and not over the continental shelf 

(Wong, 1994) below CDW. It rises to a depth of 650 m south of CDW, at the 

continental slope. 
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Antarctic Bottom Water and Prydz Bay Bottom Water 

Antarctic bottom water (AABW) is the deepest water close to the Antarctic continent 

and is generally characterised by temperatures< 0°C and salinity 34.6%0 - 34.7%0 (Smith 

et al., 1984; Wong, 1994). Its precise method of production is unknown, although it is 

generally accepted that cold, dense HSSW water mixes with saline CDW near the 

continental shelf to form modified AABW. The resulting, denser water mass flows 

down the continental slope and is dispersed into the abyssal layers of the major oceanic 

basins (Gordon, 1971; Smith et al., 1984; Wong, 1994). 

Antarctic bottom water is found in almost all sections of the deep ocean off Prydz Bay; 

however, it is uncertain if deep mixing in the bay and the adjacent continental shelf 

contribute to this water mass. As discussed above, a modified form of AABW (PBBW) 

can be found to intermediate depths, at least, when HSSW and CDW mix and flow down 

the continental slope. A water mass suggested to be AABW, and with sufficient 

characteristics to penetrate to the ocean floor, has been identified laying against the 

continental slope of Prydz Bay, between 2500 m - 5000 m and with a temperature 

< -0.3°C and salinity <34.66%0 (Jacobs and Georgi, 1977; Mantyla and Reid, 1983). 

The high dissolved oxygen values (>5.57 ml I-1) and low silicate values (<120 µm I-1) 

indicate that the water was formed locally (Nunes Vaz and Lennon, 1996), possibly 

arisen from a continual process of mixing between Enderby Land I Prydz Bay coastal 

waters and dense, deep water (Smith and Treguer, 1994). A similar penetration of cold 

water over the continental slope at 62° E has been observed by Smith et al. (1984). 

For the production of ABBW in Prydz Bay to be confirmed, water of sufficient potential 

density must be produced within the bay and be observed descending towards the foot of 

the continental slope west of the bay (Nunes Vaz and,Lennon, 1996). The SSW and 

ISW present in Prydz Bay are not dense enough to promote bottom water formation 

during summer, but their salinity is thought to increase significantly during active winter 

sea ice formation (Nunes Vaz and Lennon, 1996). During this time, dense water plumes 

would have the potential to descend the continental slope, and perhaps reach its base. 

Such plumes have been observed at 62°E (Smith et al., 1984), but were sufficiently 
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dense to form AABW. Similarly, a plume of HSSW mixed with CDW has been 

observed flowing down the continental slope from Prydz Bay, forming PBBW 

(Middleton and Humphries, 1989). This plume, however, did not reach the ocean floor. 

Such evidence has led to the conclusion that Prydz Bay is a source of dense water that 

descends the continental slope to intermediate depths, but not necessarily to the ocean 

floor to form true AABW (Nunes Vaz and Lennon, 1996). 

Wong (1994) has identified two types of PBBW: a low salinity type and high salinity 

type. Low salinity PBBW has similar salinity values to AABW west of the Kerguelen 

Plateau. East of this, AABW, originating from the Adelie Coast and Ross Sea and with 

higher salinity values, is present. The high salinity PBBW observed by Wong (1994) is 

higher still in salinity than that observed east of the Kerguelen Plateau, and is interpreted 

as having originated from a more local source. It is therefore hypothesised that winter 

shelf water is more saline than summer shelf water, due to sea ice formation and brine 

rejection (Wong, 1994; Nunes Vaz and Lennon, 1996). The salty, shelf water is then 

thought to sink in a northeast direction, down the continental slope, to mix with CDW 

and form high salinity PBBW in winter (Wong, 1994). 

5.3.3 Summary 

The four main features of horizontal water circulation in Prydz Bay are consistently 

supported by the data collected by oceanographic surveys to the region. At lower water 

depths, warm water originating from the ACC is diverted into the bay across the 

continental shelf break from the west. A westerly flowing slope current also supports a 

smaller inflow . The major source of inflow to Prydz Bay, however, comes from a 

westward flowing coastal current, fed by the East Wind Drift from the West Ice Shelf. 

The current flows continuously around the perimeter of the bay and exits as a 

concentrated flow that continues west along Mac.Robertson Shelf. A portion of the 

westerly outflow may be re-circulated around Prydz Bay by a cyclonic gyre system. The 

gyre is a major feature of Prydz Bay's horizontal circulation, and is fed primarily by 

waters from a broad inflow to the northeast. 
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Distinct vertical water masses are evident in Prydz Bay (i.e. SSW, WW, CDW, HSSW, 

ISW, and WDW), but there is no direct evidence to indicate that the bay is a local source 

of AABW. High salinity shelf water is thought to mix with CDW and descend the 

continental shelf to intermediate depths as modified warm PBBW. For conclusive 

evidence of bottom water formation, however, a sufficiently dense water mass, produced 

within the bay, must be observed descending towards the base of the continental slope in 

winter. 
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Methods 

6.1 Sediment Preparation 

-Chapter6-

Materials and Methods 

Sediment samples collected from Prydz Bay and Mac.Robertson Shelf, from five 

separate research expeditions (Table 6.1, Fig. 6.1), were analysed to determine diatom 

abundance and distribution. Samples were collected using a Van Veen grab, Ekman 

grab, pipe dredge, or gravity core. In the case of core samples, only core-tops were 

analysed. Individual sample locations are listed in Table 5.2. Approximately 0.5 g of 

sediment was sub-sampled from each, and left to soak for three days in 10 ml of 15% 

H20 2, to remove organic matter. They were then centrifuged three times at 2500 revs-1 

for 5 minutes; between each, samples were washed in distilled water to remove residue. 

6.2 Slide Preparation 

Washed samples were diluted (about 1 - 3 drops~per 10 ml distilled water), pipetted onto 

a glass cover slip and allowed to dry on a warm hotplate (50°C). Permanent slides were 

then made by mounting in Norland Optical Adhesive 61 (refractive index 1.56) and -

cured under an UV light for at least 5 minutes. 

6.3 Diatom Counts 

Diatoms were identified and counted using a phase contrast Zeiss Standard 20 

microscope at lOOOx magnification, with an oil immersion objective lens. Each slide 

was traversed horizontally, until at least 600 valves had been counted. Such large 

counts are necessary where the fluctuations of ecologically important species are 

masked by the mass occurrence of more important species (Battarbee, 1986). Only cells 

in which more than half of the valve was intact were counted, to avoid counting the 

same specimen twice. For elongate species, such as Trichotoxin, Thalassiothrix, and 

Pseudonitzschia, only end pieces were counted as these cells are rarely preserved intact. 

The abundance of the silicoflagellate Distephanus speculum and the Chrysophyte 

Pentalamina corona was included in diatom counts. 
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6.4 Grain Size Analysis 

Grain size analysis was carried out on 41 sediment samples (Table 6.2). An aliquot of 

wet sediment was weighed in a pre-weighed jar, then dried in an oven (50°C) for 24 h. 

Each sample was then wet sieved with distilled water to extract the following grain size 

fractions: mud (<63 µm), fine sand (>63 µm) and course sand (>125 µm). Fractions 

were again dried in an oven for 24 h, and the course sand sieved to extract gravel 

(>2 mm). Grain size fractions were expressed as a percentage of the total sediment. 

Table 6.1. Expeditions to Prydz Bay - Mac.Robertson Shelf from which sediment 

samples were obtained. 

Expedition 

ANARE Geoscience Survey 

ANARE Krill and Rock Survey 

ANARE Field Season 1993/94 

· - (Davis Station) 

2nd ANARE I Antarctic CRC I AGSO 

Geoscience Program 

Soviet Antarctic Expeditions 

Year 

1982 

1993 

1993-1994 

1995 

Various 

•h 

Acronym 

KROCKt 

DCF·' 

BANGtt 

SAEttt 

t KROCK core and grab samples have the prefix "KRGC" (core) and "KRGR" (grab) " 

herein. tt The 2nd ANAREI Antarctic CRC I AGSO Geoscience Program is designated 

"AGSO Survey 149" (AA149) inAGSO records, and "BANGSS" (Big Antarctic 

Geological and Seismic Survey) in Antarctic Division records. ttt SAE core and grab 

samples have the prefix "RC" (core) and "RG" (grab) herein. 
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Table 6.2. Latitude, longitude and water depth from which samples were recovered. 

t Grain size analysis carried out on these samples. 

Expedition Station Latitude Longitude Water Depth 

Os ow m 

KROCK 6/GRlt 66 43.45 77 31.18 803 

KROCK 6/GR2At 68 25.87 77 48.38 179 

KROCK 12/GR4t 68 42.20 77 30.70 707 

KROCK 13/GR5t 68 40.34 77 16.31 538 

KROCK 14/GR6t 68 49.00 77 10.00 760 

KROCK 15/GR7t 68 54.72 76 53.61 700 

·KROCK 17/GR8t 68 46.92 76 48.25 798 

KROCK 18/GR9t 68 42.61 7644.66 820 

KROCK 19/GRlOt 68 39.32 76 43.00 775 

: KROCK 21/GRllt . 68 00.74 . '-16 32.83 460 

KROCK 23/GR12t ,. 67 21.27 . ' ,.76 35.28 318 

KROCK · 24/GR13t 66 58.16 76 18.63 330 ,,. 

KROCK 37/GR14t 68 58.00 7511.10 740 

KROCK 38/GR15t 68 36.87 74 31.29 667 

KROCK 39/GR16t 68 27.10 7412.52 665 

KROCK 41/GR17t 68 56.66 73 34.43 792 

KROCK 42/QR18t 68 11.08 75 53.53 695 

KROCK 43/GR19t 69 13.68 76 05.95 548 

KROCK 60/GR23t 68 06.16 72 15.03 788 

KROCK 62/GR24t 68 30.58 70 29.96 1060 

KROCK 63/GR25t 66 52.79 72 16.12 532 

KROCK 73/GR26t 66 36.85 69 23.80 1435 

KROCK 74/GR27t 66 49.42 69 17.77 907 

KROCK 75/GR28t 66 54.89 9 13.23 512 

KROCK 76/GR29t 67 02.79 68 50.82 200 

KROCK 77/GR30t 67 30.91 68 11.74 460 
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Table 6.2. (Cont.) 

Expedition Station Latitude Longitude Water Depth 

·s ·w m 

KROCK 93/GR31t 67 16.17 65 25.38 110 

KROCK 93/GR32 67 25.18 65 06.14 1057 

KROCK 105/GR34t 66 33.58 62 44.40 1882 

KROCK 106/GR35t 66 52.03 63 09.60 434 

KROCK 125/GClt 66 53.95 63 09.26 478 

KROCK 128/GC2t 67 28.46 64 58.36 1091 

KROCK 136/GC8t 66 56.38 69 40.94 433 

KROCK 139/GC9 66 20.16 71 58.59 1879 

KROCK 143/GC14t 66 50.13 70 29.04 430 

KROCK 144/GC15t 67 00.50 71 00.24 480 

KROCK 146/GC16t 67 00.23 71 00.03 480 

KROCK 150/GC20 67 14.15 76 33.31 318 

KROCK 153/GC24t 68 05.63 73 11.36 705 

KROCK· 158/GC28 68 54.92 76 35.36 710 

KROCK 162/GC32t 67 10.28 69 50.87 279 

KROCK 163/GC33t 67 10.88 68 32.30 376 

Geo 2 66 51 77 06 1050 

Geo 5 67 56 7217 730 

Geo 15 66 36 7119 1506 

Geo 16 66 39.50 7120 1128 

Geo 19 68 23 7111 784 

Geo 22 67 20 7121 553 

Geo 25 6643 7118 855-916 

SAE 3116 67 38.20 72 23.90 624 

SAE 3305 69 00.77 75 58.71 805 

SAE 3606 66 59.86 75 00.03 396 

SAE 3607 67 21.46 74 55.37 433 

45 



Methods 

Table 6.2. (Cont.) 

Expedition Station Latitude Longitude Water Depth 

·s ·w m 

SAE 3616 68 37.11 72 30.49 440 

SAE 3109 67 58.60 72 15.50 696 

SAE 3111 67 37.30 71 32.70 560 

SAE 3117 67 48.80 72 44.20 634 

SAE 3119 67 51.90 73 44.00 534 

SAE 3121 67 33.90 73 00.50 595 

SAE 3203 69 30.30 74 01.50 664 

SAE 3207 69 20.02 75 30.91 218 

SAE 3218 66 56.67 75 28.48 357 

SAE 3219 67 24.94 75,31.28 409 

SAE 3222 66 57.94 76 13.42 336.5 

SAE 3314 67 43.09 77 56.19 240 

SAE 3315 67 42.10 78 00.90 220 

SAE 3318 67 12.87 78 03.73 267 

SAE 3321 66 54.00 77 37.73 235 

SAE 3324 67 06.08 77 08.13 292 

SAE 3328 67 24.96 77 21.70 322 

SAE 3329 67 33.26 77 17.63 310 

SAE 3331 67 42.10 77 18.18 340 

SAE 3333 67 50.20 77 16.75 395 

SAE 3335 67 57.01 77 17.00 430 

SAE 3346 69 11.00 76 24.72 417 

BANGS 7 66 55.9 64 56.3 376 

BANGS 8 67 05.1 65 13.6 130 

BANGS 10 67 05.1 65 27.9 627 

BANGS 11 67 05.2 65 38.9 587 

BANGS 12 67 06.7 65 46.7 626 
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Fig. 6.1. Location of swface sediment samples analysed for diatom abundance and grain size analysis. 
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Statistical Analyses 

A diagram illustrating a summary of the statistical procedures used is illustrated in Fig. 

7.1. 

7.1 Data Transformation 

Diatoms were expressed as a percentage of the total number of cells counted per sample, 
' 

and arranged in a species by sample matrix. Rare species (classified as those with a 

maximum abundance <2% in any given sample) were removed from the data matrix 

prior to further analysis. These species are not present in large enough quantities to be 

adequately sampled statistically (Webb and Bryson, 1973). In diatom studies, the 

deletion of rare species is the most popular method of data reduction and causes little 

distortion to the data (Katoh, 1993). 

The remaining data was logarithmically transformed using the equation: 

Yij = log(Xij + 1) 

where Xij = raw data score of the ith species in the jth sample; Y ij = corresponding 

transformed score. The effect of log transformation is to reduce the score (and hence 

bias) of very abundant species so that they do not mask the effect of less common 

species (Field et al., 1982). Data transformation does not alter zero values. 

7 .2 Cluster Analysis 

Using the transformed data, a species by sample (Q-mode) matrix was analysed using 

the cluster analysis option of BioLtat II (Pimental and Smith, 1985). Cluster analysis is 

a multivariate statistical technique aimed at summarising large data sets by forcing 

samples into discrete groups of clusters, illustrated as a two-dimensional dendrogram, 

even if the data points are randomly distributed (Shi, 1995). The method does not 

require multi-normal distribution, or for variation to be linearly correlated with 

49 



Statistical Analyses 

environmental gradients (Shi, 1995). In this study, clusters are interpreted as 

representing diatom assemblages, but the relationship between the assemblages and 

environmental variables cannot be determined (Shi, 1993). 

Cluster analysis was carried out using the Bray-Curtis dissimilarity index in association 

with unweighted pair group average linkage (UPGMA). The advantage of using the 

Bray-Curtis dissimilarity index is its ability to effectively analyse matrices with a high 

zero component (i.e. joint absences) (Field et al., 1982). UPGMA joins two samples 

together at the average level of similarity between all members of one group and all 

members of the other (Field et al., 1982). 

Samples that appeared as outliers in the cluster analysis were re-sampled and counted 

using the methods described in Chapter 6. This removed the chance of sample 

contamination or mis-labelling. Cluster analysis was then repeated, and outliers still 

remaining deleted from further analysis. Outlying samples usually contain unusual 

species compositions and have low similarities with other sites. Their deletion from 
I 

analysis is recommended as they may otherwise act to bias or dominate the analysis and 

compress the distribution of remaining sites (Gauch, 1982; Shi, 1993). 

7.3 Indicator Species (SNK and ANOVA) 

Sample groups identified by cluster analysis were further analysed to determine the 

indicator species characteristic of each group. The student Newman-Keuls multiple 

range test (SNK), in association with a single factor Analysis of Variance (ANOV A), 

enables the species that occur in significantly higher abundance between the cluster 

groups to be determined. SNK and ANOVA were carried out using the multi­

dimensional analysis ( MDA) option of BioL.tat II (Pimental and Smith, 1985). 

SNK calculates a q ("studentised range") using the equation: 
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where the q value, which is based on the pairwise differences between ranked means of 

increasing magnitude, is divided by the standard error (Zar, 1984). If q is equal to or 

greater than the critical value, a, v ,k, (where a= significance level, v = error D F for the 

analysis of variance, k = total number of means being tested) then the paired means are 

significantly different and the indicator species is identified (Zar, 1984). 

7.4 Ordination (NMDS) 

Following cluster analysis, the data were analysed by indirect ordination. This is a 

two-step process, the first of which is similar to classification (cluster analysis) as many 

variables are reduced into relatively few categories, enhancing the major patterns of 

variation (Beals, 1984). Unlike classification, however, the variation can be interpreted 

in relation to known environmental gradients. 

Ordination rearranges the original data set into a multi-dimensional space and extracts 

the major directions for variation along principal axes. A product of ordination is a 

scatter plot, usually based on two or three dimensions, in which the samples are located 

relative to one another according to their variation on these axes. Groups of samples 

that occur naturally in the original data are highlighted, lying as points close together in 

the scatter plot. The axes represent major directions of data variations and may be 

interpreted as representing environmental variations, which in turn control the variations 

in the sample data (Shi, 1993). 

Nonmetric multi-dimensional scaling (NMDS) was chosen as the appropriate method for 

ordination and carried out using the principal co-ordinates analysis (PCA) option. The 

method attempts to match the rankings of distances between sample pairs, from the 

original data, with the rankings of the respective distances in the ordination (Beals, 

1984). NMDS is one of the most robust ordination techniques, especially when dealing 

with a large number of zero counts (Field et al., 1982). 

A product of NMDS is stress values for each ordination axis. Stress, based on the 

distortion of compressing or stretching distances, is an indication of how well each axis 
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matches the original data. Values range betwe~n 0.0 and 1.0; the lower the stress value 

the closer the configuration to the ranked order of the dissimilarity (Table 7 .1), and the 
' 

better the NMDS ordination (Shi, 1993). 

Table 7.1. interpretation of stress values (from Hosie, 1994). 

Stress Goodness-of-flt 

0.40 Poor 

0.20 Fair 

0.10 Good 

0;05 Excellent 

0.00 Perfect 

The transformed data in a species by sample matrix were analysed using Bio~tat II 

(Pimental and Smith, 1985). Four ordination axes were used in the preliminary 

analysis; this number was then reduced using the graphical method of Kruskal and Wish 

(1978). The graphical method involves plotting the stress values against the respective 

number of ordination axes, and selecting the appropriate ordination axis at the point 

where the plot shows the maximum change in direction. 

7 .5 Multiple Regression 

Regression analysis was used to determine the relationship between species assemblages 

and environmental variables, a procedure that cannot be resolved by cluster analysis or 

ordination. Using multiple regression, it is possible to express the response variable (i.e. 

species abundance) as a function of two or more known environmental variables 

(Jongman et al., 1987). Tests of statistical significance can then be used to assess which 

environmental variable(s) contribute most to the species response. 

Multiple regression was carried out using StatView (Feldman et al., 1988), treating the 

ordination scores obtained by NMDS as the independent variable, and environmental 

parameters (discussed in Chapter 8) as the dependent variable. The fraction of variance 

accounted for by the environmental variable is termed the "adjusted coefficient of 
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determination"(R2adj) (Jongman et al., 1987), defined by the equation: 

R2adj = 1 - (residual variance I total variance) 

where R2 adj is a measure of the strength of the straight-line relationship; R2 adj = 1.00 

demonstrates a perfect relationship and R2adj = 0.00 demonstrates no relationship. 

R2adj is suggested by Shroeder et al. (1986) and Jongman et al. (1987) to provide a more 

accurate relationship than unadjusted coefficient of determination values (R2
) (Schroeder 

et al., 1986; Jongman et al., 1987). The simple R 2value does not take into account how 

many environmental parameters are fitted as compared to the number of observations. 

When a large· number of parameters are fitted, R2 may result in a value close to 1.0, even 

when the expected response is not dependent on the environmental variable. 

The direction of maximum correlation of the regression line is determined by the 

multiple correlation coefficient. The direction cosine (regression weight), Cn of that 

angle is derived from Kruskal and Wish's (1978) formula: 

where b21 , b21 etc are the regression coefficients from the multiple regression 

a+ bix1 + b2x2 + ... bmxm, where mis the number of independent variables Xi (Hosie, 

1994). 
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Environmental Variables 

Seven environmental variables (Table 8.1) were used in the regression analysis to 

determine the relationship between diatom assemblages and their environment. The 

variables are discussed below. 

8.1 Latitude, Longitude and Water Depth 

The latitude (°S), longitude (°E) and water depth (m) at each sample location were 

recorded at the time of sample collection. 

8.2 Water Temperature, Salinity and Density 

Water temperature (°C), salinity (%0) and density (kg-3) were determined from data 

collected by AN ARE oceanographic expeditions to the Prydz Bay region (Kerry et al., 

1987a, 1987b; Forbes, unpubl. data). Water profile locations do not coincide exactly 

with sediment sample locations, and the coverage of any one oceanographic cruise was 

insufficient to estimate the value of these variables at each sample site. It was therefore 

necessary to plot and contour the oceanographic data from numerous cruises, from 

which water temperature, salinity and density could be estimated at each sediment 

sample location. The average of each variable between 0 m - 100 m water depth was 

calculated as this is within the euphotic zone, the depth to which 1 % of the incident 
l 

photosynthetic radiation penetrates and planktonic diatoms are most abundant. Over 

much of the Southern Ocean, the euphotic depth varies between 20 m - 100 m (Priddle 

et al., 1986). The length of time that diatoms spend in this zone depends on the extent of 

vertical mixing, which is usually less than 100 min depth (Lewis et al., 1984). 

Temperature, salinity and density value ranges were very narrow (see Table 8.2), 

making it impossible to extrapolate contoured data precisely to each sediment sample 

site. It was therefore necessary to subjectively rank the oceanographic data, based on a 

scale of 1 to 4 (Table 8.2), for use in the statistical analysis. 
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8.3 Sea Ice 

Average sea ice cover was determined for the months October-February, when sea ice 

is at its maximum and minimum extent, respectively (Gloersen et al., 1992) (Fig. 8.1), 

between the years 1978 and 1991. This information was obtained from SMMR and 

SSM/I passive microwave records with a pixel size 25 x 25 km (US National Climatic 

Data Centre). 

8.4 Horizontal Water Circulation 

It was not possible to quantify horizontal water circulation for comparison using 

multiple regression analysis, due to a lack of current strength data. Instead, this variable 

was visually compared with the diatom assemblages identified by cluster analysis. The 

water circulation patterns in Prydz Bay are well documented (e.g. Smith et al., 1984; 

Wong, 1994; Nunez Vas and Lennon, 1996) and a summary of these illustrated in Fig. 

5.4 (Chapter 5). 
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Table 8.1. Envmmmental data used m 1egressio11 analysts. f Data not available Value based on next closest locat1011 (1 e. pixel, not sediment sample). Rank scale values for water properties tabulated 111 Table 8.2 ' 

Station Lat. ( S) Long. ( E) Water % Ice Cover (1978-1991) 

KRGRI 

KRGR2A 

KRGR4 

KRGR5 

KRGR6 

KRGR7 

KRGR8 

KRGR9 

KRGRIO 

KRGRll 

KRGR12 

KRGRl3 

KRGR14 

KRGR15 

KRGRl6 

KRGR17 

KRGRl8 

KRGRl9 

KRGR23 

KRGR24 

KRGR25 

KRGR26 

KRGR27 

KRGR28 

KRGR29 

KRGR30 

KRGR32 

KRGR34 

KRGR35 

KRGCI 

KRGC2 

KRGC8 

KRGC9 

66 43.45 

68 25.87 

68 42.20 

68 40.34 

68 49 00 

68 54 72 

68 46 92 

68 42.61 

68 39 32 

68 00.74 

67 21.27 

66 58.16 

68 58 00 

68 36.87 

68 27.10 

68 56.66 

68 11.08 -

69 13.68 

68 06.16 

68 30.58 

66 52 79 

66 36.85 

66 49.42 

66 54.89 

67 02.79 

67 30.91 

67 25.18 

66 33.58 

66 52 03 

66 53.95 

67 28.46 

66 56.38 

66 20.16 

77 31 18 

77 48 38 

77 30.70 

77 16.31 

77 IO 00 

76 53 61 

76 48 25 

76 4466 

76 43.00 

76 32.83 

76 35 28 

76 18.63 

75 11 10 

74 31.29 

74 12.52 
73 34.43 

75 53.53 

76 05.95 

72 15.03 

70 29.96 

72 16 12 
69 23 80 

69 17.77 
9 13.23 

68 50 82 

68 11.74 

65 06.14 

62 44.40 

63 09.60 

63 09.26 

64 58.36 

69 40.94 

71 58 59 

Depth (m) Temp. Salinity Density October November 

803 4 3 2 75 57 

179 4 68 54 

707 4 69 53 

538 

760 

700 

798 

820 

775 
460 

318 

330 

740 

667 

665 

792 

695 

548 

788 

1060 

532 

1435 

907 

512 

200 

460 

1057 
1882 

434 

478 

1091 

433 

1879 

4 

4 

3 

3 

3 

4 

4 

4 

4 

3 

3 

3 

2 

4 

3 

3 

l 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

l 

3 

l 

3 

3 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

2 

2 

2 

2 
2 

2 

3 

2 

2 

2 

3 

3 

l 

3 

3 

4 

4 

4 

3 

2 

2 

3 

3 

3 

3 

3 

69 

72 

75 

74 

74 

71 

70 

72 
75 

81 

81 

82 

78t 

76 

79 

76 

64t 
84 

72 
64 
58 

57 
60 

75 
84 
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Table 8.1. Cont. 
Station 

KRGCl4 

KRGCl5 

KRGCl6 

KRGC20 

KRGC24 

KRGC28 

KRGC32 

KRGC33 

GE02 

GE05 

GEOl5 

GEOl6 

GEOl9 

GE022 

GE025 

RC3116 

RC3305 

RC3606 

RC3607 

RC3616 

RG3109 

RG3111 

RG3117 

RG3119 

RG3121 

RG3203 

RG3207 

RG3218 

RG3219 

RG3222 

RG3314 

RG3315 

RG3318 

Lat. ( S) 

66 50.13 

67 00.50 

67 00 23 

67 14.15 

68 05.63 

68 54.92 

67 10.28 

67 10.88 

66 51 

67 56 

6636 

66 39.50 

68 23 

67 20 

6643 

67 38.20 

69 00.77 

66 59.86 

67 21.46 

68 37.11 

67 58.60 

67 37.30 

67 48.80 

67 51.90 

67 33.90 

69 30.30 

69 20.02 

66 56.67 

67 24.94 

66 57.94 

67 43.09 

67 42.10 

67 12.87 

% Ice Cover (1978-1991) Long. ( E) Water 
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70 29.04 

71 00.24 

71 00.03 

76 33.31 

73 11.36 

76 35.36 

69 50.87 

68 32.30 

77 06 

72 17 

71 19 

7120 

71 11 

71 21 

71 18 

72 23.90 

75 58.71 

75 00.03 

74 55.37 

72 30.49 

72 15.50 

71 32.70 

72 44.20 

73 44.00 

73 00.50 

74 01.50 

75 30.91 

75 28.48 

75 31.28 

76 13.42 

77 56.19 

78 00.90 

78 03.73 

430 

480 

480 

318 

705 

710 

279 

376 

1050 

730 

1506 

1128 

784 

553 

855-916 

624 

805 

396 

433 

440 

696 

560 

634 

534 

595 

664 

218 

357 

409 

336.5 

240 

220 

267 

3 4 4 72 70 52 22 3 

3 4 4 78 78 54 23 2 

3 _,A 3 78 69 54 23 2 

4 3 2 73 48 28 13 7 

4 3 4 81 71 25 3 0 

3 l 2 ~ ~ ~ ~ n 
3 3 2 62 55 42 21 5 

3 4 3 57 40 26 11 3 

4 3 2 75 57 70 19 14 

3 4 3 80 78 42 13 0 

3 4 4 83 82 46 9 0 

3 4 4 83 82 46 - 9 0 

2 2 62 64 58 38 19 

4 3 3 80 81 57 25 2 

4 4 4 81 79 63 16 l 

4 4 3 83 79 40 12 I 

3 2 79 65 37 23 18 

4 3 3 85 79 35 5 0 

4 3 2 81 55 20 5 2 

2 3 ~ 77t 70t 33t IOt 2t 
3 3 3 76 75 45 13 

4 3 3 79 ' 80 45 13 

4 4 4 82 75 31 7 

4 4 4 83 70 21 7 

4 4 3 84 74 29 6 

1 1 1 77t 78t 85t 92t 

2 80t 76t 64t 4lt 

4 3 3 82 61 28 7 

4 3 2 78 48 18 7 

4 3 3 79 59 32 12 

4 3 2 62 37 17 15 

4 3 2 63 39 20 17 

4 3 2 66 44 29 22 

3 

0 

0 

1 

73t 

30t 

2 

3 

4 

16 

17 

20 



Table 8. I Cont 
Station 

RG3321 

RG3324 

RG3328 

RG3329 

RG3331 

RG3333 

RG3335 

RG3346 

BANG? 

BANGS 

BANG IO 

BANG!! 

BANGl2 

BANG13 

BANGl4 

BANGl5 

BANG16 

BANGl7 

BANGIS 

BANG20 

BANG21 

BANG22 

BANG23 

BANG31, 

BANG32 

BANG37 

BANG38 

BANG42 

DCF93019 

DCF93032 

DCF93047 

Lat. ( S) 

66 54.00 

67 06 08 

67 24 96 

67 33.26 

67 42 10 

67 50.20 

67 57 01 

69 11 00 

66 55.9 

67 05.1 

67 05 I 

67 05.2 

67 06.7 

67 05 3 

66 38.4 

66 15 2 

66 23.1 

66 30.2 

66 36.0 

66 37.1 

66 37.1 

66 27.4 

66 19.2 

66 50.3 

66 55.6 

67 04.8 

67 09.4 

67 04.8 

68 04 

6807 

68 07 

% Ice Cover (1978-1991) Long. ( E) Water 
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77 37 73 

77 08.13 

77 21 70 

77 17 63 

77 18 18 

77 16.75 

77 17 00 

76 24 72 

64 563 

65 13 6 

65 27 9 

65 38.9 

65 467 

65 590 

71 44.0 

73 20.4 

73 11.1 

73 05.5 

73 00.5 

72 18.3 

72 17.6 

72 17.8 

72 17.6 

71 49.0 

71 50.8 

66 42.1 

65 45 I 

64 35.7 

78 05 

78 04 

78 15 

235 

292 

322 

310 

340 

395 

430 

417 

376 

130 

627 

587 

626 

413 

849 

2250 

1960 

1540 

1174 

697 

1060 

1450 

1884 

512 

502 

168 

722-620 

345 

122 

124 

104 

4 3 2 74 56 43 25 19 

4 3 2 68 41 27 15 11 

4 3 2 63 34 27 14 14 

4 3 2 63 34 18 14 14 

4 3 2 63 32 11 IO 11 

4 3 2 64 33 9 8 IO 

4 3 2 63 38 19 17 19 

3 I ~ 72 ~ @ @ 

3 4 3 77 62 43 14 4 

3 4 3 77 62 43 I 4 4 

3 4 3 73 57 37 11 4 

3 4 3 73 57 37 11 4 

3 4 3 73 57 37 11 4 

3 4 3 71 53 33 11 6 

3 4 4 83 82 46 9 0 

3 4 3 87 80 33 0 

3 4 3 87 82 35 0 

3 3 3 86 82 37 2 0 

3 3 2 86 82 37 2 0 

3 3 2 84 83 44 7 0 

3 3 2 86 83 40 3 0 

3 3 3 86 83 40 3 0 

3 4 3 87 83 37 I 0 

3 4 3 83 83 48 13 

3 4 3 83 83 48 13 

3 4 3 69 48 27 7 

3 4 3 73 57 37 11 

3 4 3 81 72 59 27 

4 I 68 54 42 42 

4 68 54 42 42 

4 68 54 42 42 

4 

4 

8 

39 

39 

39 



Environmental Variables 

Table 8.2. Rank values used to estimate water temperature, salinity and density at each 

sediment sample site. Rank values were determined by hand-contouring know data onto 

a bathymetric map. 

Variable Value Rank Value 

Temperature (°C) 

Salinity (%0) 

Density (kg-3) 

>0.0 

-0.lto -0.5 

-0.6 to -1.0 

<-1.1 

<33.59 

33.60 to 33.79 

33.80 to 33.99 

>34.00 

<27.02 

27.21to27.30 

27.31to27.40 

>27.41 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

60 



100% 

80% 

60% 

40% 
Jaouar¥ 

20% 

135°W --r--- 135°E 
0% 

Fig. 8.1. Mean Antarctic sea ice concentration for the months Oct - F eh, averaged over the SMMR lifetime ( 1978-1987). From 

Gloersen et al. , 1992). 



9.1 Cluster Analysis 

-Chapter 9-

Results1 

Results 

Twenty-four diatom species with an abundance >2% were observed in the 104 surface 

sediment samples from Prydz Bay and Mac.Robertson Shelf (Appendix 1). The'initial 

cluster analyses identified three outliers (samples BANG25, RC3116 and KRGR32; 

Appendix 2), which were removed from further analysis, as recommended by Gauch 

(1982) and Shi (1993). Four cluster groups were identified in the subsequent analysis, at 

38.9% dissimilarity and with a cophenetic correlation of 0.58 (0.00 indicating no match 

with the original data; 1.00 indicating a perfect match). A dendrogram illustrating 

cluster groups is illustrated in Fig. 9 .1, and the geographic distribution of the groups, as 

diatom assemblages, illustrated in Fig. 9.2. 

Cluster group 1 (hereafter referred to as the coastal diatom assemblage) contains 12 

samples that are located on the continental shelf. Seven samples are concentrated in the 

southeast comer of Prydz Bay, and three sites located on Mac.Robertson Shelf, in 

Iceberg Alley, Nielsen Basin and east Storegg Bank. No samples from closer to the 

Mawson Coast were available for analysis and, from the spatial coverage of the coastal 

assemblage on Mac.Robertson Shelf, it cannot be determined whether the assemblage 

extends east of this area towards Cape Darnley. Two samples are located towards the 

centre of the bay, but results from NMDS (discussed below) indicate that at least one of 

these (RG3317) should probably be included within cluster group 2. 

Cluster group 2 (the shelf diatom assemblage) is the largest group identified. It contains 

45 samples that cover a broad geographic area of Prydz Bay, and extend west from Cape 
) 

Darnley along Mac.Robertson Shelf to 63 °E. The northern boundary of the shelf 

assemblage coincides with the continental shelf break; no samples extend beyond this 

zone. 

1 Published as Taylor et al., 1997. 
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Results 

Cluster group 3 (the cape assemblage) is the smallest group, containing only six 

samples. The cluster group has a distinct geographic distribution, centred in an area 

north of Cape Darnley and Fram Bank. No samples extend offshore of the continental 

shelf break. 

Cluster group 4 (the oceanic assemblage) contains 38 samples. The group extends east 

from 62°E, mostly along the offshore side (>1000 m water depth) of the continental shelf 

break. East of -75°E, the cluster group is distributed within Prydz Bay, crossing the 

shelf break zone and extending south as a distinctive diatom assemblage over Four 

Ladies Bank (Fig. 9.2). 

9.2 SNK and ANOV A 

Results from the SNK test and ANOVA are summarised in Table 9.1. 

The coastal and shelf assemblages are characterised by a significant abundance of the 

pennate diatoms Fragilariopsis curta (Van Heurck) Hasle, F. cylindrus (Grunow?) 

Hasle and F. angulata Hustedt. Fragilariopsis curta is the dominant member of both 

assemblages, forming up to 70.5%. The coastal assemblage can be differentiated by the 

abundance of the elongate Pseudonitzschia turgiduloides (Hasle) Hasle. Although this 

species does not form a dominant component of the assemblage (maximum abundance 

1.49%2
), the abundance of P. turgiduloides is significantly greater compared to that in 

either the shelf, oceanic or cape assemblages. No species uniquely characterise the shelf 

assemblage, but it can be distinguished from the coastal assemblage by a significantly 

greater abundance of Porosira glacialis (Grunow) J¢rgensen, Thalassiosira antarctica 

(Comber) resting spores and the Chrysophyte (Parmales) Pentalamina corona Marchant. 

The oceanic assemblage is characterised by four indicator species: F. kerguelensis 

(O'Meara) Hasle, the centric species T. gracilis var. expecta (Van Landingham) Fryxell 

2 The highest abundance of P. turgiduloides (4.0%) occurred in KRGR32. This sample was identified as 
an outlier in th~ initial cluster analysis (Appendix 1), and removed from further analyses. 
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Results 

and Hasle and T. lentiginosa (Janisch) Fryxell, and the elongate Trichotoxin reinboldii 

(Van Heurck) Reid & Round. All are indicative of open water primary production. 

Fragilariopsis kerguelensis is the dominant indicator species, forming up to 43.3%. 

Several species shared with the cape and shelf assemblages are also significantly 

abundant in the oceanic assemblage (see Table 9.1). 

There are no indicator species that uniquely characterise the cape assemblage. The 

assemblage contains a significant abundance of shelf and coastal assemblages taxa 

(F. curta and F. angulata) and oceanic assemblage taxa (Actinocyclus actinochilus 

(Ehrenberg) Simonsen, Eucampia antarctica (Castracane) Manguin, F. separanda 

(Hustedt) Hasle, Stellarima microtrias (Ehrenberg) Hasle and Sims, T. antarctica resting 

spores, and T. gracilis Karsten (Hustedt)). Fragilariopsis curta is the dominant species 

in the cape assemblage, forming up to 72%. It is considered notable that the lowest 

abundance of small and lightly silicified frustules, such as F. cylindrus, Chaetoceros. 

resting spores and P. corona, occur in the cape assemblage. The implications of this are 

discussed in Chapter 10. 

9.3NMDS 

NMDS was carried out using the same similarity matrix as for cluster analysis, based on 

log10(x+l) species abundance. Four axes were chosen for the initial analysis, cycling 

down to one axis. Using Kruskal and Wish's (1978) graphical method, two axes were 

selected as adequately summarising the data set (Fig. 9.3) Stress for a two dimensional 

plot converged after 20 iterations, with a value of 0.15 indicating a good-to-fair match of 

the ordination axes with the original data. 

Results of the two dimensional ordination are illustrated in Fig. 9.4. By superimposing 

the assemblages identified by cluster analysis over this, it is observed that essentially the 

same results as that obtained by cluster analysis is reproduced by NMDS. Four cluster 

groups can be recognised, three of which form a tight-knit group corresponding with the 

coastal, shelf and oceanic assemblages. The similarity between these assemblages can 

be observed in the gradational transition from coastal, to shelf to oceanic assemblage. 
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Results 

As noted by the SNK test, the diatom composition of these assemblage is extremely 

similar and only the presence of statistical indicator species can be used to identify each 

one. Sample RG3317, which formed part of the coastal assemblage in the cluster 

analysis, is more closely associated with the shelf assemblage in NMDS. Based on the 

geographical location of this sample, and its diatom composition, the NMDS result may 

be more accurate. The cape assemblage forms a distinct group in NMDS. This confirms 

the results obtained by cluster analysis and the SNK test, which indicated that the 

assemblage contains a distinct species composition compared to the coastal, shelf and 

oceanic assemblages. 

9.4 Multiple Regression 

Using the ordination scores obtained by the two-dimensional NMDS, multiple 

regression analysis was carried out to compare the data with 11 environmental variables 

(detailed in Chapter 8). Six variables are identified to be significantly correlated with 

the diatom data (Table 9.2), and the direction of maximum correlation for each (Table 

9.3) illustrated in Fig. 9.4. 

The latitudinal distribution of the diatom assemblages is evident, with latitude 

accounting for 56.0% of the variation. The environmental variables that co-vary with 

latitude also correlate significantly with the data. Water salinity, water depth and water 

density account for 29.6%, 25.3% and 15.3% of the variation, respectively. All were 

observed to decrease in increasing latitude. 

Sea ice cover is highly variable in Prydz Bay, reaching its maximum extent in 

September I October and minimum extent in February. Only ice cover in January and 

February correlates significantly with the data, contributing 27.1 % and 21.8%, 

respectively. During these months, ice remains concentrated in southeast Prydz Bay and 

in shallow coastal areas along Mac.Robertson Shelf. The rest of the area is essentially 

ice free (<10% cover). 
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9.5 Grain Size Analysis 

Grain size analysis was carried out on samples (see Table 6.2) that represented three of 

the four diatom assemblages identified by cluster analysis (no samples from the oceanic 

assemblage were available). This was used as a method to identify the presence of 

current winnowed sediment. Only samples from KROCK and DCF could be analysed, 

due to the amount of sediment available in these collections. A dendrogram illustrating 

sample affinities, based on grain size analysis, is illustrated in Fig. 9.5. Two cluster 

groups can be identified at 57.7% dissimilarity, with a cophenetic correlation of 0.79. 

Cluster group 1 is characterised by a significantly greater abundance of sand (>63 µm) 

and gravel (>2 mm) (Table 9.4). These fractions form up to 84% and 29%, respectively, 

of the total sediment. The cluster group is concentrated in the vicinity of Cape Darnley, 

Four Ladies Bank and south-east Prydz Bay (Fig. 9.6). 

Cluster group 2 is divided at 24.8% dissimilarity into two subgroups. Subgroup 2A is 

characterised by a significantly greater abundance of mud ( <63 µm), which forms up to 

100% of the sediment, compared to subgroup 2B. The abundance of sand is 

significantly greater in subgroup 2B compared to subgroup 2A. Cluster group 2 is 
- I 

distributed throughout the centre of Prydz Bay and in Nielsen Basin. The sediments 

corresponding to this group have been previously shown to be dominated by 

diatomaceous, skeletal remains (Franklin, 1993), which form siliceous, muddy ooze. 

They are indicative of little or no reworking (Franklin, 1993). 

\ 
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Fig. 9.1. Dendrogram of cluster analysis comparing suiface sediment samples. 
Analysis based on species abundance (>2% log JO). 
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Table 9.1 Mean antlzmetlc abundance(%) analysis of variance ( F) and SNK multiple range tests of dommant (>2%) species m cluster groups. 

Species Cluster Group F p 

Coastal Shelf Cape Oceanic 

A. actinchilus 0.1 02 05 07 22.06 *** 
Chaetoceros spp. 04 02 0.0 0.1 3 72 * f 

Chaetoceros (spores) 5.3 1!l I.I 12.6 32.63 *** 
D. a11tarcticus 0.2 05 0.9 Q..8. 8.46 *** 
D. speculum 0.3 0.5 0.6 0.8 3.86 * 

E. a11tarctica 0 1 0.4 2.3 Ll 17.03 *** 

F. a11gulata 4.2 3.9 5.6 2 1 22.32 *** 

F. curta 54.7 48.5 62.8 28.6 37.47 *** 

F. cyli11drus 22.3 15.6 2.6 13.1 16.06 *** 
F. kerguele11sis 0.5 1 0 20 13.7 77.88 *** 

F. lineata 0.7 0.9 1 1 1 1 1.79 N.S. 

F. obliquecostata 1.8 2.5 2.7 1.8 4.73 ** 

F. separa11da 0.2 0.8 Ll Ll 28.78 *** 

F. sublmeata 0.4 0.7 0.6 0.4 2.79 * 

P.coro11a .L.6. 3.8 1.1 ll 14.94 *** 

P. glacialis 0.2 0.9 0.6 0.2 24.25 *** 

P. turgiduloides 0.4 0.1 0.1 00 8.49 *** 
S. microtrias 0.2 0.3 09 06 7.97 *** 

T. a11tarctica (spores) 1.3 6.7 8.5 hl 17.81 *** 

T. antarctica (vegetative) 0.2 0.0 0.0 0.0 2.36 N.S. 

T. gracilis 08 Ll. ll 3.8 42.26 *** 

T. gracilis var. expecta 0.2 0.2 0.0 0.7 11.87 *** 

T. le11tigi11osa 0.2 0.4 0.8 2.2 51.02 *** 

T. rei11boldii 0.1 0.3 0.2 0.9 16 95 *** 

Analyses were carried out on logJO(x+ I) transformed abundance. Degrees of freedom= 3, 97. ANOVA P values: * <0.05, ** <0.005, *** <0.0005, N.S. not significant. Bold: species wtth 

significant dijf erences m mean abundance. Under/med: species with significantly higher abundance in a cluster group. 



Results 

2 3 4 

axis 

Fig. 9.3. Graphical method of Kruskal and Wish (1978) for selecting the appropriate 
level of NMDS ordination. Two axes were selected, based on the point of maximum 
change in direction of the curve. 
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Results 

Table 9.2. Multiple regression analysis between environmental variables and NMDS scores for two-

axis ordination of comparison samples. 

Variable Direction Cosine R2adi F p 

x y 

Latitude 0.723 0.312 0.56 64.754 *** 

Longitude 0.213 0.447 -0.016 0.221 N.S. 

Depth -273.678 -91.906 0.253 17.931 *** 

Temperature -0.097 -0.164 0.009 1.470 * 

Salinity -0.716 -0.181 0.296 22.015 *** 

Density -0.409 0.082 0.153 10.052 *** 

Ice (Oct) -2.413 -3.136 0.083 5.507 * 

Ice (Nov) -3.300 0.560 0.018 1.929 N.S. 

Ice (Dec) 2.855 2.528 0.015 1.748 N.S. 

Ice (Jan) 9.328 4.389 0.271 19.580 *** 

Ice (Feb) 8.647 1.159 0.218 14.936 *** 

Degrees of freedom: 2, 98. ANOVA P values: *** <0.0005, ** <0.005, ** <0.05, N.S. not significant. 

R2 
adj = adjusted coefficient of determination, which gives the fraction of variance accounted for by the 

explanatory variable (Jongman et al., 1987). 

Table 9.3 Cosine and acosine values (using NMDS axis 1 and axis 2 coefficient values) used to 

determine direction of arrows in Fig 8.4 for each environmental variable. 

Variable Coeff l Coeff 2 Cl Cos C2Cos Cl Acos C2Acos 

Latitude 0.723 0.312 0.92 0.40 23.34 66.66 

Longitude 0.213 0.447 0.43 0.90 64.52 25.48 

Depth -273.678 -91.906 -0.95 -0.32 161.44 108.56 

Temperature -0.097 -0.164 -0.51 -0.86 120.60 149.40 

Salinity -0.716 -0.181 -0.97 -0.25 165.81 104.19 

Density -0.406 0.082 -0.98 0.20 168.66 78.66 

Ice (Oct) -2.413 -3.136 -0.61 -0.79 127.58 142.42 

Ice (Nov) -3.300 0.560 -0.99 0.17 170.37 80.37 
". 

Ice (Dec) 2.855 2.528 0.75 0.66 41.52 48.48 

Ice (Jan) 9.328 4.389 0.90 0.43 25.20 64.80 

Ice (Feb) 8.647 1.159 0.99 0.13 7.63 82.37 
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Results 

Table 9.4. Mean abundance(%), analysis of variance (F) and SNK multiple range 

tests of dominant sediment types in cluster groups. 

Sediment Type 

Gravel 

Sand 

Mud 

Cluster Group 

1 2A 

7.87 0.04 

63.70 3.39 

28.43 96.63 

2B 

1.68 

26.49 

71.83 

F 

8.95 

137.31 

188.49 

p 

*** 

*** 

*** 

Analyses were carried out on% abundance. DF = 2, 38. ANOVA P values: *** 

<0.0005. Bold text: sediment type with significant differences in mean abundance. 

Underlined text: sediment type with significantly higher abundance in a cluster 

group. 
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Discussion 

-Chapter 10 

Discussion 

Four diatom assemblages are identified in Prydz Bay and Mac.Robertson Shelf using 

classification (cluster analysis) and ordination (NMDS) (Fig. 10.1). No species of 

diatom is unique to any one assemblage; however, there are signifieant differences in 

species abundance between each. Results suggest that deposition of the coastal, shelf 

and oceanic assemblages is a function of latitude, and environmental variables that co­

vary with latitude, in association with horizontal water circulation patterns. The cape 

assemblage is described as an "artificial" diatom assemblage, from which small and 

delicate frustules have been removed by winnowing from strong bottom currents. 

10.1 Coastal Assemblage 

The coastal assemblage is characterised by the indicator species F. curta, F. cylindrus, 

F. angulata, and P. turgiduloides (Table 10.1). Fragilariopsis curta is the dominant 

species, forming up to 70.5% _of the_ C;lSSemblage. High abundance of this pennate diatom 

have previously been observed in coastal Antarctic regions, where it occurs in both the 

water column and within the sea ice (e.g. Kozlova, 1966; Gersonde, 1984; Garrison and 

Buck, 1985; Leventer and Dunbar, 1988; Scott et al. 1994). It is also abundant in 

surface sediments (e.g. Kozlova, l967; Truesdale and Kellogg, 1979; Leventer and 

Dunbar, 1988; Stockwell et al., 1991). 

The coastal assemblage coincides with areas of Prydz Bay and Mac.Robertson Shelf 

where sea ice cover persists well into summer, water depth is relatively shallow and 

surface water salinity is low. Sea ice in the Indian sector of the Southern Ocean varies 

widely, from -6.3 x 106 Ian2 (September - October) to -1 x 106 km2 (February) (Jacka, 

1983; GlOersen et al., 1992). The sea ice within this zone consists primarily of first-year 

ice (Jacka et al., 1987; Allison et al., 1993), but it does not form a continuous sheet._ 

Rather it is a highly mobile mix of different ice thickness and open water, in the form of 

,leads and polynyas (Allison et al., 1993). 
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Table 10.1. Mean abundance and preferred ecological habitat of species characteristic 

of the coastal diatom assemblage. 

Species Mean Abundance ( % ) Habitat 

F. angulata 4.2 Sea ice and open water? 

F. curta 54.7 Sea ice and open water 

F. cylindrus 22.3 Sea ice and open water 

P. turgiduloides 0.4 Sea ice 

Eighty percent of the winter sea ice does not survive the summer (Parkinson et al., 

1987). That which does survive undergoes no significant surface melt (Andreas and 

Ackley, 1982). In Prydz Bay, the areas where sea ice persists throughout summer are 

concentrated in the south-east, where ice concentration can remain up to - 80% 

(personal observation, based on 1978 - 1991 SMMR and SSM/I passive microwave 

records). Summer ice also occurs at' shallow sites along Mac.Robertson Shelf, where it 

regularly persists in the vicinity of Four Ladies Bank, Fram Bank, Storegg Bank and an 

area north of Scullins Monolith (Streten and Pike, 1984). In those areas, grounded 

icebergs act to constrain the sea ice, preventing its seasonal melt and breakout, so that it 

is able to survive more than one summer. 

Although the salinity range of surface waters in Prydz Bay - Mac.Robertson Shelf is 

small (in the order of 33.0%0 to 34.0%0), there is a general decrease in salinity from north 

to south, such that areas of low salinity coincide with areas of summer sea ice. Smith et 

al. (1984), Nunez Vas and Lennon (1996) and Wong (1994) have also reported a general 

north to south decrease in water salinity, and corresponding association with sea ice. 

The lower salinity, southern-most water is attributed to both melt of the sea ice that is 

present, and fresh-water runoff from the Antarctic ice sheet to the coast. The effect of 

seasonal sea ice melt on water structure has been observed at a site of annual ice cover 

near Mawson (Allison et al., 1982; Allison, 1989). Here, a slight decrease in water 

column salinity occurs prior to December, due wholly to melting on the underside of the 

seasonal sea ice. From December onwards, there is a significant input of freshwater 

melt from the nearby ice plateau. The input reaches its maximum in early January and 
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forms a shallow surface layer (- lOO·m) that is only mixed to the full depth of the 

halocline after the ice breaks out. 

Although water salinity and density are correlatable (R2 = 5.15), it is unlikely that either 

of these variables have a major influence on the distribution of diatoms in surface waters 

of Prydz Bay or Mac.Robertson Shelf. The range over which both vary is small (see 

Table 8.2) and probably insufficient to affect diatom distribution, as most species have a 

far-wider tolerance. Salinity-tolerance experiments conducted on F. curta and 

F. cylindrus, for example, indicate that both have maximum growth rates in water 

where salinity ranges from 29.0%0 to 31.5%0 (Vargo et al., 1986). As salinity and 

density co-vary with latitude and ic~ cover, it is more likely that the latter variables have 

a greater effect on diatom distribution. 

The coastal diatom assemblage in Prydz Bay is interpreted to represent the sea ice 

assemblage identified by Stockwell et al. (1991) and Scott et al. (1994). They observed 

that pack-ice diatom communities in Prydz Bay are characterised by the dominance of 

F. curta, in association with F. cylindrus and P. turgiduloides. These species have been 

noted also amongst the dominant diatoms in pack ice from the Weddell Sea and 

Antarctic Peninsula (Garrison and Buck, 1989). In fast ice from Ltitzow-Holm Bay, 

chain-forming pennate diatoms, such as Amphiprora and Berkeleyea are dominant, but 

Fragilariopsis and Pseudonitzschia species are abundant (Watanabe, 1988; Tanimura et 

al., 1990). Kang and Fryxell (1988) identify F. cylindrus as the most abundant species 

in ice edge zones from Prydz Bay; Leventer and Dunbar (1996) identify F. curta as 

dominant in the Ross Sea. A similar assemblage to the coastal assemblage has been 

identified in surface sediments of the Ross Sea (Truesdale and Kellogg, 1979), which is 

considered to indicate undisturbed, continental shelf sediments. The Ross Sea 

assemblage is similar to the Antarctic neritic assemblage described by Kozlova (1966) 

and J ouse et al. ( 1971 ), which they found to be characteristic of sediments of the coastal 

regions of Antarctica. Results from the present study suggest that their neritic 

assemblages could be further subdivided into the coastal and shelf assemblages 

identified here. 
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Three of the diatom species - F. curta, F. cylindrus and P. turgiduloides - identified as 

dominant in pack and fast ice communities of Antarctica (Stockwell et al., 1991; Scott et 

al.,1994) are characteristic of the coastal diatom sediment assemblage. Many of the 

species also noted by those authors as abundant in sea ice algal assemblages (e.g. 

Chaetoceros spp., Entomeneis kjellmanii (Cleve) Poulin, Nitzschia cloisterium Van 

Heurck, N. stellata Manguin, and N. subcurvata Hasle) are not preserved in abundance 

in sediments, however. The lightly silicified and fragile frustules of such species are 

likely to have been lost to the sediment by mechanical breakage and selective 

dissolution. :Coupled with bioturbation and selective predation, these processes a~ter the 

original diatom assemblage, leading to a decline in species diversity and abundance 

(Mikkelson, 1990; Dunbar et al., 1989). Although F. cylindrus is a small and lightly 

silicified, its high abundance in the water column and in ice communities is preserved in 

the sediment. This species is also common in faecal pellets of zooplankton; some of 

which have been observed to contain F. cylindrus exclusively (Fryxell et al.,. 1988; Buck 
r 

et al., 1990). The grazing of diatoms by zooplankton inc'orporates the frustules into 

faecal pellets, acting to both increase the rate of settling and inhibit dissolution by 

enclosing them in a protective membrane (Schrader, 1971). 

10.2 Shelf Assemblage 

The shelf assemblage is characterised by a significant abundance of ice-associated 

species that are indicative of the coastal assemblage (i.e. F. curta, F. cylindrus and F. 

angulata). This assemblage is further characterised, however, by the abundance of the 

centric diatoms Porosira glacialis and Thalassiosira antarctica (resting spores), and the 

silicified Chrysophyte Pentalamina·corona (Table 10.2). 

Thalassiosira antarctica reaches maximum abundance in Antarctic inshore and ice-edge 

waters (Hasle and Heimdal, 1968; Fryxell, 1977; Johansen and Fryxell, 1985; Medlin 

and Priddle, 1990) where temperatur~s and salinity are low (Fryxell et al., 1981 ). It does 

not occur within sea ice assemblages, and, in ·contrast to many Fragilariopsis species, is 

unable to survive the low light intensities under the ice or in brine channels within the 

ice (Fryxell et al., 1987). Similarly,!'· glacialis is considered indicative of ice 
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conditions (Krebs et al., 1987), but has not been observed as a member of ice­

communities (e.g. Watanabe, 1988; Garrison and Buck, 1989; Scott et al., 1994). 

Results from this study would suggest P. glacialis is associated with ice-edge 

conditions. Fragilariopsis cylindrus has also been reported to form ice-edge blooms in 

Prydz Bay (Kang and Fryxell, 1992). 

Table 10.2. Mean abundance and preferred ecological habitat of species characteristic 

of the shelf diatom assemblage. 

Species 

F. angulata 

F. curta 

F. cylindrus 

P. corona 

P. glacialis 

T. antarctica resting spores 

Mean Abundance ( % ) 

3.9 

48.5 

15.6 

3.8 

0.9 

6.7 

Habitat 

Sea ice and open water? 

Sea ice and open water 

Sea ice and open water 
I ' 

Open water 

Ice edge I open water 

Neiitic I open water· 

Although Parmales, a group of Chrysophyte with siliceous wall plates, is abundant in the 

waters of Prydz Bay (Marchant, 1993), only two species have been identified in 

sediment from here (Franklin and Marchant, 1995; Taylor et al., in prep.): Triparma 

laevis and Pentalamina corona.· Both have also been observed in surface sediment from 

the Weddell Sea (Zielinski, 1997). Franklin and Marchant (1995) suggest that these 

species preserve in sediment due to their smooth and heavily silicified wall plates that 

are less susceptible to dissolution. Only P. corona was observed in the sediments of the 

present study. The reason for this is most likely attributable to the extremely small size . 

of the cells ( <5 µm), making them difficult to see and identify under the light 

microscope. This species occurred in significant abundance in both the shelf and 

oceanic assemblages, suggesting it is indicative of cold water, ice-edge conditions, but 

does not occur within sea ice. This distribution supports the findings of Marchant 

(1993), who suggests that they may be a useful biostratigraphic marker of cold-water 

deposition. 
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The shelf assemblage is suggested to represent a near-shore I ice-edge Antarctic 

community. Even though species indicative of sea ice communities are significantly 

abundant, such pennate diatoms may also be abundant in the water column (e.g. F. curta 

and F. cylindrus). Kang and Fryxell (1992) observed F. curta, F. cloisterium and 

F. cylindrus to dominate the water column in Prydz Bay during ODP Leg 119, with cell 

maxima being located above the thermocline (20 m- 50 m). Here the vertical 

stratification created by summer heating and ice melt has a major influence on the 

vertical distribution of diatom cells (Kang and Fryxell, 1992). The high degree of 

similarity between the shelf and coastal assemblages may also be attributed to either the 

close proximity of recently receded ice edges, which release cells from ice, and I or 

advection from a previously ice-covered area (Garrison et al., 1987). The abundance of 

P. glacialis and T. antarctica resting spores is typical, for example, of ice edge 

communities. 

10.3 Oceanic Assemblage 

The oceanic assemblage indicator species (Table 10.3) are characteristic of open-water 

primary production. Fragilariopsis kerguelensis, which forms up to 52.7% of the 

assemblage, increases with distance from the Antarctic continent in both the plankton 

(Kozlova, 1966) and sediment (Leventer, 1992). The northern distribution of 

F. kerguelensis is limited by the Antarctic Convergence (Kozlova, 1966; Hasle, 1969). 

Laboratory-based salinity experiments have demonstrated that it has a maximum growth 

rate at 34.0%0, which corresponds with its preferred oceanic habitat where there is little 

fresh-water influx compared to coastal areas. The abundance of F. kerguelensis is also 

negatively correlated with sea-ice concentration (Burckle et al., 1987). It is considered 

to be an open-water species, dominating summer surface waters between 52°S and 63°S 

(Burckle and Cirilli, 1987; Burckle et al., 1987; Zielinski and Gersonde, 1997) where 

temperatures are >0°C (Burckle et al., 1987; Krebs et al., 1987). 

The oceanic assemblage is similar to assemblages that have been described in the 

subantarctic, Southern Ocean water column (Kozlova, 1966) and sediment (Jouse et 

al.,1962, 1971). All assemblages are characterised by abundant F. kerguelensis and 
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T. lentiginosa. Similarly, a diatom assemblage dominant by F. kerguelensis has been 

identified in sediments on the continental slope and abyssal plain of the Ross Sea 

(Truesdale and Kellogg, 1979), and the George V Coast (Leventer ,1992). 

Table 10.3. Mean abundance and preferred ecological habitat of species characteristics 

of the oceanic diatom assemblage. 

Species Mean Abundance ( % ) 

A. actinochilus 

Chaetoceros resting spores 

D. antarcticus 

Distephanus 

E. antarctica 

F. cylindrus 

F. kerguelensis 

F. separanda 

P. corona 

S. microtrias 

T. antarctica resting spores 

T. gracilis 

T. gracilis var. expecta 

T. lentiginosa 

T. reinboldii 

0.7 

12.6 

0.8 

0.8 

1.2 

13.3 

13.8 

1.7 

3.1 

0.6 

6.1 

3.7 

0.7 

2.2 

0.9 

Habitat 

Neri tic 

Open water 

Open water 

Open water 

Sea ice 

Sea ice I Open water 

Open water 

Open water 

Open water 

Sea ice I Open water 

Neritic I Open water 

Open water 

Open water 

Open water 

Open water 

Actinocyclus actinochilus and E. antarctica are significantly more abundant in the 

oceanic assemblage but, numerically, they form only a minor component (a maximum 

of 2.7% and 6.7%, respectively). Both species are considered widespread, but rare, in 

Antarctic waters, being most abundant in near-shore and neritic environments (e.g. Jouse 

et al., 1962; Kozlova, 1966; Burckle, 1984). Jouse et al. (1962) observed that the 

abundance of E. antarctica in sediments from the Indian sector of the Antarctic ranged 

from 1 % - 5% north of the Polar Front (Antarctic Convergence), to 2% - 50% south of 

the Polar Front, reaching a maximum of 80% in sediments from the Antarctic coast. 
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Similarly, Kozlova (1966) noted that the abundance of E. antarctica is greatest in 

sediments on the Antarctic continental shelf, ranging from 0.9% to 4%; in the open 

ocean, it ranges from 0.1%to0.9%.- The northern limit of this species coincides with 

the Antarctic Convergence (Kozlova, 1966). Having reviewed the literature extensively, 

Burckle (1984) concluded that E. antarctica is neritic. Although widely distributed 

throughout the Southern Ocean, it forms only a minor part of the oceanic plankton. In 

the vicinity of sea ice, icebergs and the Antarctic coastline, however, E. antarctica 

becomes a more abundant, but not dominant, component of the plankton. 

The significant abundance of A. actinochilus and E. antarctica in the open water, 

oceanic assemblage of the present study is attributed to dissolution. Truesdale and 

Kellogg ( 1979) have suggested that surface sediments enriched in E. antarctica may be 

due to selective dissolution of the less robust species and I or winnowing by strong 

bottom currents. Both species are strongly silicified and robust, making them less 

susceptible to both of these processes (Fenner et al., 1976; Truesdale and Kellogg, 

1979). Current reworking is a less likely cause of the oceanic assemblage, as smaller 

diatom frustules are present in significant abundance (e.g. F. cylindrus), similar to that 

on the continental shelf. 

Chaetoceros resting spores are most abundant in the oceanic assemblage, forming up to 

they 25.1 % of the frustules observed. Abundant Chaetoceros resting spores have also 
'--, 

been noted in sediments from George V Coast, where their highest concentrations are 

associated with the maximum su~er retreat of the annual ice edge (Leventer, 1992). 

High concentrations of Chaetoceros resting spores are generally interpreted as indicative 

of high primary production (Donegan and Schrader, 1982). Leventer (1992) suggests 

that their abundance in sediment may also be due to dissolution and I or environmental 

stress, such as that which may occur with decreased water salinity in association with ice 

melt. 

Although considered indicative of open-water, subantarctic conditions, the oceanic 

diatom assemblage intrudes across the continental shelf, between 75°E and 78°E, and 
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extends south into Prydz Bay to - 68°S. It is suggested that the shelf distribution reflects 

the horizontal water circulation of Prydz Bay. A large, slow-moving, cyclonic gyre is 

centred in the mid- to western part of the bay, extending offshore to - 65°S (Smith et al., 

1984; Wong, 1994). The circulation of the gyre introduces waters from the Antarctic 

Circumpolar Current across the continental shelf and into the bay. This may also be 

acting as a transport mechanism to bring the oceanic diatom assemblage onto the 

continental shelf, where it eventually merges with the shelf and I or coastal assemblages 

and loses its identity. The high abundance of F. kerguelensis and the oceanic 

foraminifera Neogloboquadrina pachyderma in sediment at the seaward end of the 

Prydz Channel also prompted Franklin (1993) to suggest that a strong, oceanic influence 

is present in Prydz Bay, due to the circulation of the gyre. 

10.4 Cape Assemblage 

The most striking characteristic of the cape assemblage is its composition of both open­

water species and ice-associated species (Table 10.4). The abundant species all possess 

heavily silicified, large frustules, such as Eucampia antarctica and F. kerguelensis. 

Fragile and lightly silicified frustules that are abundant in the surrounding oceanic and 

shelf assemblages (e.g. F. cylindrus, P. corona and Chaetoceros resting spores) are 

significantly lower in abundance. 

A similar assemblage, dominated by Eucampia antarctica (= E. balaustium), has been 

observed in the sediments of the Ross Sea (Truesdale and Kellogg, 1979), and in the 

southeast Atlantic Ocean (Defelice and Wise, 1981). These assemblages are considered 

indicative of lag deposits, from which the lighter, more fragile diatoms have been 

selectively winnowed by bottom currents. Although E. antarctica does not dominate the 

cape assemblage identified in Prydz Bay, it does reach its maximum abundance here, 

forming up to 5.5% of the assemblage. It is therefore suggested that the cape 

assemblage does not reflect the surrounding ecological environment, but is rather a 

product of some other oceanographic process. A similar situation has been noted by 

Quilty (1985) with the distribution of foraminfera in Prydz Bay. The cape diatom 

assemblage coincides with a sharp foraminiferid-associated boundary. Surface sediment 
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samples from Prydz Bay contain foraminfera in low abund~ce, low diversity and low 

planktonic number (Quilty, 1985). ~here foraminifera are present, they occur mainly as 

benthic, agglutinated species (Quilty, 1985). Sediment from Cape Darnley and 

Mac.Robertson Shelf, however, contain very abundant benthic and planktonic 

foramanifera, in association with a very diverse, dominantly calcareous, macrofauna. It 

has been suggested that the clear demarcation of the two associations at 71 °E may be 

controlled by an oceanographic boundary (Quilty, 1985). 

Table 10.4. Mean abundance and preferred ecological habitat of species characteristic 

of the cape diatom assemblage. 

Species Mean Abundance ( % ) Habitat 

A. actinochilus 0.5 Neri tic 

D. antarcticus 0.9 Open water 

Distephanus 0.6 Open water 

E. antarctica 2.3 Sea ice 

F. angulata 5.6 Sea ice 

F. curta 62.8 Sea ice 

F. separanda 1.7 Open water 

P. glacialis 0.6 Ice Edge I Open water 

S. microtrias 0.9 Sea ice I Open water 

T. antarctica resting spores 8.5 Neritic I Open water 

T. gracilis 2.1 Open water 

Grain size analysis, coupled with a lack of small and fragile diatom frustules, supports 

the hypothesis that the cape assemblage is a product of current reworking (Fig. 10.2). 

Sediment from this assemblage is dominated by sand and has a significantly greater 

proportion of gravel, compared to the coastal, shelf and oceanic assemblage sediment. 

Similar sediment ratios to that observed near Cape Darnley are present on Four Ladies 

Bank and at coastal sites near the Vestfold Hills. These are likely to reflect terrigenous 
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input from icebergs and iceberg grounding, whilst around Cape Darnley it is probably 

due to strong currents. 

The strong, westward flowing Antarctic Coastal Current exits the bay around Cape 

Darnley. At this point water converges with a narrow, we~tward flowing slope current 

(Wong,1994), and some is recirculated into the bay as part of the slow-moving, cyclonic 

gyre. In comparison to the gyre, the westward shelf current is strong enough to 

decouple primary production in the surface waters from the underlying sediments, 

transporting material falling through the water column some distance before it settles 

(O'Brien et al., 1995a). Fine-grained particles may be further lost at the sediment -

water interface due to the processes of bottom currents and bioturbation (Singer and 

Anderson, 1984), and at the shelf edge where deep-water currents can impinge on the 

shelf (Anderson and Smith, 1989, cited in Anderson, 1989). 
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Fig. 10.1. Light micrographs of typical diatom assemblages in the suiface sediment of 

Prydz Bay and Mac.Robertson Shelf. 

1. Coastal assemblage 

2. Shelf assemblage 

3. Oceanic assemblage 

4. Cape (reworked) assemblage 
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Fig. 10.2. Distribution of sediment fractions in diatom assemblages identified in Prydz 

Bay. The cape assemblage contains a significantly greater abundance of sand (>63 µm) 

and gravel (>2mm), and significantly less mud ( < 63 µm) sized particles, compared to 

the coastal assemblage. No samples from the oceanic assemblage were available for 

comparison. 
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Conclusion 

Conclusion 

Using classification (cluster analysis) and ordination (NMDS) techniques, four diatom 

assemblages can be recognised in the surface sediments of Prydz Bay and Mac.Robertson 

Shelf: 

1. Coastal- characterised by sea ice species. 

2. Shelf- characterised by sea ice and ice-edge species. 

3. Oceanic - characterised by open water species. 

4. Cape - characterised by heavily-silicified, robust sea ice and open water species. 

Using multiple regression analysis, evidence strongly suggests that primarily latitude, and 

the environmental variables that co-~~ with latitude, control the assemblages. Most 

importantly, the summer (January-February) distribution of sea ice, and the influence 

this has on water salinity, appears to be major variable affecting diatom distribution. 

Horizontal water circulation may also play an important role, most noticeably the Prdyz 

Bay gyre that acts as a transport mechanism to introduce the open water, oceanic diatom 

assemblage across the continental shelf and into Prydz Bay -75°E. 

The cape assemblage is suggested to represent an "artificial" diatom assemblage, reflecting 

strong bottom currents. In the vicinity of Cape Darnley a coastal current exits Prydz Bay, 

with some water diverging to the west, along Mac.Robertson Shelf, as a westward 

flowing shelf current, and the rest being redirected into the bay as part of the cyclonic 

gyre. Grain size analysis indicates that sediments from the cape assemblage have 

undergone extensive winnowing, possibly by intensification of the coastal current as it 

exits Prydz Bay and I or intermittent impinging of ocean currents. This process removes 

fragile and small diatom frustules, leaving a lag deposit of robust, heavily silicified species 

indicative of both open water and ice-algal assemblages. 
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- Chapter 12 -

Introduction to Down Core Analyses 

Introduction 

Four diatom assemblages are identified in the surface sediments of Prydz Bay and 

Mac.Robertson Shelf, using statistical methods:. coastal, shelf, oceanic, and cape. The 

assemblages are correlated with four environmental (oceanographic) variables: latitude, 

percentage sea ice cover (January and February) and water salinity. The cape 

assemblage is interpreted to be an "artificial" assemblage, from which current 

winnowing has removed the smaller species." 

Using the surface diatom assemblages as a model, six gravity cores are analysed to 

identify changes in down core assemblages. The cores extend in age from the Upper, 

Pleistocene to Holocene, and cover a broad geographic area-inner and out Prydz Bay, 

shelf banks, and inner shelf deeps on Mac.Robertson Shelf - which includes all surface 

assemblage zones. Interpretation of the down core assemblages will provide 

information on the Upper Pleistocene I Holocene palaeoecology of the Prydz Bay and 

Mac.Robertson Shelf (East Antarctica), and a useful comparison to similar 

palaeoecological studies from West Antarctica. 
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Methods for Down Core Analysis 

13.1 Gravity cores 

Six gravity cores from Prydz Bay and Mac.Robertson Shelf (Table 13. l; Fig. 13.1) were 

sub-sampled at 5.0 cm intervals to compare diatom assemblages with those in the 

surf ace sediment. 

The cores were collected between 1992 and 1997, during ANARE marine science 

expeditions aboard the RSV Aurora Australis. The corer was deployed from the stern of 

the vessel, using a 1 tonne bomb connected to 3 m or 6 m length by 10 cm diameter core 

barrel, lined with 9 cm diameter PVC. A one-way flap, fitted to the top of the corer, 

allowed water to escape during its descent, and prevent through-flow during its ascent. 

A custom-built cradle designed to minimise corer disturbance during deployment and 

recovery was used. The cradle also maintains the core at a tilt of at least 15° when 

returned to the deck, to prevent disturbance of the sediment-water interface (Harris et 

al., 1997b) .. The cores were split on board using an electric saw, logged and sampled. 

They were then wrapped in plastic film, sealed in polyethylene ha.gs and stored 

horizontally in refrigerators. 

Table 13.1 Gravity cores analysed for diatom assemblages. 

Core Station No. Name Latitude Longitude Water Core length 

·s OE Depth (m) (cm) 

KROCK/125/GCl KROCKGCl 66 53.95 63 09.26 478 375 

KROCK/128/GC2 KROCKGC2 67 28.46 64 58.26 1091 200 

KROCK/159/GC29 KROCKGC29 68 39.78 76 41.73 789 300 

KROCK/l 63/GC33 KROCKGC33 67 10.88 68 32.30 376 240 

AAl 49/28/GC28 AA149 66 43.69 71 46.47 527 152 

AAl 86//28/GC28 AA186 67 16.05 76 23.92 338 186 
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13.2 Sample Preparation and Statistical Analyses 

Sample preparation followed the same method outlined in Chapter 6. Statistical 

analyses (cluster analysis and SNK) were carried out on log10 (x+l) transformed data, 

following the same methods as outlined in Chapter 7. 

13.3 Radiocarbon Analysis 

Radiocarbon dates from core samples were determined by accelerator mass spectrometry 

(AMS) of bulk organic carbon at the New Zealand Institute of Geological and Nuclear 

Sciences Rafter Radiocarbon Laboratory, Lower Hutt (NZA). Only samples from cores 

AA186 GC28 and KROCK GC29 (135-135 cm) were submitted by F. Taylor; all other 

dates are based on samples submitted by the Antarctic CRC, or published records. 

Radiocarbon dates from Antarctica must be interpreted with caution. Antarctic marine 

waters are deficient in 14C (Stuiver et al., 1981; Omoto, 1983), due to a lag in the carbon 

dioxide exchange between the oceans and atmospheric carbon reservoirs. The lag effect 

leads to anomalously old radiocarbon dates being obtained from marine material, 

compared to terrestrial material, which must be corrected for by converting the 

conventional radiocarbon age to a reservoir-corrected age for marine carbon. The 

reservoir age describes the difference in 14C activity between atmospheric C02 and 

surface-dissolved inorganic carbon (DIC) in marine systems resulting from the mixing 

of older waters from depth into the surface layers of the ocean (Eglinton et al., 1997). 

In Antarctica, the reservoir effect is particularly marked due to other processes acting in 

combination with the effects on the C02 reservoir from upwelling. Anomalously old 

Antarctic marine radiocarbon ages may also reflect the depletion of 14C in surface 

waters. This is due to C02 sources derived from glacial melting (Omoto, 1983), and the 

input of older, eroded sediment that has been re-deposited by lateral transport, current 

winnowing, and possible mass wasting processes (Harden et al., 1992). Anomalies 

appear greatest in samples recovered from close to the continental ice margin (Omoto, 

1983). 
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A unanimous, reservoir correction date for Antarctic material has not been determined 

and the correction factor is variable. Stuiver et al. (1981) suggest that the greatest 

possible correction for an Antarctic radiocarbon dates between 1 200 radiocarbon years 

before present (yBP) and 1 400 yBP. Omoto (1983) suggests that correction ranges 

from 800 yBP to 3 000 yBP, and that it should be determined by radiocarbon dates 

obtained from living organisms similar to the fossil material to be dated. In eastern 

Prydz Bay, a reservoir correction age of 1 750 yBP obtained by Domack et al. (1991A), 

from unconsolidated sediments at ODP Hole 740A, compares reasonably to a date of 1 

300 yBP obtained by Adamson and Pickard (1986) from modern marine sediments 

collected adjacent to the Vestfold Hills. 

In the present study, reservoir corrected 14C dates have been used, unless otherwise 

indicated. A correction date of 1 733 yBP has been used for KROCK GCl and KROCK 

GC2, based on the measured age of a surface-sediment grab sample recovered near the 

location of KROCK GC2 (Sedwick et al., in press). The age attempts to correct for the 

non-zero radiocarbon age of the sediment-water interface. The non-zero age 

includes(Sedwick et al., in press): 

1. Reservoir correction. 

2. The reservoir age of organic matter in the photic zone. 

3. Bioturbation. 

4. The addition of resuspended older organic matter from other areas on 

Mac.Robertson Shelf. 
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14.1 Site Description 

- Chapter 14 -

KROCKGCI 

GCl 

Core KROCK/125/GCl (GCl, hereafter) was recovered from Iceberg Alley (66° 58.95' 

S, 63° 09.26' E), Mac.Robertson Shelf (Fig.13.1), in a water depth of 478 m. Iceberg 

Alley is a deep, fjord valley trending north from Mawson Station to the continental shelf 

break. Icebergs ground on shallow banks to either side of the valley, creating a stretch 

of unobstructed, open water that forms an easily navigable shipping channel. From this 

feature, Iceberg Alley gains its name. 

The sample site is approximately 80 km from the Mawson Coast and 25 km from the 

continental shelf break. Sea ice covers the region throughout autumn, winter and spring. 

Ice breakout occurs in early summer and open water usually dominates the general area 

by January. 

14.2 Core Description 

GCl is 363.0 cm long and consists predominantly of olive-green (5Y 5/3) to olive-grey 

(5Y 3/2), biosiliceous ooze (Fig. 14.1). The ooze contains from 10% to 20% very well 

sorted, fine to very fine, angular, quartzose sand. This facies is typical of the glacial­

marine sediments being deposited on the continental shelf of Antarctica today (Anderson 

et al., 1980). The core is described as one lithological unit. 

Numerous alternating layers, devoid of sand and -1-5 cm thick, are present at intervals 

throughout the core. The layers are visibly lighter in colour (5Y 8/3) and have a 

"fluffy" appearance. They are most prevalent between 140 cm and 200 cm, either as 

distinct bands or grading in colour and texture between the predominant olive-green 

biosiliceous ooze. A sand lens of very fine to medium angular quartz is present at 

-335 cm and contains a 3 mm dark lamina of, possibly, organic material. 
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14.3 Fossil Assemblages 

Large, glass sponge spicules form visible layers at 40-42 cm, 60-62 cm, and 79-80 cm. 

The biosiliceous ooze otherwise consists predominantly of diatom frustules. Members 

of the genus Fragilariopsis dominate the diatom assemblage, most notably F. curta and 

F. cylindrus. Below 335 cm, the assemblage is dominated in near-monospecific 

abundance by Chaetoceros resting spores. The lighter, "fluffy" layers, described above, 

contain a higher abundance of Corethron criophilum Castracane than the surrounding 

ooze. Foraminifera are absent, as indicated by no visible reaction when HCl is applied 

to the sediment. 
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. 14.4 GCl - Results 

14.4.1 Radiocarbon Dates 

Five AMS radiocarbon dates were obtained from bulk organic carbon samples (Table 

14.1). Sedwick et al. (in press) suggest that an ocean reservoir correction factor of 

1 733 radiocarbon years be subtracted from the 14C age. This estimate is based on the 

measured age of a surface sample recovered from Nielsen Basin, less than 90 km away. 

Using this, GCl has a corrected, core top AMS age of 900 yBP. The absence of 

unsupported 210Pb indicates that at least 200 years of the uppermost sediment have been 

lost (Sedwick et al., in press). This most likely occurred during the recovery by impact 

from the gravity core barrel. The base of GCl extends into the Early Holocene, with a 

corrected AMS age of 11 660 yBP obtained at 356.5-357.5 cm. 

Simple linear regression indicates a good age versus depth in the upper 273 cm of the 

core (R2 = 0.98; Fig14.2). Below 273 cm, the sedimentation rate decreases. There is no 

evidence to suggest the presence of unconformities or sediment reworking. As a result, 

GCl provides a continuous, Holocene, sedimentary depositional history for northern 

Iceberg Alley. 
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Table 14.1. AMS radiocarbon dates obtainedfrom GCl. 

Interval (cm) 14C Date (y BP) Deposition Ratett 

(cm yr·1
) 

Uncorrected Corrected 

0-1 2 630 895 

lOOt 3 838 +/-84 2 105 0.083 

181 - 182 5 940 4 207 0.039 

272- 273 7 200 5 467 0.073 

356.5 - 357.5 13 390 +/-150 11 657 0.014 

t The top section of GCl was originally 100 cm, and appears to have shrunk, from the bottom up, to a 

total length of 86.5 cm, probably due to water loss. The sample was taken at 85.5 - 86.5 cm, but due to 

the shrinking is more likely from 100 cm 

tt Deposition rates determined between 0-100 cm, 100-181cm,181-272 cm, 272-356.5 cm. 
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Fig. 14.2. Linear regression of corrected radiocarbon ages versus depth for the upper 

273 cm of GCJ. 
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14.4.2 Diatom Assemblages 

Members of the pennate genus Fragilariopsis dominate the biosiliceous ooze between 

O cm and 335 cm. Fragilariopsis curta and F. cylindrus are the most common species 

and abundance ranges from 12.5% to 55.9% and 10.0% to 67.0%, respectively. The 

subdominant taxa are Chaetoceros resting spores, Corethron criophilum, and 

F. angulata; none form >25% of the assemblage. 

Chaetoceros resting spores dominate below 335 cm. The resting spores are almost 

monospecific in abundance, forming up to 93.8% of the assemblage. Here, F. curta and 

F. cylindrus do not form >10%. No other diatom species occur at >2%. 

14.4.3 Statistical Analyses 

GCJ 

A dendrogram illustrating core sample affinities, based on cluster analysis, is illustrated 

in Fig. 14.3. Twenty-two species with an abundance >2% are observed in the 68 core 

samples (Appendix 3). Four outliers were identified in the preliminary cluster analysis 

(165 cm, 305 cm, 325 cm, and 330 cm; Appendix 4), and removed from further analysis. 

Subsequent cluster analysis identified four cluster groups at 50.3% dissimilarity, with a 

cophenetic correlation of 0'.85. Significantly abundant species in each cluster group are 

listed in Table 14.2. Analyses were carried out on log10 data. Values in the following 

discµssion are based on arithmetic mean abundance. 

Cluster group 1 is the largest group in GCl. It dominates the upper-most sections of the 

core, from 0-55 cm, 70-125cm, 140-150 cm, 195 cm, 205-220 cm, 250 cm, 260-265 cm, 

and 280 cm. Fragilariopsis cylindrus (36.4%) and F .. curta (31.7%) dominate the 

assemblage. Chaetoceros resting spores (6.5%) are subdominant. Fragilariopsis 

angulata, C. criophilum, and F. obliquecostata Heiden are common (>2%). There are 

no unique abundance indicator species within the cluster group; however, it can be 

differentiated from cluster group 2 by a statistically greater abundance of c. criophilum, 

F. cylindrus, F. pseudonana Hasle, and Unidentified Genus A. 
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Cluster group 2 dominates the lower half of the core, from 130-135 cm, 160-185 cm, 

200 cm, 225-240 cm, 255 cm, 275 cm, and 295-320 cm. The diatom assemblage is most 

similar to that in cluster group 1, being dominated by F. curta (35.1 %) and F. cylindrus 

(23.7%), and subdominated by Chaetoceros resting spores (10.8%). Fragilariopsis 

angulata, F. obliquecostata and Thalassiosira gracilis are present at >2%. Four 

indicator species are present: Distephanus speculum, Eucampia antarctica, 

F. separanda, and T. lentiginosa. These species are numerically rare, but statistically 

more abundant in cluster group 2 compared cluster groups 1, 3 and 4. Th.e diatom 

assemblage can be further distinguished from that of cluster group 1 by a statistically 

greater abundance of T. gracilis, F. kerguelensis and· Dactyliosolen antarcticus 

Castracane. 

Cluster group 3 is the smallest group identified in GCl, occurring at only 60-65 cm, 

270 cm, and 285-290 cm. The diatom assemblage is characterised by the dominance of 

F. cylindrus (53.9% ). Fragilariopsis curta (25.85%) subdominates. Chaetoceros 

resting spores and C. criophilum are the only other common species in the assemblage, 

with an average abundance of 4.6% and 4.7%, respectively. Corethron criophilum and 

Unidentified Genus A are statistically more abundant in cluster group 3 compared to all 

other groups. 

Cluster group 4 occurs below 335 cm. The diatom assemblage is dominated by 

Chaetoceros resting spores (84.6% ). The resting spores occur in near-monospecific 

abundance, ranging from 76.7% to 93.83%, and are a unique indicator of the 

assemblage. Fragilariopsis cylindrus (5.6%) and F. curta (5.0%) are subdominant. No 

other taxa have an average abundance >1 %. Thalassiosira antarctica resting spores are 

relatively common, with a maximum abundance of 2%. 
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KROCK GCJ and Surface Samples 

A dendrogram illustrating the affinity between GC 1 and surface sediment samples is 

illustrated in Fig. 14.4. Twenty-nine species with an abundance >2% are observed in 

164 samples. Seven cluster groups are identified at 52.9% dissimilarity, with a 

cophenetic correlation of 0.75. Significantly abundant species in each cluster group are 

listed in Table 14.3. 

Cluster group 1 consists of most of the core intervals that form cluster groups 1 and 2, 

above, and surface samples BANG 12, BANG37, BANG42, KRGR35, KRGC2, and 

KRGCl (= 0 cm). With the exception of two samples (BANG37 and BANG42), all 

·form part of the coastal diatom assemblage discussed in Chapters 9 and 10. In the 

surface analysis, BANG37 and BANG42 were nested in the shelf diatom assemblage. 

Based on the geographic distribution of the surface samples that occur in the current 

analysis, it is observed that they are members of the coastal diatom assemblage that 

occur in, or near, the sedimentary basins on Mac.Robertson Shelf. The group is 

therefore, hereafter, referred to as the '.'basin assemblage". 

The basin assemblage is dominated by F. curta (35.6%) and F. cylindrus (28.4%). 

Chaetoceros resting spores are subdominant (9.6% ). Fragilariopsis obliquecostata and 

the Chrysophyte Pentalamina corona Marchant are common, but do not form >3%. 

There are no indicator species present. This differs from the analysis of the surface 

samples alone, where the coastal diatom assemblage was characterised by 

P seudonitzschia turgiduloides. 

Cluster groups 2, 3, 4, and 5 correspond to the surface diatom assemblages identified as 

the shelf, coastal, cape, or oceanic, respectively-. There are no intervals from GCl that 

are analogous to these assemblages and they will not be discussed further here. A minor 

difference to note, however, is that sample KRGC24 has been included as a member of 

the cape assemblage in the present analysis (previously, it formed a member of the shelf 

assemblage). The cape assemblage is unique in its species composition and distinctive 
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geographical location. It is interpreted to represent an assemblage that has been current 

winnowed. The inclusion of KRGC24 in the cape assemblage when compared to GCl 

should be regarded with caution. It is not located in close geographical proximity to the 

cape assemblage, nor is it subject to the oceanographic processes to which the formation 

of the cape assemblage is attributed. 

Cluster groups 6 and 7 contain diatom assemblages from GCl that have no analogue in 

the Prydz Bay or Mac.Robertson Shelf surface sediment. Cluster group 6 occurs at 

alternating intervals in the core, between 30 cm and 290 cm. It is dominated by 

F. cylindrus (41.4%); F. curta (28.5%) subdominates. Less common, but present at 

>2%, are Chaetoceros resting spores, C. criophilum, F. angulata, F. obliquecostata, and 

F. pseudonana. Rhizosolenia hebetata fo. semispina (Hensen) Gran is an indicator 

species, but nume;ically rare (maximum abundance 2.2%). Cluster group 6 can be 

further characterised by several species that, although not indicators, are statistically 

more abundant here compared to the other cluster groups. These are Chaetoceros spp., 

C. criophilum, F. cylindrus, F. pseudonana, P. turgiduloides, and Unidentified Genus A. 

Corethron criophilum reaches maximum abundance (10.0%) in cluster group 6 and is a 

valuable "visual" indicator of the assemblage. Its presence is attributed to the formation 

of the lighter, "fluffy" layers in the core described in the core log. When viewed under 

the light microscope, the abundance of Corethron is obvious, but as most of the frustules 

are broken into small fragments it is difficult to quantify its abundance. This feature is 

considered an important, subjective, indicator of cluster group 6, however, and it is 

hereafter referred to as the "Corethron assemblage". 

Cluster group 7 corresponds with the Chaetoceros assemblage identified above (GCl, 

cluster group 4). The spores create an almost monospecific assemblage (mean 

abundance 84.6%) and are an indicator of the cluster group. Fragilariopsis cylindrus 

(5.6%) and F. curta (5.0%) are subdominant. No other species are present with an 

abundance >l.0%. 
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Table 14 .2. Arithmetic mean abundance(%), analysis of variance (F) and SNK multiple range test of species zn cluster 

groups ofGCl. 

Species Cluster Group F p 

1 2 3 4 

Chaetoceros spp. 1.4 0.6 0.8 0.2 4.64 * 

Chaetoceros spores 6.5 10.8 4.6 84.6 54.86 *** 

C. criophilum 2.6 0.7 4.7 0.2 12.65 *** 

D. antarcticus 0.7 l& 0.1 0.03 28.98 *** 

D. speculum 0.6 1.0 0.1 0.3 5.99 ** 

E. antarctica 0.4 0.9 0.1 0.1 10.14 *** 

F. angulata 4.6 5.5 .L.8. 0.2 28.17 *** 

F. curta 31.7 35.1 25.3 5.0 72.71 *** 

F. cylindrus 36.4 23.7 53.9 5.6 73.76 *** 

F. kerguelensis 0.6 L.8. 0.2 0.8 28.82 *** 

F. obliquecostata 2.3 4.2 1.2 0.6 23.42 *** 

F. pseudonana .L.8. 0.4 Ll 0.1 18.87 *** 

F. ritscheri 0.4 0.3 0.4 0.0 1.61 

F. separanda 0.4 09 0.1 0.0 13.42 *** 

P. corona ti L.8. 0.6 0.1 9.95 *** 

P. turgiduloides 0.8 0.5 0.4 0.3 1.97 

R. hebetata 0.1 0.0 0.2 0.0 1.30 

T. antarctica spores 0.6 ll 0.2 0.7 6.21 ** 

T. gracilis 1.0 2.5 0.4 0.0 32.83 *** 

T. gracilis var. expecta 0.4 0.7 0.3 0.1 4.38 ** 

T. lentiginosa 0.3 0.6 0.1 0.0 6.96 *** 

Unknown sp. At 0.6 0.1 1.0 0.0 10.35 *** 

Analyses were carried out on log10(x+ 1) transformed abundance. Degrees of freedom 3, 60. ANO VA P values: * 
<0.05, ** <0.005, *** <0.0005, - not significant. Bold type: species wzth significant differences in mean abundance. 

Underlined type: species with significantly higher abundance in a cluster group. 
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Table 14.3 Anthmettc mean abundance(%), analysts ofvanance (F), and SNK multiple range test ofspectes m cluster groups ofGCJ and surface sediment samples 

Species Cluster Group F p 

1 2 3 4 5 6 7 

A. actinochilus 0 1 Q_J_ 0.1 05 0.8 0 1 0.0 21.96 *** 
Chaetoceros spp. !2...8. 02 0.2 00 00 Ll 02 21.58 *** 
Chaetoceros spores 96 ~ il 1.5 lll 4.8 84 6 45.95 *** 
C. criophilum !2...8. 0 1 0.0 00 00 45 02 111.16 *** 
D. antarcticus ll 0.5 0.1 09 .L.Q 05 00 13.01 *** 
D. speculum 07 0.6 04 07 0.8 0.6 03 1 35 

E. antarctica 0.5 04 0 1 22 ti 0.4 0 1 14.07 *** 
F. angulata 4.9 .1.1 tl 54 20 D.. 0.2 19 87 *** 
F. curta 35.6 45 0 57 3 ill 243 28 5 50 6952 *** 
F. cylindrus 28.4 .l.6....2 22.0 4.0 .8_Q 1..LI: 5.6 51 69 *** 
F. kerguelensis Ll. 22 0.5 l_8_ 19.3 04 08 60.30 *** 
F. lineata 0.6 lJl 0.8 Ll. .Ll. 04 0.1 942 *** 
F. obliquecostata .11 2.J. .Lli 2.9 U: 2.2 0.6 1147 *** 
F. pseudonana 0.7 0.2 0.1 0.0 0 1 2.4 0.1 37.67 *** 
F ntscheri 0.3 0.2 0.3 04 0 1 04 00 2.40 * 
F: separanda 0.7 09 02 .Ll. .u 0.3 00 30.20 *** 
F. sublineata 0.7 07 05 0.6 03 0.7 0.0 5 87 *** 
Pe. corona 2.0 ll l.1 Ll. 26 1Jl. 0.1 27 15 *** 
P. glacialis 0.2 08 0 1 0.8 0.2 0 1 0.0 15.88 *** 
P. turgiduloides 05 0 1 0.2 0 1 0.0 0.9 0.3 25.32 *** 
R. hebetata 0.0 0.0 00 0.0 0.0 0.2 00 6.33 *** 
S. microtrias 0.1 04 07 09 0.7 00 0.0 18 56 *** 
T antarcttca (veg) 0.1 0.0 0.0 0.0 0.0 00 0.0 040 

T. antarctica (spores) .LQ 6.4 U: 8.4 72 04 0.7 72.57 *** 
T. gracilis .L1 .L1 0.9 .L.2. 45 0.8 00 27 88 *** 
T. gracilis var. expecta 05 03 0.2 00 0.7 0.3 0.1 506 *** 
T. lentiginosa 05 0.5 0.2 0.7 .l.Q 0.3 00 47 61 *** 
Tr. reinboldii 0.2 04 0 1 0 1 .Ll. 0.1 00 2432 *** 

Unknown SJ!· A 0.2 0 1 0 1 0.0 00 0.9 0.0 2657 *** 

Analyses were carried out on log,o(x+ 1) transformed abundance. Degrees of freedom J, 157. ANO VA P values: * <0.05, ** <0.005, *** <0.0005, - not s1gnif1cant. 

Bold type: species with significant differences in mean abundance. Underlined type: species with s1gmficant higher abundance in a cluster group. Cluster group (diatom assemblage) names: 1 = Basm, 

2 = Shelf, 3 = Coastal, 4 = Cape; 5 = Oceamc, 6 = Corethron; 7 = Chaetoceros. 
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14.5 Diatom Assemblages in GCl 

14.S.1 Chaetoceros Assemblage 

The diatom assemblage in GCl, between 363 cm and 335 cm, is characterised by 

Chaetoceros resting spores (Figs. 14.5 and 14.6). There is no modem analogue for this 

assemblage in the surface sediments of Prydz Bay and Mac.Robertson Shelf. 
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Fig. 14.5. Distribution of Chaetoceros resting spores in GCI . Cluster analysis 

identified the samples below 325 cm (shaded) as forming a distinct diatom assemblage. 
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Fig. 14.6. Light micrograph of Corethron and Chaetoceros assemblages in GCl. 

1. Corethron assemblage (sampled from 65 cm). Magnification x400. 

2. Chaetoceros assemblage (sampled from 345 cm). Magnification x400. 
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Spore formation is an evolutionary survival strategy, designed to remove the vegetative 

cells from the euphotic zone during times of environmental stress. In response, 

vegetative cells, such as those of Chaetoceros, shed their overlying theca and produce a 

heavily silicified, planktonic resting spore (Fryxell, 1994), which sinks through the 

water column and may remain at the sediment I water interlace until favourable 

conditions induce germination. The physical attributes of Chaetoceros resting spores 

also aid their preservation in sediment. The resting spores form aggregates that rapidly 

descend through the water column, decreasing the chance for dissolution and grazing to 

take effect. On the sea floor, the aggregates quickly build-up and bury the spores, 

forming fine laminations that are less susceptible to bioturbation. In coastal Antarctica, 

spore formation is most often a result of storm-induced mixing and decreased light 

during the polar winter (Fryxell, 1994), or nutrient depletion in surface waters (Davis et 

al., 1980). 

High concentrations of Chaetoceros resting spores, in Antarctica, are generally 

considered indicative of high primary productivity in the water column (Donegan and 

Schrader, 1982; Leventer 1992; Leventer et al.,. 1993, 1996). During the spring, 

receding pack ice creates a temporarily stratified water column, in which a marginal ice­

edge zone diatom bloom annually develops (Smith and Nelson, 1985, 1986; Nelson et 

al., 1987). At this time, water, which is normally high in nutrients, can become 

sufficiently depleted so as to limit diatom growth (Nelson and Smith, 1986; McMinn et 

al., 1995). Substantial depletion by algal blooms has been observed inJhe ice edge 

zone of Prydz Bay (Fukai et al., 1986) and the Ross Sea (Nelson and Treguer, 1992). To 

demonstrate nutrient depletion in the Antarctic Circumpolar Current, Mitchell et al. 

( 1991) use a model to show that the phytoplankton blooms are dependent upon increased 

stratification of the upper water column and the presence of a shallow mixed layer. A 

Chaetoceros bloom documented by Mitchell and Holm-Hansen (1991; Leventer et al., 

1993) in Gerlache Strait was probably due to the presence of a relatively warm, low 

salinity lens of surface water, and protection from intense Antarctic storm activity. Both 

would have functioned to stabilise the water column (Leventer et al., 1993). 
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Sediment dominated by Chaetoceros resting spores may also be indicative of increased 

seasonal sea ice (in the form of pack ice or an ice shelf). In this instance, vegetative 

cells being advected under the ice during summer months, and I or conditions associated 

with an adjacent stationary summer ice edge, could induce resting spore formation. This 

has been observed by Leventer (1992), who notes that the highest relative abundance of 

Chaetoceros resting spores in surface sediments off the George V Coast corresponds 

with a line that marks the maximum summer retreat of the ice edge. Leventer ( 1992) 

suggests that the decreased water salinity associated with the stationary ice edge could 

stimulate spore production, but several factors may contribute. Even when melting stops 

at a stationary ice edge, the e~evated phytoplankton biomass in this zone can persist 

(Nelson et al., 1987). When this occurs, it is possible for phytoplankton standing stocks 

in ice-edge blooms to become self-limiting as a result of reduced light penetration 

(Nelson and Smith, 1991). Platelet ice, which underlies sea ice, may also restrict 

seawater influx and limit nutrient supply (Lizotte and Sullivan, 1991). These factors, 

coupled with significant nutrient depletion, could contribute to enhanced Chaetoceros 

resting spore production. 

14.5.2 Basin Assemblage 

The basin assemblage is the most common diatom assemblage in GCl, above 320 cm. It 

is described as a subgroup of the modem coastal assemblage, which forms in near-shore 

and I or shallow areas of the continental shelf where sea ice frequently persists year 

round. An abundance of sea ice taxa characterise the coastal assemblage, especially 

those from the genus Fragilariopsis, and they are interpreted to represent the preserved 

proportion of sea ice assemblages identified in the Prydz Bay biocoenose by Stockwell 

et al. (1991) and Scott et al. (1994). The same taxa have been similarly noted amongst 

the dominant and abundant diatoms in pack ice from the Weddell Sea (Garrison and 

Buck, 1989) and in fast ice from Liitzow-Holm Bay (Watanabe, 1988; Tanimura et al., 

1990). Many of the species found in abundance in these assemblages are not preserved 
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C. criophilum and P. turgiduloides. 
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The basin assemblage is described as a subgroup of the coastal assemblage because, 

when GCl and the surface samples are compared statistically, it includes the samples 

recovered from the inner-shelf basins on Mac.Robertson Shelf. It is similar to the 

surface coastal assemblage in its abundance of F. curta and F. cylindrus (that form 

;:::50% ). Several rare, but statistically significant, species are present, however, and these 

include Chaetoceros spp., C. criophilum, F. pseudonana, and P. turgiduloides (the latter 

being an indicator species of the coastal assemblage). All have typically fragile or 

lightly silicified frustules, and their abundance in the phytoplankton is not normally 

preserved in sediment. 

It has been demonstrated that smaller, more fragile diatom frustules are preferentially 

preserved in anoxic marine basins in the Vestfold Hills, Pry dz Bay, compared to 

preservation in oxic basins (McMinn, 1995). This is attributed to the absence of 

burrowing and foraging benthic fauna, which decrease bioturbation and mechanical 

breakage of the diatom frustules, and decreased corrosion due to a lower pH. Elevated 

pH levels are known to increase the rate of silica dissolution (Barker et al., 1994). 

Although Mac.Robertson Shelf is dominated by erosional processes, Late Pleistocene 

and Holocene sediments occur in the inner shelf deeps, such as Neilsen Basin and 

Iceberg Alley, which act as sediment traps for fine-grained, biosiliceous mud and ooze 

(Harris and O'Brien, 1996). The accumulating ooze is relatively thick (>5 m), protected 

from iceberg and current reworking (Harris et al., in press), highly anoxic and contains 

few of the organisms that would normally contribute to mechanical breakage and 

dissolution of diatom frustules at the sediment-water interface. Under these conditions, 

it is suggested that the sea ice biocoenose may be sufficiently altered during preservation 

for two assemblages to become recognisable in the sediment. One is preserved on 

shallower coastal areas of the continental shelf, and from which the smaller and more 

fragile species have been lost(= coastal assemblage). The other is preserved in the deep, 
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anoxic shelf basins ( = basin assemblage) and contains a significantly greater proportion 

of the fragile and lightly silicified species. 

Thalassiosira gracilis and T. gracilis var. expecta are also present in greater abundance 

in the basin assemblage compared to the surface's coastal assemblage. Although 

common in ice edge waters (Kozlova, 1966), and fjords of the Vestfold Hills (McMinn, 

pers. comm.), T. gracilis is also abundant in the subantarctic and has even been recorded 

from subtropical waters (Fryxell and Hasle, 1979a). Cunningham and Leventer (1998) 

consider it to be an open water indicator (Cunningham and Leventer, 1998). It is 

possible that part of the offshore, oceanic diatom assemblage is being transported into 

Nielsen Basin and Iceberg Alley via the open connection that they have to the edge of 

the continental shelf. Upwelling along the continental shelf, or water associated with the 

Antarctic Circumpolar Current, may be transporting a small open water or ice-edge 

element onshore. A similar observation has been made by Harris and O'Brien (in press), 

who note that a two-layer water flow exists along Mac.Robertson Shelf. Flow onshore 

occurs in the upper water column, whilst offshore flow occurs at deeper depths. 

14.5.3 Corethron Assemblage 

Interbedded between the darker diatom ooze of GC 1, which is characteristic of the basin 

assemblage, are less dense, more lightly coloured sediment layers with a "fluffy" 

structure (Figs. 14.6 and 14.7). The layers are present between 290 cm and 30 cm, and 

the visible abundance of C. criophilum is characteristic (Fig 14.8). 

It is important to understand the morphology and ecology of C. criophilum before its 

unusual abundance in the sedimentary record can be interpreted. Corethron is a lightly 

silicified, large, centric genus, with separate, articulating spines on the valve (Crawford 

and Round, 1989). Corethron criophilum has a cosmopolitan distribution. It occurs in 

low abundance in tropical waters (Medlin and Priddle, 1990), is common in the South 

Atlantic and many parts of the Southern Ocean (Fryxell and Hasle, 1971), and reaches 

highest concentration in Antarctic inshore waters (Kozlova, 1966; Hasle, 1969). Up to 
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98% of the phytoplankton collected by net hauls from the Antarctic Peninsula have been 

found to contain C. criophilum (e.g. Hart, 1934; Hendey, 1937; Hasle, 1969). Fryxell 

and Hasle (1971) note a similar abundance in a net haul collected from one station 

during the 1968 Weddell Sea Oceanographic Expedition, although it accounted for only 

2.5% of diatoms counted in other samples at the time. A large diatom bloom, 

overwhelmingly dominated by C. criophilum, was observed between water depths from 

0 m to 300 min the South Atlantic between 47°S and 48°S (Crawford, 1995). 

Monospecific blooms have been reported from the subarctic Pacific (Clemons and 

Miller, 1984). The largest populations of C. criophilum are often found in waters that are 

poor in other phytoplankton species (Fryxell and Hasle, 1971). 

Corethron criophilum is essentially a planktonic, oceanic species. Fryxell and Hasle 

(1971) report a "slight indication" that it is more abundant in open waters with less sea 

ice cover, although it is abundant in neritic areas and also found living in pack ice (Hart, 

1942). Marra and Boardman (1984) suggest that C. criophilum may be an important 

component of the ice-edge phytoplankton in the Weddell Sea in late winter. This has 

been supported by Garrison and Close (1993), who observe it amongst the most 

abundant, but not dominant, diatom species in the winter sea ice biota of the Weddell 

and Scotia Seas pack ice. 

The abundance of C. criophilum in the water column is rarely reflected in the underlying 

sediment. Frustules are usually partially preserved and spineless, having undergone 

dissolution, by chemical processes, and mechanical breakdown, by grazing zooplankton 

in the upper water column (Gersonde and Wefer, 1987). Rapid transport through the 

water column, to avoid these problems, is critical for their preservation in sediment. The 

presence of sedimentary layers with abundant C. criophilum suggests that environmental 

conditions must have favoured rapid transport, immediately prior to deposition at the sea 

floor (Leventer et al., 1996). 

114 



GCl 

Fig. 14.7. Photograph illustrating the ''fluffy", lighter-coloured appearance of 

Corethron-rich sediment layers, interbedded between the darker diatom ooze in GCl, 

between 100 cm - 120 cm. 
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Fig. 14.8. Distribution of C. criophilum in GCJ. Shaded areas illustrate samples 

identified as forming a distinct Corethron assemblage. 
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Unusually high abundance of C. criophilum has been observed in numerous sediment 

cores recovered from the Antarctic continental shelf, e.g. the Weddell Sea (Pudsey, 

1990; Jordan et al., 1991), Ross Sea (Leventer et al., 1993), and Antarctic Peninsula 

(Leventer et al., 1996). In two cores from the northern Weddell Sea, Jordan et al. (1991) 

observe distinct sediment bands, up to 3 cm thick, that contain well preserved diatom 

frustules and abundant C. criophilum. Similarly, Leventer et al. (1993, 1996) observe 

nearly monospecific assemblages of C. criophilum as a white "cottony" layer in 

sediment cores from Granite Harbour (Ross Sea), and the Palmer Deep (Antarctic 

Peninsula). The Corethron layers from the latter also contain a higher than normal 

abundance of Rhizosolenia spp.(similar to that observed in GCl). Rhizosolenia has been 

reported in large quantities from Antarctic waters and can form blooms (Alldredge and 

Silver, 1982). But like Corethron, it is large and fragile, and rarely preserves well in 

sediment unless rapidly transported through the water column (Sancetta et al., 1991). 

Several hypotheses explaining the formation of Corethron-rich sediment layers, 

following mass sedimentation of a diatom bloom and rapid burial, have been suggested. 

Pudsey (1990) interprets their presence in Weddell Sea cores as being consistent with 

the occurrence of high primary production, associated with a semi-permanent polynya 

over many years, and reduced circulation with less oxygenated bottom water to explain 

the lack of scavenging benthos. Jordan et al. (1991) expand this idea to formulate two 

hypotheses. Hypothesis 1 is dependent on a consistent change in sedimentation and 

preservation over time, resulting in the enhanced survival of diatom frustules in the 

sediment. Such a long-term change should be widespread, yet they have not observed 

Corethron-rich layers in nearby cores and it seems unlikely that the layers could have 

accumulated over decades or centuries. Hypothesis 2 suggests that horizontal 

concentration, in the euphotic zone or from transport across the seabed, and subsequent 

deposition in a "quiet" area, such as a depression, is responsible for the Corethon-rich 

layers. This, coupled with a physical feature of the water column, such as an eddy or 

"chimney", could have entrained phytoplankton biomass from a wide area of the surface 
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mixed layer and caused it to settle in a smaller area of the sea floor. Leventer et al. 

(1993) suggest that the Corethron-rich layers in Granite Harbour cores record an 

unusual episode of early seasonal warmth and primary production, which has taken 

place under conditions of extreme water column stratification. Most evidence indeed 

suggests that C. criophilum blooms occur during spring (Karsten, 1905 [in Crawford, 

1995]; Hart, 1934; Gersonde and Wefer, 1985; Crawford, 1995) and enhanced, early 

season ice-free conditions, which would normally occur during the late summer I early 

autumn, might explain why some blooms are recorded in sediment. 

Corethron criophilum blooms simultaneously undergoing a mass phase of sexual 

reproduction may also provide a mechanism for rapid accumulation and preservation in 

the sediment (Crawford, 1995). Diatoms commonly reproduce by vegetative (asexual) 

reproduction, resulting in a steady decrease in the physical size of the valves. When a 

critical minimum size is reached, sexual reproduction is triggered and gametangia are 

produced. The resulting auxospore grows to the maximum cell size, forms silicified 

valves, and vegetative reproduction is resumed. Sexual reproduction by C. criophilum 

has been observed in Prydz Bay, where up to 60% of the cells were either forming 

gametes or were present as auxospores (Stockwell et al., 1991). Crawford (1995) 

encountered a large bloom undergoing a mass sexual stage in the upper 100 m of the 

water column at the Polar Front Zone of the Weddell Sea. The rapid downward 

transport of empty cells that coincides with this event, due to large losses in the 

population following, for example, failure of the male gametes to achieve fertilisation, is 

considered by Crawford (1995) as sufficient to create monospecific layers of C. 

criophilum in Southern Ocean sediments. Leventer et al. (1996) further suggest that the 

presence of a shallow mixed layer in the water column during such an event could only 

serve to enhance this process. 

The question thus arises: if C. criophilum blooms are a seasonal event, why are they not 

preserved more regularly in sediment? Based on the results obtained in the present 

study, and above hypotheses, it is suggested herein that the formation of Corethron-rich 
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layers observed in Iceberg Alley, and elsewhere on the Antarctic continental shelf, is due 

to a combination of factors: 

1. An unusual episode of warmth, resulting in intense stratification in the upper 

water layer and an enhanced spring Corethron bloom. 

2. The unusual conditions and enhanced bloom may trigger a period of mass 

sexual reproduction, during which an even greater number than of frustules than 

normal rapidly sink through the water column. Crawford (1995) notes that a 

large number of empty cell wall components are released in the water column 

during sexual reproduction, which subsequently appear in the sediment record as 

a recognisable "signature". This signature could be used to determine what 

phase the cells were undergoing at the time they were deposited in Iceberg Alley 

layers. 

3. The presence of some unknown, but localised, event in Iceberg Alley, such &s 

an eddy or chimney in the water column. If this "event" is a seasonal feature, its 

appearance must coincide with a Corethron bloom as a method to further 

concentrate the number of well preserved cells reaching the sediment. If it does 

not coincide with a bloom, the frustules will not be concentrated sufficiently to 

preserve in the sediment. 

Several factors suggest that the presence of a localised event in Iceberg Alley is 

important for the formation of Corethron layers. A preliminary analysis of gravity cores 

recovered from the same vicinity (ANARE cruise AA186, 1997) has revealed the 

presence of Corethron-rich layers in at least two other cores (Harris et al., 1997a). A 

more detailed analysis of these cores is required (e.g. to determine the extent, age and 

sediment accumulation rate} to determine whether these intervals correlate with the 

Corethron layers in GCl. Similar deposition events have not been reported in other 

cores recovered from Neilsen Basin (O'Brien et al., 1995a; Harris et al., 1997a). 

Nielsen Basin is less than 100 km in distance from Iceberg Alley, is subject to similar 

oceanographic conditions as Iceberg Alley (both are low energy, deep valleys that 

accumulate fine-grained sediment dominated by biosiliceous ooze) and the cores 
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Circumstantial evidence suggests that a plum~ or "chimney" is at least periodically 

present in the vicinity of Iceberg Alley. The summer surface water and ice shelf water 

present in Prydz Bay are not dense enough to promote bottom water formation during 

summer, but their salinity is thought to increase significantly during active winter sea ice 

formation (Nunes Vaz and Lennon, 1996). During this time, dense water plumes would 

have the potential to descend the continental slope. Dense water plumes have been 

observed at 62°E during late spring I early summer (Smith et al., 1984). Coupled with 

an unusually warm spring and early ice break-out, could this have contributed to the 

mass and rapid sedimentation of C. criophilum? 

14.6 Holocene Palaeoecology of Iceberg Alley 

14.6.1 Upper Pleistocene (>10.0 Ka) 

Based on reservoir-corrected radiocarbon dates, the Chaetoceros assemblage in GCl 

was deposited from at least 11.6 thousand years (11.6 Ka) until 10.0 Ka, or the end of 

the Last Glacial Maximum (LGM). The spores are not found in comparable abundance 

in the surface sediments of Prydz Bay and Mac.Robertson Shelf today, but their ecology 

and distribution elsewhere in Antarctica are sufficiently well documented for their 

presence in GC 1 to be speculated upon. They are interpreted to indicate the presence of 

a stabilised water column associated with a stationary ice edge. In GCl, their presence 

could therefore be indicative of the maximum summer ice edge retreat in Iceberg Alley 

during the LGM. 

Little research has been carried out on Mac.Robertson Shelf sediments, but diatbm 

"analysesJrom Prydz Bay show the beginning of open-marine conditions in the Early 

Holocene (Pushina et al., 1997; Domack et al., 1991a). Domack et al. (1991a) 

hypothesise that open mari:p.e conditions and siliceous ooze deposits commenced 
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-10. 7 Ka in Pry dz Bay, based on reservoir-corrected ages for unconsolidated sediment 

samples recovered from ODP Site 740. Longer cores from Iceberg Alley are required to 

determine the size and duration of the Chaetoceros layer, and could yield further 

information on ice extent on Mac.Robertson Shelf during and prior the Early Holocene. 

14.6.2 Late Holocene to Present ( <10.0 Ka) 

Approximately 10.0 Ka, the type of diatom assemblage being preserved in Iceberg Alley 

changed. Deposition of the Chaetoceros assemblage ceased, and deposition of an 

assemblage analogous to that forming in the inner shelf basins today commenced. In 

GC 1, this transition is interpreted to represent the onset of Holocene warming, following 

the LGM, during which the permanent summer ice edge became less extensive. 

Deposition of the basin assemblage has dominated in GCl from 10.0 Ka to the 'present. 

Interbedded between the basin assemblage are layers of c. criophilum-rich diatom ooze. 

Based on reservoir-corrected radiocarbon dates, the Corethron layers were deposited 

between 6.9 Ka and 1.3 Ka. Within this period, two episodes of maximum Corethron 

abundance are identified: one in the lower core (at 270 cm and from 285 cm to 290 cm), 

and another in the upper core (60 cm). When the core was statistically analysed, alone, 

the intervals form a distinct cluster group, in which Corethron is the indicator species. 

A reservoir-corrected radiocarbon date of 6.9-6.5 Ka is applied to the Corethron layer 

deposited at 285-290 cm, and 5.6 Ka to the layer at 270 cm. These layers may represent 

the mid Holocene climatic optimum. The mid Holocene is generally characterised as a 

period during which Antarctica underwent a period of climatic warming (Burckle, 1972; 

Truesdale and Kellogg, 1979; Domack et al., 1991b; Cunningham et al, in press). 

Burckle (1972) suggests that warming was significant in the South Atlantic from 7.0 Ka 

to 5.5 Ka, which is similar to the time during which the Corethron layers were 

deposited in the lower section of GC 1. This is further supported by Pushina et al. ( 1997) 

who identify a relative warming in climatic conditions in Prydz Bay during the mid 

Holocene, based on diatom analyses. 
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The abundance of Corethron in the upper layers of the core is greatest at 65 cm to 

60 cm. Based on the corrected radiocarbon ages, and assuming a constant deposition 

rate from 0 cm to 273.5 cm, this assemblage was deposited from 1.9 Ka to 1.8 Ka. As a 

high abundance of Corethroh in the sedimentary record is associated with periods of 

unusual warmth and early ice break out, it could be suggested that the larer in GC 1 is 

correlated with the "Little Climatic Optimum" (LCO), or Mediaeval Warm Period? 

The LCO occurred between from 900 AD and 1300 AD, based on studies in the 

Northern Hemisphere (e.g. Lam~, 1965; Grove, 1988). Data from the Southern 

Hemisphere are limited, but a period of significant warmth seems to be indicated by a 

decrease in microparticle deposition between 1200 AD and 1540 AD in an ice core -

recovered from the South Pole (Mosley-Thompson and Thompson, 1982). Isotopic 

measurements from a New Zealand speleotherrn also suggest warming between 

1100 AD and 1300 AD; and tree ring data from Patagonia and Tasmania indicate warm, 

dry periods, between 1080 AD and 1250 AD, and 950 AD and 1000 AD, respectively 

(Villalba, 1990; Cook et al., 1992). More recently, deposition of the Corethron-rich 

sediment layers documented from the Antarctic Peninsula have been dated by Leventer 

et al. (1993) at approximately 1000 yBP. 

The Corethron layers in GC 1, between 65 cm and 60 cm are interpreted to have been 

deposited several hundred years prior the LCO. But, based on the available data, it 
. ' 

cannot be determined with certainty whether they were actually deposited during the 
j 

LCO, or if they record a previous, undocumented, warming event in East Antarctica. If 

the Corethron layers were deposited during the LCO, the discrepancy in timing could be 

attributed to at least two mechanisms. There could be a time lag between other LCO 

records and those herein, similar to that observed at the onset of the Neoglacial between 

Antarctic marine sediments and Greenland ice (Domack and Mayewski, in press). 

Alternatively, the precision of the radiocarbon ages obtained·from GCl and the 

reservoir-correction factor applied may not be accurate. Until a better-resolved 

Antarctic radiocarbon chrononolgy has been calculated, there will always be 
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inconsistencies, errors and subsequent misinterpretations on Antarctic 14C dated material 

(Bjork et al., 1991). 

14.7 250-Year High-Productivity Events? 

Enhanced cycles of pal'aeoproductivity every -270 years were first observed in glacial 

marine records from the Antarctic Peninsula by Mashiotta (1992) and Domack et al. 

(1993). This observation was later expanded by Leventer et al. (1996) and Brachfeld 

(1997), who note that the downcore variability of a multitude of physical parameters, 

including diatom and benthic foramiferal assemblages, in a high-resolution, Holocene 

core from the Antarctic Peninsula demonstrates recurring 200-year cycles. Leventer et 

al. (1996) propose solar forcing, based on the "Maunder minimum" in sunspot activity, 

as the mechanism behind these cycles. More recently, Domack and Mayewski (in press) 

also identify a continuous, 14C-dated palaeoenvironmental proxy, from the Antarctic 

Peninsula glacial marine record, which demonstrates a pronounced,-recurring -200-year 

cycle of elevated productivity in response to sea surface conditions. This record has 

been correlated with cycles of multi-century, and millennial, frequency from the 

Greenland Ice Sheet Project 2 (GISP2) ice core record (Domack and Mayewski, in 

press), which reflects atmospheric conditions. 

A similar, recurring event is recognisable in GCl, based on the abundance of 

C. criophilum. Between 4.3 Ka and the present, the abundance of Corethron reaches a 

maximum every -250 years. Five, well-defined peaks in Corethron abundance can be 

observed (Fig. 14.8), which correspond with 4.1 Ka, 3.6 Ka, 2.2 Ka, 1.9 Ka, and 1.2 Ka. 

(Using cluster analysis, only the event at 1.8 Ka to 1.9 Ka was identified in this section 

of the core). Prior 4.3 Ka, the frequency of the cycles become less intense, with the 

exception of that observed between 6.9 Ka and 5.6 Ka. 

Does the -250 year, cyclic increase and decrease in C. criophilum in GCl correlate with 

high production events recorded from the Antarctic Peninsula? The observations made 

herein are speculative, but indicate that high-resolution cores from East Antarctica have 
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the potential for correlation with those from the Antarctic Peninsula, and possibly 

elsewhere. As demonstrated by Leventer et al. (1996) and Domack and Mayewski (in 

press), such corelations will be important for the understanding of bipolar and global 

palaeoclimate variation during the Holocene, and possibly the future. 

The -250 year, cyclic increase and decrease in Corethron abundance is not recorded in 

GC2 (see Chapter 15), a core of similar age to GCl and also formed in a quiet, 

depositional environment (Nielsen Basin), -90 km from Iceberg Alley. Corethron layers 

are not present in GC2, and it is speculated here that their absence is due to the absence 

of the oceanographic feature (such as an eddy) suggested as necessary to concentrate the 

cells in sufficient density for preservation in the sediment. 

/ 
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14.8 Conclusion 

The diatom assemblages in GCl provide a continuous :record of the depositional 

environment on the outer-shelf on Mac.Robertson Shelf throughout the Holocene. A 

summary of these is listed in Table 14.4. Deposition before -10.0 Ka is characterised by 

a near-monospecific assemblage of Chaetoceros resting spores. Their presence is 

int<(rpreted to indicate a stabilised water column associated with a stationary ice edge, 

and delineates the maximum summer ice retreat during the Early Holocene. 

Chaetoceros resting spore layers are not present in the surficial sediments of the study 

area today. 

The appearance of a diatom assemblage analogous to that being deposited in the coastal 

areas of Prydz Bay and Mac.Robertson Shelf today first appeared -10.0 Ka. The 

assemblage is known to be associated with areas w:here seasonal summer ice breakout 

may be restricted due to the presence of icebergs grounded in shallow areas. In GCl, 

appearance of the assemblage suggests warmiJfg during throughout the Early- to mid­

Holocene to climatic conditions that are contemporary with that observed in East 

Antarctica today. Unlike the coastal diatom assemblage preserved in Prydz Bay, 

however, the coastal assemblage found in Iceberg Alley sediments contains more 

abundant fragile and lightly silicified species. Whilst these species are abundant 

members of sea ice algal assemblages, they rarely preserve well in sediment unless 

favourable conditions such as that found in an anoxic basin are present. 

The mid-Holocene is also characterised by episodes of enhanced C. criophilum 

preservation. As with the Chaetoceros-dominated sediment layers, the Corethron 

assemblage has no modem analogue, but is interpreted to represent unusually warm 

periods during which early spring ice melt has produced an enhanced Corethron bloom. 

This event may be associated with an oceanographic feature, such as an eddy or plume, 

and I or a mass sexual reproduction phase that have further enhanced the preservation of 

C. criophilum in the fossil record. Corethron criophilum in the sediment reaches 

maximum abundance 6.5 Ka to 6.9 Ka and 1.8 Ka to 1.9 Ka. These events are 
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correlatable to significant warming observed in the South Atlantic between 5.5 Ka and 

7.0 Ka (Burckle, 1972) and a late Holocene climatic event analogous to the Northern 

Hemisphere's "Little Climatic Optimum". 
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Table. 14.4. Summary of Holocene palaeoclimate on Mac.Robertson Shelf (Iceberg Alley), as inferred from CCI. 

Corrected Lithology Diatom Assemblage Major Species Climate Interpretation 

radiocarbon years 

(Ka) 

0.0-10.0* 

(*see below) 

*1.8 - 1.9 and 

6.5 -6.9 

~ 10.0 

Biosiliceous ooze Basin 

Corethron layers Corethron 

Biosiliceous ooze Chaetoceros 

F. curta 

F. cylindrus 

F. curta 

F. cylindrus 

C. criophilum 

Chaetoceros spores 

Chaetoceros spores 

Early to mid Holocene warming; seasonal 

sea ice persists is some areas; preferential 

preservation of fragile diatoms in 

sedimentary basins 

Climatic optimum? 
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15.1 Site Description 

- Chapter 15 -

KROCKGC2 

Core KROCK/128/GC2 (GC2, hereafter) was recovered from Nielsen Basin, 

Mac.Robertson Shelf (67° 28.46' S, 64° 58.38' E; Fig. 13.1), in a water depth of 

GC2 

1 091 m. Nielsen Basin is a U-shaped, glacially-cut valley, trending east-west and 

connected to the continental slope by an arcuate trough (O'Brien et al., 1994). It is the 

deepest of three fjord valleys on the shelf, with a maximum depth of 1 400 m. The basin 

acts as a sediment trap for surrounding portions of Mac.Robertson Shelf, accumulating 

fine-grained, siliceous muddy ooze (Harris and O'Brien, 1996). 

The core site is approximately 20 km from Mawson Coast and 70 km from the 

continental shelf break. Sea ice covers the region throughout autumn, winter and spring. 

Ice breakout occurs in early summer and open water usually dominates the general area 

by January. Grounded icebergs on Storegg Bank, to either side of Nielsen Basin, 

frequently trap the sea ice and may prevent its seasonal breakout. 

15.2 Core Description 

GC2 is 300.0 cm long (Fig.15.1) and described as one lithological unit. The 

sedimentary facies is relatively uniform with massive, moderate olive brown (5Y 4/4) to 

greyish olive (1 OY 4/2), biosiliceous ooze between 0 cm and 293 cm. Approximately 

1 % fine, quartzose sand is present. Sedimentary structures are absent, although some 

lighter greenish grey (5GY 9/2) mottling occurs between 80 cm and 121 cm. The lower 

-10 cm of the core contain light, olive-grey (5Y 3/2), fine, sandy clay. 

15.3 Fossil Assemblages 

Diatom frustules comprise the bulk of the biosiliceous ooze. Members of the genus 

Fragilariopsis are most common, dominated by the sea ice species F. curta. Between 
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290 cm and 300 cm, F. curta is less abundant (although still dominant), and 

Chaetoceros resting spores are subdominant. 

No visible reaction to HCl was observed, indicating that foraminifera are absent. 

GC2 
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Fig. 15.1. GC2 core log, radiocarbon dates and diatom assemblages when compared to 
surface sediment. 
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15.4 GC2 - Results 

15.4.1 Radiocarbon Dates 

Five AMS radiocarbon dates were obtained from bulk organic samples (Table 15.1). An 

ocean reservoir correction factor of 1 733 radiocarbon years has been subtracted from 

the 14C ages, as recommended by Sedwick et al. (in press), based on the measured age of 

a nearby surface sediment grab. Using this, GC2 has a corrected age of 300 yBP at 7-

8 cm, and 5 940 years at 274-275 cm (near the biosiliceous ooze - glacial diamict 

boundary),. The absence of unsupported 210Pb in the upper 10 cm of the core indicates 

that at least 200 years of sediment has been lost (Sedwick et al., in press). , This most 

likely occurred at the time of collection from impact by the gravity corer. 

There is no evidence to suggest the presence of unconformities or sediment reworking in 

GC2. Harris et al. ( 1996) consider the radiocarbon ages as reliable, with no evidence for 

contamination (e.g. such as the Jurassic pollen and dark, woody material present in some 

cores from Mac.Robertson Shelf). There is a good correlation between age and core 

depth, as indicated by simple linear regression (R2 = 0.93; Fig. 15.2), implying a near­

uniform sedimentation rate. Deposition rates interpolated between the radiocarbon 

dates, however, indicate that the sedimentation rate at the base of GC2 (0.025 cm yr-1
) is 

seven times lower than at the top (0.179 cm yr-1
). To account for this, the varying 

sedimentation rate will be used to discuss the core's Holocene chronology in Section 

15.6. 

15.4.2 Diatom Assemblages 

Fragilariopsis dominate the core. The sea ice species F. curta is most abundant, 

forming ~74.8%. Fragilariopsis cylindrus subdominates, forming between 12.6% and 

27.5%. Between 290 cm and 300 cm, F. cylindrus and Chaetoceros resting spores are 

subdominant. 
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Table 15.1. AMS radiocarbon dates obtained from bulk organic carbon for GC2. 

Depth (cm) Normalised 14C Date Deposition 

Depth* (cm) (yBP) Ratet 

(cm yr-1
) 

Uncorrected Corrected 

7-8 7-8 2030 ± 310 297 

78 - 80 98 - 100 2420 ±80 687 0.179 

147 - 147 108 - 110 3330 ± 100 1597 0.076 

218 - 219 193 - 195 5060 ± 180 3327 0.401 

274- 275 281 - 283 7673 ± 84 5940 0.025 

* Depths have been normalised with respect to water content to correct for sediment 

compaction (after Harris et al., 1996). t Deposition rates determined between 8-80 cm, 

80-147 cm, 147-219 cm, and 21-275 cm. 
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Fig. 15.2. Linear regression of corrected radiocarbon ages versus depth. 
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15.4.3 Statistical Analyses 

GC2 

A dendrogram illustrating core sample affinities is illustrated in Fig. 15.3. Eighteen 

species have an abundance >2% in the 60 samples analysed (Appendix 5). Two samples 

were identified as outliers in the first cluster analysis (55 cm and 235 cm, Appendix 6) 

and removed from further analysis. Three cluster groups are subsequently identified at 

25.3% dissimilarity, with a cophenetic correlation of 0.61. Indicator species for each 

cluster group are listed in Table 15.2. All analyses were carried out using log10 values; 

values in the following discussion are based on arithmetic mean percent. 

Cluster group 1 dominates the upper 100 cm of GC2, from 7-15 cm, 25 cm, 35-65 cm, 

80-85 cm, and 95 cm. Two samples from 120 cm and 275 cm are also present. The 

diatom assemblage is dominated by F. curta (59.6%), which forms up to 72.3%. The 

subdominant species are F. cylindrus (11.5%) and Chaetoceros resting spores (7 .6% ). 

Also common (>2% ) are F. obliquecostata and F. angulata. Members of the genus 

Thalassiosira do not form a significant component of cluster group 1. Two taxa are 

identified as unique indicators of the cluster group: Chaetoceros spp. and 

P. turgiduloides. Both are numerically rare (maximum abundance ::;3.6% ). Based on 

log10 values, however, they are significantly more abundant in cluster group 1 compared 

cluster groups 2, 3 and 4. 

Cluster group 2 is the largest group in GC2. It is interbedded between cluster group 1, at 

20 cm and. 30 cm, and becomes increasingly dominant down-core, at 70-80 cm, 90 cm, 

and 100-115 cm. The cluster group is continuous between 125-285 cm, (except where 

cluster group 1 occurs at 275 cm). The diatom assemblage is similar to that in cluster 

group 1, dominated by the genus Fragilariopsis. Fragilariopsis curta is the most 

abundant species (56.6%); F. cylindrus (13.9%) is subdominant. Neither are 

significantly different in abundance compared to cluster group 1. Common (>2%) are 

F. angulata, F. obliquecostata, and Chaetoceros resting spores. There are no unique 

indicator species in the cluster group; however, it can be differentiated from cluster 

group 1 by a significantly greater abundance of F. angulata. This species has a 

133 



GC2 

maximum abundance of 13.3% in cluster group 2, compared to 9.3% in cluster group 1. 

Also significantly more abundant in cluster group 2, but numerically rare, are the centric 

species Dactyliosolen antarcticus and T. gracilis. 

Cluster group 3 is the smallest group in GC2 and occurs between 290 cm and 300 cm. 

Fragilariopsis curta (3 l .9%) remains the dominant member of the diatom assemblage 

and, although it occurs in smaller abundance compared to cluster groups 1 and 2, its 

abundance is not significantly different. Chaetoceros resting spores (12.5%), 

F. cylindrus (9.6%) and F. obliquecostata (7.3%) are subdominant. The cluster group is 

also characterised by a greater diversity ofless abundant (2-5%) species. These are 

T. antarctica resting spores, T. gracilis, F. kerguelensis, F. separanda, and 

D. antarcticus. All, except D. antarcticus, are unique indicators of the assemblage. 

GC2 and Sulface Samples 

To objectively compare the diatom assemblages identified in GC2 with those from the 

surface sediment, a combined cluster analysis using both data sets was carried out (Fig. 

15.4). This analysis uses 26 diatom species with an abundance >2%, from 156 samples. 

Surface sample DCF93047 forms an outlier and was removed from further analysis; 

outliers identified above and in Chapter 9 were not included. Four cluster groups are 

present at 30.8% dissimilarity, with a cophenetic correlation of 0.64. Significantly 

abundant species in each cluster group are listed in Table 15.3. Analyses are based on 

log10 values; the following discussion if based on arithmetic mean percentage. 

Cluster group 1 is the largest group identified, containing 66 surface and core sediment 

samples. The group includes all surface samples that form the coastal diatom 

assemblage, and GC2 intervals 7-285 cm. The assemblage is dominated by 

Fragilariopsis curta (56.9%), which forms up to 74.8%. This species is dominant in all 

cluster groups, but significantly more abundant compared only to cluster group 4. 

Fragilariopsis cylindrus (14.7%) subdominates. Less abundant, but common with an 

average abundance >2% are Chaetoceros resting spores, F. angulata and 

F. obliquecostata. Two taxa are unique indicators of the cluster group: Chaetoceros 
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spp. and P. turgiduloides. Both are numerically rare (maximum abundance ::;;4.0% ), but 

are significantly more abundant in cluster group 1 compared to all other groups, based 

on log10 values. Pseudonitzschia turgiduloides is an indicator species of the surface 

sediment coastal assemblage. 

Cluster group 2 contains 45 samples. It consists of all surface sediment samples 

identified as the shelf diatom assemblage, surface sample KRGR25, and 290 cm. The 

diatom assemblage is dominated by F. curta (47.6%) and subdominated by F. cylindrus 

(15.9%). The abundance of both species is not significantly different compared to that 

in cluster group 1. Taxa that are less abundant, but present at >2%, are Chaetoceros 

resting spores, T. antarctica resting spores, F. angulata, F. obliquecostata, and the 

Chrysophyte Pentalamina corona. There are no unique indicator species in the 

assemblage; however, it can be differentiated from cluster group 1 by a significantly 

greater abundance of several species (see Table 15.3). 

Cluster group 3 is the smallest group identified, and contains only 9 samples. It includes 

all surface samples that form the cape assemblage, surface sample KRGC24 (previously 

included in the shelf surface assemblage), and core intervals 295-300 cm. 

Fragilariopsis curta (55.2%) dominates in similar abundance to that observed in the 

cluster groups 1 and 2. There is no obvious subdominant species in the cluster group, 

although T. antarctica resting spores are the second most abundant (7.7%). 

Fragilariopsis cylindrus (4.9%) is significantly less abundant in cluster group 3, 

compared to all other cluster groups where it forms a subdominant species. The 

diversity of less abundant (2-5% ), but common, taxa is greater in cluster group 3 

compared to all others. These include F. angulata, F. kerguelensis, Chaetoceros resting 

spores, Eucampia antarctic a, and T. gracilis. Many of these are significantly more 

abundant in cluster group 3 -(see Table 15.3), but there are no unique indicator species in 

the assemblage. 
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Cluster group 4 contains all surface sediment samples identified as the oceanic 

assemblage. There are no intervals from GC2 that are analogous to this assemblage and 

it will not be discussed further here. 
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Table 15.2. Arithmetic mean abundance(%), analysis of variance (F) and SNK multiple 

range test of species in cluster groups of GC2. 

Species Cluster Group F p 

1 2 2 

Chaetoceros spp. 1.7 0.7 0.5 8.16 *** 

Chaetoceros spores 7.6 5.2 12.5 1.96 

C. criophilum 0.7 0.4 0.1 4.05 * 

D. antarcticus 0.6 0.9 2.3 8.84 *** 

Di. speculum 0.7 0.8 1.1 0.63 

E. antarctica 0.8 0.8 2.1 3.03 * 

F. angulata 3.6 5.6 9.7 13.29 *** 

F. curta 59.6 56.6 31.9 2.19 * 

F. cylindrus 11.5 13.9 9.6 3.24 * 

F. kerguelensis 0.2 0.5 3.5 31.77 *** 

F. obliquecostata 4.2 5.1 7.3 0.97 

F. separanda 0.2 0.4 2.3 6.34 *** 

P. corona 0.9 ti 1.3 7.22 *** 

P. glacialis 0.2 0.5 0.3 1.30 

Ps. turgiduloides u 0.9 0.1 15.79 *** 

T. antarctica spores 1.8 1.6 4.7 8.65 *** 

T. gracilis 0.6 0.9 3.6 26.98 *** 

T. lentiginosa 0.2 0.2 1.4 17.52 *** 

Analyses were carried out on log10(x+ 1) transformed abundances. Degrees of freedom 

2, 55. ANOVA P values:* <0.05, ** <0.005, *** <0.0005, -not significant. Bold type: 

species with significant differences in mean a abundance. Underlined type: species with 

significant higher abundances in a cluster group. 
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Table 15.3. Arithmetic mean abundance(%), analysis of variance (F) and SNK multiple range test of species in cluster 

groups of GC2. 

Species Cluster Group F p 

1 2 3 4 

A. actinochilus QJ. 0.2 0.4 0.8 50.24 *** 

Chaetoceros spp. 0.9 0.2 0.2 0.1 26.77 *** 

Chaetoceros spores 5.8 8.6 2.3 12.6 31.21 *** 

C. criophilum 0.4 0.1 0.1 0.1 20.78 *** 

D. antarcticus 0.7 0.5 u 0.8 5.89 ** 

D. speculum 0.7 0.5 0.9 0.8 4.38 * 

E. antarctica 0.7 04 2.3 Ll 17.99 *** 

F. angulata 4.9 3.9 6.9 ll 34.26 *** 

F. curta 56.93 47.6 55.2 28.8 71.81 *** 

F. cylindrus 14.7 15.9 4.9 13.6 14.10 *** 

F. kerguelensis 0.4 .L.Q 2.4 12.9 158.91 *** 

F. lineata 0.7 0.9 1.1 1.1 6.46 *** 

F. obliquecostata 4.4 2.5 4.0 1.8 28.60 *** 

F. separanda 0.3 0.8 u .LI 60.32 *** 

F. sublineata 0.2 0.7 0.5 0.4 15.60 *** 

Pentalamina 1.5 3.9 1.2 ll 42.52 *** 

P. glacialis 0.4 0.9 0.7 0.2 20.71 *** 

P. turgiduloides .L.Q 0.1 0.1 0.1 66.28 *** 

S. microtrias 0.1 0.3 0.8 0.6 31.93 *** 

T. antarctica spores 1.6 6.7 7.7 6.3 65.60 *** 

T. antarctica (veg) 0.1 0.0 0.0 0.0 0.59 

T. gracilis 0.8 1.4 2.22 3.8 70.89 *** 

T. gracilis var.expecta 0.2 0.2 0.1 0.7 20.44 *** 

T. gravida 0.1 0.1 0.0 0.1 1.82 

T. lentiginosa 0.2 0.4 0.9 2.2 88.01 *** 

Trichotoxin reinboldii 0.1 0.3 0.2 0.9 47.22 *** 

Analyses were carried out on log10(x+ 1) transformed abundance. Degrees of freedom 3, 156. ANOVA P values: * 

<0.05, ** <0.005, *** <0.0005, - not significant. Bold type: species with significant differences in mean a abundance. 

Underlined type: species with significantly higher abundance in a cluster group. 
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15.5 Diatom Assemblages in GC2 

15.5.1 Reworked I Dissolution Assemblage 

The lower 10 cm of GC2 contains a diatom assemblage that is analogous to the cape 

assemblage identified in the surface sediments of Prydz Bay and Mac.Robertson Shelf. 

Fragilariopsis curta is dominant, forming >50% of the frustules observed. The 

assemblage is also characterised by a significantly greater abundance of heavily 

silicified, robust taxa, indicative of oceanographic conditions that range from open water 

(e.g. Actinocyclus actinochilus and F. kerguelensis) to sea ice (e.g. Eucampia antarctica 

and F. angulata). Smaller, more fragile taxa are less common in the cape assemblage, 

including F. cylindrus, which is otherwise subdominant in diatom assemblages on both 

the continental shelf and immediately offshore of the shelf-break zone. 

In the surface sediments, the cape assemblage is interpreted to be indicative of current 

reworking. The assemblage's formation is discussed in detail in Ch<tpter 10. In 

summary, it consists of a lag deposit characterised robust taxa. Smaller, more fragile, 

and lightly-silicified frustules have been winnowed. Grain size analysis of surface 

sediments supports this hypothesis. The diatom assemblage is also observed to coincide 

with a sharp forminiferid-association that Quilty (1985) suggests is controlled by an 

oceanographic boundary. Similar diatom assemblages have been observed in surface 

sediments of the Ross Sea (Truesdale and Kellogg, 1979) and in the southeastern 

Atlantic (Defelice and Wise, 1981). These are also considered to be lag deposits from 

which the lighter, more fragile diatoms have been winnowed selectively by bottom 

currents. 

15.5.2 Shelf Assemblage 

At 290 cm, one analogous to the shelf assemblage in the surface sediment replaces the 

reworked diatom assemblage. As with the cape assemblage, it is dominated by F. curta, 

but subdominated by F. cylindrus. Many of the large, robust taxa that characterise the 

underlying, reworked assemblage are less abundant. The shelf assemblage is also 
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characterised by the centric taxa T. antarctica resting spores, Porosira glacialis and the 

Chrysophyte P. corona. 

In surface sediments, the shelf assemblage is interpreted to represent Antarctic inshore 

and ice-edge waters. Thalassiosira antarctica has been reported to occur in maximum 

abundance in these environments (Hasle and Heimdal, 1968; Fryxell, 1977; Johansen 

and Fryxell, 1985; Medlin and Priddle, 1990), but does not occur within sea ice 

communities. Fryxell et al. (1987) suggest that, unlike many Fragilariopsis species, 

T. antarctica is unable to survive the low light intensities that occur under the ice, or in 

brine channels within the ice. Similarly, P. glacialis is indicative of sea ice (Krebs et al., 

1987), but has not been recorded as a member of within-ice communities (Watanabe, 

1988; Garrison and Buck, 1989; Scott et al., 1994). 

Our knowledge of the ecology of the siliceous marine Chrysophyte Parmales is limited 

compared to that of diatoms. A single "siliceous cyst" noted in the Middle America 

Trench was presumed to prefer cool water and to have been transported to its Quaternary 

strata by cold-water currents at greater depth (Stradner and Allram, 1982). The siliceous 

wall plates and nearly-intact cell walls of two Parmales species have also been described 

in surface and down-core sediments from Prydz Bay (Franklin and Marchant, 1995). 

The distribution and abundance of the same two species in surface sediment from the 

Weddell Sea has prompted Zielinski (1997) to suggest that they occur in neritic areas 

that are influenced by sea ice and I or ice-edge conditions. The findings herein support 

these accounts. Pentalamina corona is significantly abundant in the shelf and oceanic 

surface sediment assemblages, suggesting that it is indicative of ice edge primary 

production. Its absence from the coastal assemblage suggests that it does not occur 

within sea ice algal communities. 

15.5.3 Coastal Assemblage 

Above 285 cm, the diatom assemblage is analogous to the coastal assemblage in the 

surface sediment. It is dominated by the genus Fragilariopsis. Fragilariopsis curta is 
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the most abundant, forming >50% of the total frustules observed, and F. cylindrus is 

subdominant. Two, numerically rare, taxa are unique indicators of the assemblage: 

Chaetoceros spp. and P. turgiduloides. 

In the surface sediments of Prydz Bay and Mac.Robertson Shelf, the coastal assemblage 

represents the preserved portion of the sea ice biocoenose identified by Stockwell et al. 

(1991) and Scott et al. (1994). The same species have been similarly noted amongst the 

dominant and abundant diatoms in the coastal southern waters of Prydz Bay 

(Kopczynska et al., 1995) and in pack ice from the Weddell Sea (Garrison and Buck, 

1989) and fast ice from Ltitzow-Holm Bay (Watanabe, 1988; Tanimura et al., 1990). 

Many of the fragile diatoms, found in abundance in these sea-ice algal assemblages, are 

not preserved in abundance in sediments. Such species include Chaetoceros spp., 

C. criophilum and P. turgiduloides. Although not preserved in large abundance 

(:::;3.6%), P. turgiduloides and C. criophilum are significantly more abundant in the 

coastal assemblage compared to their distribution elsewhere in the surface sediments. 

Pseudonitzschia turgiduloides is the unique abundance indicator species of the coastal 

assemblage, when only the surface sediments are analysed; inclusion of GC2 samples 

also identifies C. criophilum as an indicator species of the assemblage. 

The relative abundance of the C. criophilum in GC2 has probably been caused by 

preferential preservation. The effect of anoxia on frustule preservation is discussed in 

Chapter 14. In the anoxic conditions of Nielsen Basin, C. criophilum may be 

preferentially preserved compared to the frustules of this species in Prydz Bay. The 

relatively high abundance of C. criophilum in sediment from Iceberg Alley is also 

attributed to the same mechanism. 
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15.6 Holocene Palaeoecology of Nielsen Basin 

15.6.1 Mid Holocene (>5.7 Ka) 

The diatom assemblage in the lower 10 cm of GC2 is interpreted to have been deposited 

prior to -5.7 Ka, based on reservoir-corrected radiocarbon dates. In the surface 

sediment, evidence suggests that strong bottom currents have formed this assemblage, 

which is analogous to the reworked cape assemblage. In GC2, dissolution is suggested 

as an alternative mechanism that has produced a similar assemblage. 

The sedimentation rate at the base of GC2 is seven times lower than that at the top of the 

core (Table 15.2), at only 0.025 cm yr·1 (between 5.9 Ka and 3.3 Ka), compared tq __ 

0.179 cm yr·1 (between 0.7 Ka. And 0.3 Ka). The slow deposition rate, and 

characteristic sandy facies at the base of the core, suggests that in GC2 the cape 

assemblage was deposited in close proximity to, or beneath, a floating ice shelf. 

Deposition rates beneath an ice shelf (or ice tongue) are much slower than rates seaward 

of the calving zone (Kellogg and Kellogg, 1988). This would allow for increased 

chemical and physical dissolution of diatom frustules in both the water column and at 

the sediment-water interface. During this time many of the smaller and more fragile 

diatom species can be removed. An ice shelf over Nielsen Basin prior to 5.7 Ka may 

have formed locally, and I or represent the advance of a small glacier tongue from the 

adjacent Strahan Glacier. Harris and O'Brien (1996) use this hypothesis to explain the 

formation of their geomorphic Zone 1 (high-relief, ridge and valley topography) on 

Mac.Robertson Shelf. It probably formed under the influence of subglacial incision and 

erosion during Pleistocene and older glacial maxima when the East Antarctic Ice Sheet 

expanded to the shelf-break (Harris and O'Brien, 1996). 

Does the presence of an ice shelf over Nielsen Basin prior -5.7 Ka correspond with the 

advance in East Antarctic outlet glaciers 7.3-3.8 Ka, as noted by Domack et al. (1991b), 

and attributed to the hypsithermal? The hypsithermal is generally regarded as a period 

of warmest conditions in the Northern Hemisphere, 7.0-4.0 Ka (Pielou, 1991). Glacial 

expansion along the Antarctic coast during such an event would be possible as warming 
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gives rise to increased precipitation (in the form of snowfall), rather than ablation, in 

polar climates. A temperature increase >5°C would be required to induce negative or 

neutral mass balance for ice retreat to eventually occur in Antarctica (Huybrechts and 

Oerlemans, 1990). Imbrie and Imbrie (1986) have demonstrated that the hypsithermal in 

other parts of the world was, on average, only 2°C warmer than present, and would have 

favoured an expansion of the Antarctic ice sheet. If katabatic winds off the East 

Antarctic Ice Sheet were also reduced, as might be expected with a reduced surface­

temperature gradient, then accumulation would also have been greater during this time 

(Domack et al., 1991b). 

Documentation of an Antarctic hypsithermal is limited, but there are two schools of 

thought for the timing of this event. Average temperature curves calculated from six ice 

cores recovered from coastal and inland Antarctica suggest that the Early Holocene 

(11.0-9.0 Ka) was warmer than the present by -1-2°C (Ciais et al., 1992, 1994). In 

comparison, the sedimentalogical record from ODP Site 740A in Prydz Bay suggests 

that the Antarctic hypsithermal occurred in East Antarctica 4.3-3.8 Ka (Domack et al., 

1991b). And independent evidence (e.g. Burckle, 1972; Truesdale and Kellogg, 1979; 

Domack et al., 1991a, 1991b; Shevenell et al., 1996; Pushina et al., 1997; Kirby et al., 

1998; Cunningham et al., in press) also implies that, in Antarctica, the mid-Holocene 

was a period of climatic warming. These records closely link to the diatom evidence 

fromGC2. 

15.6.2 Mid Holocene (5.7 Ka to 5.5 Ka) 

The shelf diatom assemblage is interpreted to have been deposited in GC2 between 

5.7 Ka and 5.5 Ka. Its appearance suggests that open marine conditions had become 

established, and that seasonal sea ice was present. Deposition of the shelf assemblage 

also coincides with a transition in the core's stratigraphy, from the fine, sandy clay 

associated with the underlying dissolution assemblage, to massive, biosiliceous ooze. 

The transition is probably indicative of a relative increase in the rate of biogenic 

sediment supply. Alternatively, it may indicate a decreased input (and decreased 
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accumulation rate) of terrigenous sediment, such as would occur if a permanent ice shelf 

retreated (Domack et al., 1989; 1991a). 

An increase in the sediment accumulation rate is synchronous with a change in the 

diatom assemblage and sedimentary facies at -290 cm (5.6 Ka). Two hypotheses to 

account for this increase are suggested by Sedwick et al. (in press). It may have been 

caused by changes in sediment transport processes or sediment focusing, such that 

sediments were being transported into Nielsen Basin from a progressively increasing 

"catchment" area, due to ice sheet retreat or changes in shelf-water circulation. 

Alternatively, the increase may reflect real increases in pelagic sedimentation in 

overlying waters, perhaps as a result of a progressive decrease in ice cover over this site 

during the Holocene. 

The combined evidence (change in diatom assemblage, change in sediment facies, and 

increased sediment accumulation rate) suggest that during the mid Holocene ( 5. 7-

5 .5 Ka) glacial retreat occurred near Nielsen Basin. This is considerably earlier than 

glacial recession recorded elsewhere along the East Antarctic coast. For example, 

Domack et al. (1991b) suggest that the transition from glacial- to open-marine 

sedimentation in Mertz-Ninnis Trough, Dumont D'Urville Trough and the Amery 

Depression commenced between 4.3 Ka and 3.8 Ka, based on the presence of glacial 

marine diamictons and sands that overly biosiliceous ooze. If an expanded ice shelf near 

Nielsen Basin was comparatively smaller, it may have responded to climate change 

more rapidly (Harris, pers. comm.). This could account for this apparent time difference 

of -1 000 years. Alternatively, a more precise radiocarbon chronology between all four 

sites may need to be established. 

15.6.3 Mid Holocene to Present (<5.5 Ka) 

Based on reservoir corrected radiocarbon dates, the coastal diatom assemblage in GC2 

has been deposited, without interruption, in Nielsen Basin since 5.5 Ka. For the coastal 

diatom assemblage to form in preference to the shelf assemblage, multi-year sea ice 
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must be present. Today, this occurs in areas of Prydz Bay and Mac.Robertson Shelf 

where grounded icebergs prevent sea ice from its annual summer breakout, normally in 

shallower coastal areas or on shelf banks. 

The uninterrupted deposition of a coastal assemblage in GC2 suggests that the 

depositional environment of Nielsen Basin has not been significantly altered by 

oceanographic or climatic conditions during this time. Geochemical records from this 

core also suggest that accumulation of biogenic and terrigenous material has been 

relatively constant since the mid to late Holocene (Sedwick et al., in press). Climatic 

cooling following the Antarctic hypsithermal probably allowed the establishment of 

open marine conditions, with summer sea ice building up on shallow shelf breaks. On 

Mac.Robertson Shelf, the grounded icebergs on East and West Storegg Banks, which 

flank Nielsen Basin, are able to trap seasonal sea ice and restrict its breakout each 

summer. In this environment, the ice-associated coastal diatom assemblage forms and is 

being preserved in Nielsen Basin. 
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15. 7 Conclusion 

A good, continuous. record of the Holocene depositional environment on the inner-shelf of 

Mac.Robertson Shelf is provided by the diatom assemblages preserved in GC2. The 

assemblages and their palaeoecological interpretation are summarised in Table 15.4. Prior to 

-5.7 Ka, the diatom assemblage, in association with a sandy sediment facies, indicates that 

Nielsen Basin was in close proximity to, or beneath, a floating ice shelf. Expansion of 

glacial ice across Mac.Robertson Shelf at this time was probably in response to mid 

Holocene warming. Slower sediment accumulation rates also during this time would have 

caused increased chemical and physical dissolution of the diatom frustules, producing an 

assemblage characterised by robust and heavily silicified taxa. In GC2, this assemblage is 

analogous to the modern cape assemblage present on Mac.Robertson sµelf, formed by 

current reworking. It is important to note that the two different oceanographic regimes can ' 

produce a similar sedimentary diatom assemblage. This has implications for future 

palaeoecological interpretations of similar assemblages and care must be taken in interpreting 

their origin. 

After 5.7 Ka, glacial retreat across Nielsen Basin saw the temporary deposition of a shelf 

diatom assemblage. The shelf assemblage indicates the onset of open marine conditions, 

with seasonal sea ice. This was replaced by a coastal assemblage, which has been deposited 

continuously in Nielsen Basin since 5.5 Ka. In the modern environment, the coastal 

assemblage is indicative of areas where summer sea ice does not seasonally break out and 

multi-year ice builds up. Climatic cooling that has remained relatively constant, following 

the mid Holocene climatic optimum, or hypsithermal, has probably lead to the development 

of this assemblage in GC2. 
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Table 15.4. Summary of Holocene palaeoclimate of Nielsen Basin, inferred from GC2. 

Corrected 14C Age (Ka) Core Lithology Diatom Assemblage Major Species 

<5.5 Biosiliceous ooze Coastal F. curta 

5.5 -5.7 Biosiliceous ooze 

>5.7 Ka Fine, sandy clay 

Shelf 

Cape 

F. cylindrus 

F. curta 

F. cylindrus 

Chaetoceros spores 

F. cylindrus 

F. curta 

F. kerguelensis 

Climate Interoperation 

Mid to Late Holocene 

cooling, following Mid 

Holocene climatic 

optimum 

Open marine deposition 

Floating ice shelf 



16.1 Site Description 

- Chapter 16 -

KROCKGC29 

GC29 

Core KROCK/1S/GC29 (GC29, hereafter) was recovered from southeast Prydz Bay 

(68° 39.78'S, 76° 41.73'E; Fig. 13.1), in a water depth of 789 m. The site is -SO km 

from the Vestfold Hills - a rocky, coastal, ice-free outcrop that extends north east from 

the Amery Ice Shelf towards the West Ice Shelf, and covers an area of -410 km2 

(Adamson and Pickard, 1989). During the late Pleistocene, the Vestfold Hills were 

covered by -1000 m of ice. The ice sheet retreated to its present position during the 

Holocene to expose the hills (Adamson and Pickard, 1989). In Prydz Bay, sea ice is 

present throughout autumn, winter and spring, with ice breakout occurring in early 

spring and open water generally predominating the area by January. 

16.2 Core Description 

GC29 is 3S2 cm long (Fig. 16.1). It shows no sign of internal structure, erosional 

surfaces, laminations, or bioturbation, and appears to represent an uninterrupted 

sedimentary record (Franklin, 1997). Three lithological units can be recognised. Unit 1 

(0 cm to 130 cm) consists of massive, diatomaceous ooze, which is typical of the 

compound glacial-marine sediments being deposited on the continental shelf of 

Antarctica today (Anderson et al., 1980; Domack, 1988). The ooze is moderate, olive 

brown (SY 4/4) in colour at the top, grading to moderate, olive grey (SY 4/2) at the base. 

Below unit 1, the ooze grades into diamicton (Unit 2; 130 cm to 30S cm). Unit 2 

contains gneiss dropstones with a diameter 1-2 cm, supported by current reworked, 

massive sand and silt deposits, typical of iceberg-rafted debris (Kellogg and Kellogg, 

1988). It is medium, greenish grey (SGY S/l). Unit 3 is characterised by a gradual 

increase in compaction and colour change to dark, greenish grey (SGY 4/1). Sediment 

compaction may be indicative of compacted tillite, such as that deposited below the 

grounding line of an ice sheet. There is no distinct structural boundary between units 2 

and 3. 

16.3 Fossil Assemblages 

Diatoms are abundant and well preserved between 0 cm and 13S cm. They are present 

between 13S cm and 14S cm, but are poorly preserved and not quantifiable. Diatoms are 

rare to absent below 14S cm. Fragilariopsis curta is the most abundant species in the 
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upper 25 cm, forming >50% of the frustules observed. Below this, F. curta and 

T. antarctic a resting spores co-dominate, until 105 cm. Thalassiosira antarctica resting 

spores are dominant below 105 cm. There is no visible reaction to HCl throughout 

GC29, indicating that calcareous shells, such as formanifera, are absent. No other fossils 

or fossilised structures were observed. 
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Fig. 16.1. GC29 core log, radiocarbon dates and diatom assemblages when 
compared to surface sediments. 
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16.4 GC29 - Results 

16.4.1. Radiocarbon Dates 

Three AMS radiocarbon dates were obtained from bulk organic carbon samples (Table 

16.1). An ocean reservoir correction factor of 1 750 radiocarbon years has been 

subtracted from the 14C ages, based on the work of Domack et al. (1991a) from nearby 

ODP Site 740A. This gives GC29 a corrected core top age of 740 yBP, which is similar 

1to the corrected ages obtained from the surface of cores GCl and GC2 on 

Mac.Robertson Shelf. A corrected age of 12 400 yBP was obtained from 134-135 cm. 

This coincides with the transitional boundary from biosiliceous ooze to diamicton, 

implying a change from open marine to beneath-ice deposition around this time. Based 

on ODP Site 740A, the initiation of open-marine conditions in Prydz Bay is estimated to 

have commenced about 10 700 yBP (Domack et al., 1991a). The bottom of GC29 

extends into the late Pleistocene, with a corrected age of 22 060 yBP obtained_bet':"een 

350 cm and 352 cm. 

Table 16.1. Uncorrected AMS radiocarbon dates obtained from bulk organic carbon for 

GC29. 

Interval (cm) 

0-2 

134 - 135 

350 - 352 

14C Date (yBP) 

Uncorrected 

2493 ± 67 

14 140 ± 120 

23 810 ± 230 

Corrected 

743 

12 390 

22 060 

t Deposition rates determined between 2-135 cm and 135-352 cm. 

Deposition Rate 

(cm yr·1)t 

0.012 

0.022 

Simple linear regression indicates a good age v depth correlation (R2 = 0.965; Fig. 16.2). 

Sediment accumulation rates in the core are relatively constant throughout, from 0.012 

cm yr·1 (between 0 cm and 135cm) to 0.022 cm yr·1 (between 135 cm and 352 cm). 

Average sediment accumulation rate over the entire core is 0.017 cm yr·1
• This rate is 
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similar to that determined by Harris (pers. comm.), who calculates an average Holocene 

sedimentation rate in Prydz Bay of 0.02 cm yr"1
• Domack et al. (1991a), however, have 

estimated sedimentation rates to range from 0.187 cm yr·' to 0.144 cm yr', from ODP 

Site. 740. There is no evidence to suggest that unconformities are present in the core and 

the work herein agrees with Franklin (1997), whose findings indicate that GC29 records 

sedimentation without erosional processes in Prydz Bay since the late Pleistocene. 

0 

100 

200 

300 

x = 59.378y + 2151.322 
r2 = 0.965 

0 5000 10000 15000 20000 25000 

Corrected Age (yBP) 

Fig. 16.2. Linear regression of corrected radiocarbon ages versus depth. 

16.4.2. Diatom Assemblages 

Diatoms are present in quantifiable abundance to 135 cm. This corresponds with the 

massive biosiliceous ooze of lithological unit 1, below which the sediment grades into 

the diamicton of unit 2. Downward throughout unit 1, there is a synchronous decrease in 

abundance of F. curta and increase in T. antarctica resting spores. Members of the 

genus Fragilariopsis dominate between 0 cm and 25 cm. Fragilariopsis curta is the 

most abundant species, forming up to 65.2% of the assemblage. Below 30 cm, F. curta 

and T. antarctica resting spores co-dominate the assemblage. Both species are present at 
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-35%, and Chaetoceros resting spores subdominate. The lower-most intervals of GC29 

are dominated by T. antarctica resting spores and subdominated by F. curta. 

16.4.3. Statistical analyses 

GC29 

Fifteen diatom species with an abundance >2% are observed in 28 samples from GC29, 

between 0 cm and 135 cm (Appendix 7). A dendrogram illustrating the sample affinities 

is illustrated in Fig. 16.3. Three cluster groups are identified, with a dissimilarity of 

18.8% and a cophenetic correlation of 0.55. Significantly abundant species in each 

cluster group are listed in Table 16.2. Analyses are based on log10 values; all values in 

the following discussion are based on arithmetic mean percent values. 

Cluster group 1 occurs in the upper 25 cm of GC29. The diatom assemblage is 

dominated by F. curta (49.8%), and subdominated by T. antarctica resting spores 

(15.7%). Less abundant but common (>2%), are Chaetoceros resting spores, 

F. angulata, F. cylindrus, F. obliquecostata, and the Chrysophyte P. corona. Based on 

log10 values, F .. curta is a unique abundance indicator species of the cluster group. The 

group is also characterised by a significantly higher abundance Porosira glacialis 

(l.9%). 

Cluster group 2 is the largest cluster group, occurring uninterrupted between 30 cm and 

100 cm, and at 110 cm. Thalassiosira antarctic a resting spores (29 .5 % ) and F. curt a 

(27 .0%) are co-dominant, and Chaetoceros resting spores are subdominant (11.9% ). 

Less common are F. angulata, F. cylindrus, F. kerguelensis, and P. corona. There are 

no unique indicators of the diatom assemblage; however, it can be differentiated from 

that of cluster group 1 by the significantly greater abundance of Chaetoceros resting 

spores, Dactyliosolen antarcticus, F. cylindrus, F. kerguelensis, F. obliquecostata, and 

T. antarctica resting spores. The abundance of P. glacialis is significantly greater 

compared to cluster group 3, but less abundant compared to cluster group 1. 
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Cluster group 3 contains a small number of samples from the base of the biosiliceous 

ooze (unit 1). The cluster group is present at 105 cm, and also occurs from 115 cm to 

135 cm. Thalassiosira antarctica resting spores (36.5%) are dominant, and F. curta 

(28. 8 % ) subdominant. Neither are significantly different in abundance compared to that 

of cluster group 2. Present at >2% are Chaetoceros resting spores, F. cylindrus, 

F. kerguelensis, and F. obliquecostata. There are no indicator species in the 

assemblage, but it can be identified by a significantly higher abundance of 

F. kerguelensis , compared to its abundance in both cluster groups 1 and 2. 

GC29 and Suiface Samples 

Core and surface sediment sample affinities, based on cluster analysis, are illustrated as 

a dendrogram in Fig. 16.4. Using 23 species with an abundance >2%, from 126 

samples, five cluster groups are identified at 28.30% dissimilarity and with a cophenetic 

correlation of 0.54. The significantly abundant species in each cluster group are listed 

in Table 16.3. Values in the following discussion are based on arithmetic mean percent 

values, unless otherwise indicated. 

Cluster group 1 contains all surface samples identified as the coastal diatom assemblage. 

There are no samples from GC29. The coastal diatom assemblage is described in detail 

in Chapters 9 and 10, and will not be further discussed here. 

Cluster group 2 contains all surface sediment samples identified as the shelf assemblage, 

and GC29 samples 0-15 cm and 25 cm. The diatom assemblage is most similar to the 

coastal assemblage, and is dominated by F. curta (48.4%). Based on log10 values the 

abundance is not significantly different from that observed in the coastal assemblage. 

Similarly, F. cylindrus (15.1 %) is subdominant in the shelf assemblage; however, its 

abundance is significantly lower compared to the coastal assemblage. Less abundant, 

but common (>2%), are Chaetoceros resting spores, F. angulata, F. kerguelensis, 

T. antarctica resting spores, and the Chrysophyte P. corona. There are no unique 

indicator species, but it can be identified by the significantly greater abundance of 
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several species compared to the other cluster groups (see Table 16.3). The most notable 

of these is P. corona, which reaches its maximum, and most significant, abundance in 

cluster group 2. 

Cluster group 3 contains GC29 intervals 20 cm and 30-135 cm. There are no surface 

sediments in Prydz Bay or Mac.Robertson Shelf with diatom assemblages that are 

analogous. It is characterised by the co-dominance of T. antarctica resting spores 

(31.0% ), and F. curta (28.1 % ). The abundance of T. antarctica spores is significantly 

greater in cluster group 3 compared to all other clusters groups. Fragilariopsis curta is 

significantly less abundant compared to cluster groups 1, 2 and 5. The assemblage is 

~subdominated by Chaetoceros resting spores (11.0%); common (>2%) are F. angulata, 

F. cylindrus, F. kerguelensis, F. obliquecostata, and P. corona. Two indicator species 

characterise the assemblage: F. obliquecostata and the silicoflagellate Distephanus 

speculum (Ehrenberg) Manguin. Several species can also be noted as significantly more 

abundant in cluster group 3 compared to other cluster groups, but are not indicator 

species (Table 16.3). Cluster group 3 is hereafter referred to as the "open shelf' diatom 

assemblage. 

Cluster groups 4 and 5 contain all surface samples identified as the oceanic and cape 

diatom assemblages, respectively. There are no analogous samples from GC29. Both 

assemblages are described in detail in Chapters 9 and 10 and, will not be further 

discussed here. 
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Table 16.2. Arithmetic mean abundance(%), analysis of variance (F) and SNK multiple 

range tests of dominant species in cluster groups of GC29. 

Species Cluster Group F p 

1 2 3 

Chaetoceros spores 4.7 11.9 9.5 10.79 *** 

D. antarcticus 0.2 0.8 0.8 11.44 *** 

D. speculum 1.3 1.8 1.4 0.92 

E. antarctica 0.4 0.8 0.8 4.05 * 

F. angulata 3.7 2.6 1.2 4.95 * 

F. curta 49.8 27.0 28.8 30.51 *** 

F. cylindrus 7.4 8.3 2.5 18.52 *** 

F. kerguelensis .LQ ll 6.2 36.92 *** 

F. obliquecostata 3.7 4.4 4.6 0.75 

F. separanda 0.6 0.7 0.6 0.00 

P. corona 4.6 3.6 0.7 18.32 *** 

P. glacialis _L2 0.9 0.6 18.31 *** 

T. antarctica spores 15.7 29.5 36.5 24.14 *** 

T. gracilis 0.8 1.2 0.8 4.50 * 

T. lentiginosa 0.5 0.6 0.4 0.40 

Analysis was carried out on log10(x+l) transformed abundance. Degrees of freedom 2, 

25. ANOVA P values: * <0.05, ** <0.005, *** <0.0005, - not significant. Bold: species 

with significant differences in mean abundance. Underlined: species with significantly 

higher abundance in a cluster group. 
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Table 16.3. Arithmetic mean abundance(%), analysis of variance ( F) and SNK multiple range tests of dominant species 111 cluster groups of 

GC29 and sulface sediment samples. 

Species Cluster Group F p 

1 2 3 4 s 

A. actinochilus 0.1 0.2 0.2 .o....s. 05 20.97 *** 
Chaetoceros spp. 0.1 0.1 0.3 0 1 0.0 3.34 * 

Chaetoceros spores iJ. 7.8 ll..Q. 12.6 ll 23 51 *** 
D. antarcticus 0.2 0.4 0.8 0.8 0.9 8.57 *** 
D. speculum 0.4 0.6 Ll 0.8 06 15.21 *** 

E. antarctica 0.1 0.4 .o....s. .Ll 2.3 13.74 *** 
F. angulata 42 1..2. 2.2 2.1 .iQ 17 75 *** 
F. curta 547 :IBA 28.1 28.8 62 8 50.05 ¥*¥ 

F. cylindrus 223 .li..l 6.7 ilQ 2.6 17 14 *** 
F. kerguelensis 0.5 1.0 11 12.9 2.0 69.72 *** 
F. lineata 0.70 0.9 0.6 .Ll. 1.1 3.92 ** 
F. obliquecostata 18 26 4 .. 5 1.8 2.7 19 69 *** 
F. separanda 02 07 07 .LI l.1 23 44 *** 
F. sublineata 04 0.7 0.4 0.4 06 2.21 * 
P. corona 1.6 4.0 2.9 11 1.1 9.44 *** 
P. glacialis 0.2 .Ll. 07 0.2 06 19.13 ~*x 

P. turgiduloides 04 0.1 0 1 1.8 0 1 6 04 *** 
S. microtrias 02 0.3 0.3 0.6 0.9 8 29 *** 
T antarctica 0.1 0.0 0.0 0.0 0.0 2.3 

T. antarctica spores Ll. 12 n.J2 .6.J. .8..2 74.30 *** 
T. gracilis 0.8 1.2 1 1 ll ll 40.53 *** 
T. gracilis var. expecta 0.2 0.2 02 07 0.0 9.90 *** 
T. lentiginosa 0.2 0.4 0.5 22 0.8 44.60 *** 
T. reinboldii 0.1 0.3 0.2 Q..2. 0.2 18 93 ::CXx 

Analysis was carried out on log1o{x+J) transformed abundance. Degrees of freedom 4, 121. ANOVA P values· * <0.05, ** <0.005, "'** 
<0.0005, - not sigmficant. Bold: species with significant differences in mean abundance. Under/med: species with sigmficantly different 

abundance in a cluster group. Cluster group (diatom assemblage) names. 1 = Coastal, 2 = shelf; 3 = Open shelf; 4 = Oceamc; 5 = Cape. 
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16.5 piatom Assemblages in GC29 

16.5.1 Shelf Assemblage 

A diatom assemblage analogous to the modem shelf assemblage in Prydz Bay and 
·- . 

Mac.Robertson Shelf occurs at the top of GC29. Fragilariopsis curta is the dominant 

species, and F. cylindrus is subdominant. In surface sediments, the shelf assemblage 

represents continental shelf and ice edge waters where summer sea ice has recently 

retreated, but a stationary ice edge may persist nearby: 

The shelf assemblage d~ffers from the coastal diatom assemblage, which is indicative of 

shallow and coastal areas where sea ice does not seasonally break out, by a significantly 

greater abundance of the centric diatoms T. antarctica resting spores and P. glacialis, 

and the Chrysophyte P. corona., Thalassiosira antarctica has been reported to occur. in 

maximum abundance in Antarctic inshore and ice-edge waters (Hasle and Heimdal, 

1968; Fryxell, 1977; Johansen arid Fryxell, 1985; Medlin and Priddle, 1990). This is in 

contrast to many Fragilariopsis species that occur ~nder the ice, or in brine channels 

within the ice, probably because they are able to survive the low light intensities here 

(Fryxell et al., 1987). Similarly, P. glacialis is ice associated (Krebs et al., 1987), but 

does not occur within ice algal communities (Watanabe, 1988; Garrison and Buck, 1989; 
. . 

Scott et al., 1994). The known ecology of the Chrysophtyte order Parmales, and their 

distribution in sediment, is limited. They are discussed in preceding chapter. The 

findings of the present study generally support the hypothesis that Parmales do not occur 

within sea ice algal communities, but are indicative of the ice edge zone. 

16.5.2 Open Shelf Assemblage 

There is no modem analogue for the open shelf as~emblage in GC29. The assemblage is 

co-dominated by T. antarctica resting spores and F. curta. Chaetoceros resting spores 

subdominate. Cluster analysis indicates that it is intermediate between the modern shelf 

and oceanic assemblages in both species composition and abundance (Table 16.4). 
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Table 16.4. Relative abundance of indicator species in shelf, open shelf, and oceanic 

diatom assemblages (GC29). 

Species Relative Abundance Primary 

Environment 

Shelf Open Shelf Oceanic 

F. curta High Low Low Ice 

F. kerguelensis Intermediate Low High Open water 

F. obliquecostata Intermediate High Low Open water 

T. antarctica Low High Low Open water 

The shelf assemblage characterises regions on the continental shelf where open water 

dominates in summer, but seasonal sea ice may have only recently retreated to expose 

the area and a permanent, nearby ice edge may persist. The diatom assemblage contains 

species that are typically associated with ice edge zones. The oceanic assemblage has 

been found, in this study, to be distributed mainly in the surface sediments off shore 9f 

the continental shelf break, and extending as a "tongue" into Prydz Bay between 75°E 

and 78°E. This is probably via transportation in deep, warm Antarctic Circumpolar 

Current waters that cross the continental shelf via the Prydz Bay cyclonic gyre. The 

oceanic assemblage contains species indicative of open water, such as F. kerguelensis, 

which dominates at subantarctic latitudes (Burckle and Cirilli, 1987; Burckle et al., 

1987). 

Ab~ndant T. antarctica resting spores, comparable to that in the open shelf assemblage, 

does not occur in the surface sediments of Prydz Bay or Mac.Robertson Shelf. But 

before the palaeoenvironmental implications of the spores can be discussed, it is 

important to consider the ecology of the genus. Thalassiosira is widespread in Antarctic 

waters, but generally considered indicative of open water (Fryxell and Kendrick, 1988). 

It is uncommon in sea ice (Leventer and Dunbar, 1988, 1996; Garrison and Buck, 1985; 

Fryxell and Kendrick, 1988; Zielinski and Gersonde, 1997), with maximum a abundance 
I 

up to only 0.5% having been reported in sea ice samples from McMurdo Sound 
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(Leventer and Dunbar, 1987b). Fryxell et al. (1987) suggest that the absence of 

Thalassiosira in sea ice may be explained by its inability to survive the low light 

intensities that occur under the ice, and in the brine channels within the ice. This 

appears true for most members of the genus, with the exception of T. australis that has 

been observed amongst the dominant species beneath snow-free fast ice (McMinn, 1996; 

McMinn, in press; McMinn et al., in press a & b). 

The specific ecology of the T. antarctica is less well known. It, too, is considered to .be 

an open water species, but has been observed in association with ice edge regions (Hasle 

and Heimdal, 1968; Fryxell, 1977; Villareal and Fryxell, 1983a; Pichon et al., 1992). 

These observations are supported by the findings herein, where T. antarctica resting 

spores are indicators of the shelf diatom assemblage. Thalassiosira antarctica has also 

been reported to be a member of sea ice samples (Horner, 1985; Krebs et al., 1987), and 

in the platelet ice that gathers under coastal pack and fast ice (Villareal and Fryxell, 

1983a; Horner, 1985; Krebs et al., 1987; Smetacek et al, 1992; Leventer and Dunbar, 

1996). Krebs et al. (1987) considered the resting spores to be truly cryophilic, based on 

their study of sea-ice microflora collected from a variety of sea ice types from the 

Antarctic Peninsula. Their interpretation should.be regarded with caution, however, 

given that the spores occurred in only four out of 21 sea ice samples analysed, and were 

not observed to form> 1.3% of the total number of cells counted. 

Recently, Cunningham and Leventer (1998) speculate that an unusually high abundance 

of T. antarctica resting spores ih Ross Sea surface sediment may be due to the increased 

significance of an autm:µn bloom, initiated by the scavenging of T. antarctica by loose 

ice crystals. Thalassiosira antarctica resting spores have not been observed in 

comparable abundance in the water column, which they suggest is due to the majority of 

phytoplankton studies having been carried out in spring and summer months. If 

T. antarctica does bloom in autumn, this, they suggest, would also explain an increase in 

the percent of T. antarctic a resting spores from May to January in sediment trap studies 

observed by Leventer and Dunbar (1988) in the Ross Sea. 
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Based on this hypothesis, Cunningham et al. (in press) speculate that an increase in 

T. antarctica resting spores, and decrease in F. curta, between 6.0 Ka and 3.0 Ka in 

gravity cores from the Ross Sea indicates: 

1. a decrease in the significance of spring and summer ice edge blooms; and 

2. an increase in the temporal occurrence or amount of loose pack ice during 

autumn. 

This may be due to the seasonally late development of solid ice cover, due to increased 

wind stress, and I or increasing contributions of platelet ice, due to increased melting at 

the base of a receding Ross Ice Shelf (Cunningham et al., in press). Either alternative 

implies a separate climate regime, however, which needs to be resolved. Windier 

conditions tend to be associated with a cooler climate, such as that experienced in East 

Antarctica during the Little Ice Age between -1500 AD and-1800 AD (Mosley­

Thompson, 1992). Increased melting and recession of an ice shelf may be indicative of 

warmer atmospheric temperatures. Leventer et al. (1993) also note that seasonal 

changes in sea ice extent around Antarctica clearly demonstrates the role that 

temperature plays in the distribution of sea ice. 

Rather than being associated with platelet ice during part of its life cycle, it is suggested 

herein that the formation of T. antarctica resting spores could be triggered by the low 

light intensities that occur beneath developing pack and platelet ice. Diatom 

communities that are associated with platelet ice have been demonstrated to possess 

photosynthetic properties for extreme shade adaptation (Arrigo et al. 1993; Robinson et 

al., 1995). Sea ice studies from Prydz Bay (Scott et al., 1994) and Liitzow-Holm Bay 

(Tanimura et al., 1990) have not recorded T. antarctica (resting spores or vegetative 

cells) to be present in sufficient abundance for them to be considered a significant 

member of the ice assemblage, however. This would imply that T. antarctica, like most 

other members of the genus, is not photosynthetically adapted to low light. 
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Nutrient depletion may also contribute to spore formation in T. antarctica. Antarctic 

waters are generally high in nutrients and only in certain circumstances, such as during 

algal blooms, may they become sufficiently depleted so as to be limiting to 

phytoplankton growth (Fukai et al., 1986; Nelson and Smith, 1986; Nelson and Treguer, 

1992; McMinn et al., 1995). Lizotte and Sullivan (1991) have noted that although water 

beneath sea ice is usually high in nutrients, the platelet ice that accumulates here may 

restrict seawater flux and restrict nutrient resupply. Whether spore formation occurs in 

autumn, however, as suggested by Cunningham and Leventer (1998), is still to be 

determined. 

16.6 Holocene Palaeoecology of Inner Prydz Bay 

16.6.l Upper Pleistocene (> 12.4 Ka) 

Diatoms are not in quantifiable abundance from the base of GC29 to 135 cm. The rare 

frustules that are present occur mainly as fragments, indicating extensive mechanical 

breakage that has probably taken place during deposition and burial. The low 

abundance of diatoms corresponds with lithological units 2 and 3 (Fig.16.1). Unit 3 

extends from the base of the core and consists of dark grey, compact tillite. It is 

separated from unit 2, at 305 cm, by a transitional boundary. Unit 2 grades into 

massively bedded, sand and silt diamicton. It was last deposited at -130 cm 

Based on reservoir corrected radiocarbon dates, and assuming a relatively constant 

sedimentation rate, the base of the core has an age of -23.0 Ka. At 135 cm, a corrected 

radiocarbon age of 12.4 Ka was obtained. O'Brien (1992) and Franklin (1997) suggest 

that a significant inlet of marine water was present along the Ingrid Christensen Coast 

during this time. Franklin (1997) also notes that GC29 shows no signs of internal 

structure, erosional surfaces, lamination, or bioturbation, and appears to represent a 

period of uninterrupted deposition. High levels of biogenic silica suggest that the area 

was subject to open marine conditions for most of this time (Franklin, 1997). The 

lithology of the core and low abundance of diatoms observed herein, however, implies 
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that ice was grounded over the site from at least -23.0 Ka, until 12.4 Ka. This can be 

correlated with the Last Glacial Maximum (LGM), which, in Antarctica, is placed 

between 10.0 Ka and 25.0 Ka (Adamson and Pickard, 1986). 

A study of seismic profiles and gravity cores from Prydz Bay by Domack et al. (1998), 

does imply that the LGM was associated with the grounding of an ice sheet, or ice shelf, 

at least along the western periphery of Prydz Channel. Ice shelf conditions probably 

existed across the channel during this interval (Domack et al., 1998). Recession across 

the channel led to the deposition of fossiliferous diamicton, and eventually siliceous, 

muddy ooze, indicating seasonally open marine conditions. The age for the transition 

from a grounded ice sheet to an open marine environment in the east Prydz Channel is 

-11.0 Ka (O'Brien and Harris, 1996), based on a core collected from the Amery 

Depression. Similarly, Domack et al. (1991a) suggest that the transition from 

glaciomarine clays to diatom ooze at ODP Site 740A commenced 10.7 Ka and marks the 

onset of open marine conditions in eastern Prydz Bay. 

16.6.2 Early to Late Holocene (12.4 Ka to 3.2 Ka) 

Diamicton is replaced by massive siliceous ooze (unit 1) at about 130 cm. Diatoms are 

present in quantifiable abundance above 135 cm, when deposition of the open shelf 

assemblage commenced 12.4 Ka. Deposition of this assemblage continued throughout 

the Holocene, until 3 .2 Ka. 

In GC29, the open shelf assemblage is interpreted to represent increased open water 

relative to that on the continental shelf today. Loose sea ice may have also been present, 

but it probably broke out earlier, and reformed later, in the season. Pack ice is inferred 

to be the primary ice type due to the high abundance of T. antarctica resting spores, and 

the relatively low abundance of F. ~urta (Fig. 16.5). A negative correlation (R2 = 0.658) 

is also observed between T. antarctica resting spores and F. curta. The ecology of 

T. antarctica, discussed in detail above, is not certain, but it is generally considered an 

open water species with some minor ice association. In contrast, F. curta is commonly 

found in both fast and pack ice, as well as in the meltwater-stratified surface layer 
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associated with a retreating ice edge (review in Cunningham and Leventer, 1998), where 

it has been released into the water column by melting ice (McMinn, pers. comm.). 

Based on this, Cunningham and Leventer (1998) use it as a proxy for meltwater 

stratification that results from fast and pack ice melt-out. Similarly, the abundance of F. 

curta in the surface sediment coastal and shelf assemblages is used as a proxy for 

summer ice distribution. 
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Fig. 16.5. Distribution of F. curta, F. kerguelensis and T. antarctica resting spores in 

GC29. Open water and loose pack ice are interpreted to dominate below 30 cm (i.e. 

prior 3.2 Ka). Above 30 cm, the increase in F. curta is inferred to represent and 

increase in sea ice. 

Evidence for seasonally open water with some pack ice between the Early to mid 

Holocene is also implied by the abundance of the oceanic indicator species, 

F. kerguelensis. Compared to the surface shelf assemblage, F. kerguelensis is 

significantly more abundant in the open shelf assemblage, but it does not reach a 

comparable abundance to that observed in the modern oceanic assemblage. 

Fragilariopsis kerguelensis is not an active member of sea ice assemblages (Krebs et al., 
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1987) and it has been negatively correlated to sea ice concentration (Burckle et al., 

1987). The abundance of F. kerguelensis is greatest between 135 cm and 105 cm. 

These intervals formed a distinct cluster group when the core was analysed alone 

(Fig. 16.2), and may indicate that between 12.4 Ka and 11.0 Ka the Early Holocene 

experienced even less ice coverage than after this period. 

Increased open water in Antarctica may be formed due to either seasonally warmer 

conditions, or increased wind stress (Leventer et al., 1993; Cunningham and Leventer, 

1998). It is not possible to say with certainty which of these scenarios the open shelf 

assemblage of GC29 is indicative of, but it is tentatively suggested that seasonally 

warmer conditions were responsible. Glacial marine records from Antarctica indicate 

that the mid Holocene was generally a period of increased warming (e.g. Burckle, 1972; 

Truesdale and Kellogg, 1979; Domack et al., 1991b; Shevenell et al., 1996; Kirby et al., 

1998; Cunningham et al, in press). The diatom evidence from GC29 also implies that if 

the period 12.4-3.2 Ka was warmer, it underwent little fluctuation and remained 

relatively stable. 

16.6.3 Late Holocene ( <3.2 Ka) 

There is a rapid fluctuation from deposition of the open shelf assemblage to the shelf 

assemblage, and back again, between 3.2 Ka and 2.8 Ka. Deposition of the shelf 

assemblage recommenced at 2.0 Ka, and has been deposited in GC29 without 

interruption. 

The appearance of the shelf assemblage 2.8 Ka is probably a response to the onset of 

climatic cooling and an increase in temporal sea ice coverage. Evidence for cooling 

during the Late Holocene has also been recognised in other Antarctic marine sediments 

(Burckle 1972; Domack et al., 1994; Shevenell et al., 1996; Cunningham et al, in press) 

and ice cores (Ciais et al., 1994). A return to the open shelf assemblage 2.3 Ka suggests 

that the climate and oceanographic conditions during the transition from a warm mid 

Holocene to cool Late Holocene on the East Antarctic continental shelf were unstable. 

Alternatively, it could documen~ a previously unrecognised, brief, warm event in East 
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Antarctica, similar to that suggested to be indicated by a Corethron-layer in GCl from 

1.9 Ka to 1.8 Ka. 

Deposition of the shelf assemblage recoµnnenced 2.0 Ka, and has been since deposited 

without interruption. It implies that the break up of annual sea ice commences later in 

the season, and that the ice edge may have remained in close proximity to the site of 

GC29. This is observed today, where sea ice close to the Prydz Bay coast does not 

regularly break out. It is speculated that there was also a possible shift in the dominant 

type of sea ice being formed, with both pack ice and fast ice becoming more common. 

Increased sea ice would account for the increase in ice-associated diatom species, 

relative to their abundance in the open shelf assemblage. These include F. curta, 

P. glacialis and P. corona. There has been a corresponding decrease in the abundance 

of T. antarctica resting spores. 
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16.7 Conclusion 

A summary of the diatom assemblages and their palaeoecological interpretation is 

illustrated in Table 16.5. Diatom frustules are rare to absent from the base of the core to 

135 cm. Here, core lithology is of compact tillite and diamicton that, combined with the 

lack of diatoms, is used to suggest that an ice sheet was grounded over the site. Based on 

reservoir corrected radiocarbon dates, ice was grounded since -23.0 Ka, until 12.4 Ka. 

At the onset of siliceous, muddy ooze deposition and open marine conditions, a diatom 

assemblage with no modem analogue in the surface sediment of Prydz Bay was deposited, 

from 12.4 Ka until 3.2 Ka. Thalassiosira antarctica resting spores and F. curta 

dominates the assemblage. It is interpreted to indicate that during the Late to Early 

Holocene, south east Prydz Bay experienced more seasonally open water and loose sea ice 

than today. A permanent ice edge was probably not present during summer. 

Climatic and oceanographic conditions underwent rapid fluctuation between 3 .2 Ka and 

2.8 Ka. The open shelf assemblage was replaced by the shelf assemblage, and back 

again. Following 2.0 Ka, deposition of the shelf assemblage recommenced and has been 

deposited continuously since. The shelf assemblage today is associated with seasonally 

open water, and a permanent ice edge in close proximity. Deposition of this assemblage 

suggests that cooling commenced in East Antarctica in the Late Holocene and has been 

associated with an increase in both the amount of sea ice on the continental shelf and its 

temporal distribution. 

171 



Table 16.5 Summary of Holocene palaeoclimate in inner Prydz Bay, inferred from GC29. 

Corrected 14C Age (Ka) Core Lithology Diatom Assemblage Major Species Climate Interpretation 

<2.0 Siliceous, muddy ooze Shelf F. curta Cool; open water in 

F. cylindrus summer; permanent ice 

edge nearby 

2.0-2.8 Siliceous, muddy ooze Open Shelf As for above As for above 

2.8-3.2 .Siliceous, muddy ooze Shelf As for above As for above 

3.2-12.4 Siliceous, muddy ooze Open Shelf T. antarctica spores Warm and stable; open 

F. curta water in summer with 

Chaetoceros spores loose sea ice 

>12.4 Diamicton and tillite Diatoms absent Ice sheet grounded until 

O· endofLGM 



17.1 Site Description 

Chapter 17 -

AA149 

AA149 

Core AA149/28/GC28 (AA149, hereafter) was recovered from the entrance of Prydz 

Channel, on the Prydz Bay trough mouth fan (66° 43.69'S, 71° 46.47'E; Fig. 13.1). 

The site is -16 km from the continental shelf break (delineated by the 1000 m bathymetric 

contour), in a water depth of 527 m. Prydz Channel is bounded by shallow banks to 

either side, and characterised by a large sediment fan sloping seaward from the continental 

shelf break. The fan, which is 148 km wide and extends 93 km off the continental shelf 
: 

break, is thought to have been formed by the Lambert Glacier when it crossed the shelf, 

delivering subglacial debris to the shelf edge (Boulton,1990). 

The core was collected during AGSO Cruise 149 aboard the RSV Aurora Australis, 1995. 

The cruise is also known by the acronym BANGSS (Big Antarctic Geological and Seismic 

Survey) in Australian Antarctic Division records. 

17 .2 Core Description 

The core is 152 cm long and can be split into five lithological units (Fig. 17.1). The 

sediments are derived mostly from floating ice in a low energy, marine environment, and 

contain a significant current-derived silt component (Anderson et al., 1980). Poorly 

sorted, biosiliceous ooze is present in the upper 5 cm m of the core, below that it grades 

into medium, silty sand with some pebbles. Between 61 cm and 94 cm poorly sorted, fine 

sand is present. There is a distinct boundary at 94 cm where very compact, clayey, 

medium sand replaces the silty sand. Pebbles are more common in this unit (unit 4). 

Below 125 cm, silty sand dominates and pebbles are absent. 

17.3 Fossil Assemblages 

Diatom frustules are abundant and well preserved throughout most of AA149. At 70 cm 

and 85 cm, and from 95 cm to 125 cm, frustules are less abundant and less well 

preserved. Mechanical breakage and dissolution are evident, with many frustules 

appearing as fragments. Synchronous with the poorly preserved assemblage is sediment 

consisting of compact, clayey sand. Several extinct diatoms taxa were observed in the 

assemblage (see Fig. 17.6), reaching maximum abundance in the compact sand layer. 
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Foraminfera and sponge spicules were noted throughout the core, and a small wood 

fragment was observed at 25 m. 
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Fig. 17.1. AA149 core log, radiocarbon dates and diatom assemblages compared to 
surface sediment. 
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17.4 AA149 - Results 

17.4.1 Radiocarbon Dates 
Two bulk organic samples from AA149 were analysed for AMS radiocarbon dating (Table 

17.1). The core has an uncorrected surface age of 4 970 (±89) yBP, and extends into the 

Pleistocene with an age of 19 300 yBP, obtained from 68-69 cm. Even after applying a 

correction factor of 1 750 years (Domack et al., 1991a), to obtain a corrected surface 14C 

date of 3 220 yBP, the age is considerably older than the top of cores GCl and GC2 

(Mac.Robertson Shelf) and GC29 (inner Prydz Bay). It has already been demonstrated 

that at least 200 years of the upper sediment is missing from GC 1 and GC2 (Sedwick et 

al., in press). It is reasonable to expect that some of the surface sediment may have been 

also lost from AA149 during core recovery. Based on a deposition rate of 0.006 cm yr-1
, 

this would account for up to 19.2 cm missing from the core top. The "old" surface date 

from the core is therefore likely a combination of sediment loss, reworking, and I or input 

of reservoir organic material. 

Table 17.1. Uncorrected and corrected AMS radiocarbon dates obtained from bulk 

organic carbon for core AA149; A correction factor of 1 750 radiocarbon years was 

applied (after Domack et al., 1989 ). 

Interval 

(cm) 

14C Date 

(yBP) 

Deposition rate 
(cm yr-1)t 

Uncorrected Corrected 

·0-2 4970 (± 89) 3200 

68- 69 21130 c± 230) 19380 0.006 

t Deposition rate determined between 2 - 69 cm. 

Strong bottom currents and I or iceberg gouging can rework sediment and contaminate the 

surface with older carbon from lower intervals. In Prydz Bay, th~ maximum depth of 

iceberg gouging is 690 m (O'Brien, 1994). This is well within the range from which 

AA149 was recovered (572 m). Plough marks caused by this are present on the banks 

adjacent to the site, and in the shallower parts of Prydz Channel (O'Brien, 1994; Harris et 

al., 1997a). Icebergs also ground on the banks, where they resuspend sediment before 

breaking up and drifting across the area without touching the seafloor. Iceberg gouging 

may have contributed to the anomolously old surface age of AA149, although this effect 

should have been kept to a minimum. Most icebergs ground on the shallowest parts of 
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the bank, then break up and drift across the deeper areas without touching the seafloor. 

Here gouging is limited and sediments are preserved mostly undisturbed (O'Brien, 1994). 

Extinct diatom species, mostly Pliocene in age, were recorded from lower intervals in the 

core. Although they were not observed-in the upper intervals of AA149 they may be 

present in rare abundance and have been overlooked during routine diatom counts. These, 

along with the wood fragment noted at 25 cm, could provide a source of older carbon 

reworked into the surface of AA149 by currents, iceberg ploughing and I or bioturbation. 

A further possible explanation for the old surface age of AA149 comes from the work of 

Domack et al. (1989). They note that although reworked, organic material is present in the 

siliceous ooze of some cores from the East Antarctic continental shelf, its contribution to 

the total carbon is minimal. Instead, anomolously old surface ages can be caused by the 

effect that sea ice marginal zones can have on phytoplankton primary production. During 

winter, the production and advection of basal meltwater from beneath ice shelves should 

result in the retention of old C02 in the surface waters, as mixing distributes tl:;le meltwater 

beneath the ice. If an upward component to circulation is present, sea ice can effectively 

limit the mixing and dilution of the old C02 with modern (atmospheric) C02 within the 

surface layer. Thus, carbon dioxide sources for phytoplankton during the spring bloom, 

as sea ice recedes, could include a significant proportion of old C02 originating from 

beneath an ice shelf (Domack et al., 1989). 

In Prydz Bay, the release of basal meltwater from beneath the Amery Ice Shelf should 

certainly be considered a possible source of old carbon in the of AA149. The majority of 

cold ( <l.6°C), saline water that emerges from beneath the ice shelf leaves Prydz Bay 

either directly offshore, or initially westward (Nunes Vaz and Lennon, 1996). Further 

sources of older carbon could be from limited mixing, and retention of old carbon 

upwelled from deeper water depths along the continental shelf edge. 

To compensate for the anomolously old surface date obtained in AA149, it has been 

assumed that the old carbon has been mixed evenly through the core. A correction factor 

of 4970 years can therefore be subtracted to make the surface of the core equal 0 yBP. 

Based on this, an estimated radiocarbon age of 16 160 years can be calculated at 67-

68 cm. 
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17 .4.2 Summary of Diatom Assemblages 

Diatoms are present throughout AA149. They are mostly well preserved and abundant, 

but at 70 cm, 85 cm and 95-125 cm the frustules are poorly preserved, have undergone 

more extensive mechanical breakage, and are less abundant. It was only possible to count 

300 frustules from these intervals, due to their low abundance. 

Members of the genus Fragilariopsis are dominant. Fragilariopsis curta is most abundant 

in the upper 5 cm, and is codominant with F. kerguelensis at most other intervals. 

Fragilariopsis kerguelensis is dominant in the samples from which only 300 frustules were 

counted. The high abundance of this species may indicate that mechanical breakage and 

preferential dissolution of less robust species, including F. curta, has occurred. 

Several extinct taxa are noted in AA149. The species range principally in age from the 

Pliocene to early Pleistocene, and indicate that reworking has occurred in the core. Extinct 

taxa are most abundant in the samples from which only 300 frustules were counted. 

Thalassiosira torokina Brady is the most abundant species, forming up to 5.0% of the total 

cells counted at 120 cm. No other extinct taxa were observed at >2% abundance. 

17.4.3 Statistical Analyses · 

AA149 

A dendrogram illustrating core interval affinities is illustrated in Fig. 17 .2. There are 16 

species with abundance >2% are in the 31 samples (Appendix 8). Three cluster groups 

are identified at 23 .10% dissimilarity, with a cophenetic correlation of 0. 71. The SNK 

test could not be carried out in this instance as the analysis requires a minimum of three 

samples per cluster group (cluster group 1 contains only two samples). A one-way 

ANOV A was therefore substituted to determine the significantly abundant and indicator 

species for each cluster group (Table 17.2). Analyses were carried out on log10 species 

abundance values. Values in the following discussion are based on arithmetic mean 

percent, unless otherwise indicated. 

Cluster group 1 contains two samples: 0 cm and 5 cm. The diatom assemblage is 

dominated by F. curta (34.3%), forming up to 43.0% of the total frustules observed. 

Thalassiosira antarctica resting spores are subdominant (16.3%). Less abundant taxa, but 

common at >2%, are Chaetoceros resting spores, F. angulata, F. cylindrus, 

F. kerguelensis, T. gracilis, T. lentiginosa, and the Chrysophyte Pentalamina corona. 

Three species are identified by the one-way ANOV A as unique indicators of the 

178 



AA149 

assemblage: F. angulata, F. cylindrus and P. corona. The assemblage can be further 

characterised from cluster group 2 by a significantly greater abundance of T. gracilis. 

Cluster group 2 is the largest group in the core, occurring from 10-65 cm, 75-80 cm, 

90 cm, and 130-150 cm. The diatom assemblage is codominated by the open water 

species F. kerguelensis (29.7%) and the sea ice species F. curta (24.5%). Chaetoceros 

resting spores are subdominant (15.1 %). All have a maximum abundance 34% - 39%. 

Less abundant are F. angulata and T. lentiginosa. There are no unique abundance 

indicators characteristic of cluster group 2, although Chaetoceros resting spores, 

F. kerguelensis and F. obliquecostata are significantly greater than that observed in 

cluster group 1. The abundance of F. curta is not significantly different to group 1, but 

the abundance in both cluster groups is significantly greater compared to cluster group 3. 

Cluster group 3 is interbedded between cluster group 2 at 70 cm and 85 cm, and between 

95-125 cm. The cluster group corresponds with the sediment samples from which 

diatom frustules are less abundant and poorly preserved. Only 300 frustules were counted 

from each, but this should not have affected the analysis because counts were standardised 

as a percentage. It must also assumed that as all samples were prepared in the laboratory 

at the same time the method should not have produced significantly different results. 

Fragilariopsis kerguelensis is the most abundant species (32.2%), forming up to 47.8%. 

Chaetoceros resting spores are subdominant (23.0% ). Fragilariopsis curta is relatively 

abundant, with an average abundance of 12.0%. Less abundant are Eucampia antarctica, 

F. separanda, T. antarctica resting spores, T. gracilis, T. lentiginosa, and T. torokina. 

The one-way ANOV A identifies E. antarctica, F. separanda and T. torokina as indicator 

species. Thalassiosira torokina is an extinct species that has a last appearance datum in 

Antarctica of 1.8 Ma (Harwood and Maruyama, 1992). Although significantly abundant 

only in cluster group 3, T. torokina was also recorded in cluster group 2, where it has a 

maximum abundance of 0.3%. 

AAI 49 and Surface Samples 

A dendrogram illustrating core AA149 sample and surface sediment sample affinities is 

illustrated in Fig. 17.3. There are 26 species with an abundance> 2% from the 129 

samples. Four cluster groups are identified at 33.3% dissimilarity, with a cophenetic 

correlation of 0.61. The SNK test was carried out to determine indicator species for each 

cluster group (Table 17.3). 

179 



AA149 

Cluster groups 1, 2 and 3 contain all surface sediment samples identified as the coastal, 

shelf and cape diatom assemblages.' respectively. There are no analogous samples from 

AA149. All are described in detail in Chapter 9, and will not be discussed further here. 

Cluster group 4 contains all surface sediment samples identified as the oceanic diatom, and 

all samples from AA149. Fragilariopsis curta (25.0%) and F. kerguelensis (20.8%) are 

codominant, and Chaetoceros resting spores (14.7%) are subdominant. Less abundant 

species, but common (>2%), are F. cylindrus, T. antarctica resting spores, T. gracilis, 

and T. lentiginosa. The oceanic assemblage is characterised by 4 indicator species: 

F. kerguelensis, T. lentiginosa, Thalassiothrix antarctica Fryxell, and Trichotoxin : 

reinboldii. The abundance of T. antarcticus is unique to the core as this species is not 

present at >2% in the surface samples. Several taxa are also significantly more abundant 

in the oceanic assemblage compared to at least one other cluster group. These are listed in 

Table 17.3. The low abundance of F. curta is also a notable feature of the oceanic 

assemblage. This species is significantly less abundant compared to all other cluster 

groups where it forms, on average, at least 50% of the total cells counted. 

AAJ 49 and Oceanic Assemblage 

Within the oceanic and core cluster group (group 4, above), three subgroups can be 

recognised (Fig. 17.4 ). To further aid interpretation of these intervals with the surface 

samples, a second cluster analysis and SNK test was carried out, using only this cluster 

group. The three subgroups are identified at 28.0% dissimilarity, with a cophenetic 

correlation of 0.66. Indicator species are listed in Table 17.4. 

Cluster group 1 (oceanic assemblage A, hereafter) contains the core top and 5 cm 

samples, and all but two surface samples identified as the oceanic diatom assemblage. The 

diatom assemblage is dominated by F. curta (29.0%), and co-subdominated by three taxa: 

F. cylindrus (13.7%), F. kerguelensis (12.3%) and Chaetoceros resting spores (12.0%). 

Less abundant are F. angulata, T. antarctica resting spores, T. gracilis, T. lentiginosa, 

and the Chrysophyte P. corona. Six indicator species characterise the assemblage: F. 

cylindrus, F. lineata (Castracane) Hasle, P. corona, T. gracilis, T. gracilis var. expecta, 

and T. reinboldii. The oceanic assemblage in the surface sediments of Prydz Bay is , 

characterised by its abundance of open-water indicator species; however, when this 

assemblage is compared to the AA149 it is characterised more by ice-associated and ice­

marginal species. 
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Cluster group 2 (oceanic assemblage B, hereafter) contains surface samples BANG22 and 

BANG24 and core samples 10-65 cm, 75-80 cm, 90 cm, and 130-150 cm. The two 

surface samples are amongst the most northerly samples recovered adjacent to Prydz Bay 

and contain the highest abundance of open water species. These samples could be 

conveniently described as the "most oceanic" of the "oceanic assemblage" in the surface 

sediment. Cluster group 2, in the present analysis, is dominated by F. kerguelensis 

(32.2% ), which is significantly more abundant compared to cluster group 1. 

Fragilariopsis curta (23.8%) is subdominant. The less abundant tax.a, but common at 

>2%, are Chaetoceros resting spores, T. antarctica resting spores, T. gracilis, 

T. lentiginosa, and T. torokina. Thalassiosira antarctica resting spores are indicators of 

the assemblage. 

Cluster group 3 contains core samples 70 cm, 85 cm, 95-110 cm, and 120-125 cm. The 

assemblage corresponds with those from which diatoms were poorly preserved, less 

abundant, and having the highest abundance of extinct species. Fragilariopsis 

kerguelensis dominates (32.2 % ), but is not signific~tly different in abundance compared 

to cluster group 2. The assemblage is subdominated by Chaetoceros resting spores 

(23.0%). Eucampia antarctica, F. curta, F. separanda, T. gracilis, T. lentiginosa, and 

T. torokina are common (>2%). Three abundance indicator species identify the 

assemblage: E. antarctica, T. torokina and Thalassiothrix antarctica. 
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Table 17.2. Arithmetic mean abundance(%), analysis of variance (F) and o_ne way 

ANO VA of species in cluster groups from core AAJ 49. 

Species Cluster Group F p 

1 '2 ·3 

Chaetoceros spores 5.8 15.1 23.0 8.154 ** 

D. anidrcticus 1.3 1.9 1.4 1.400 

E. antarctica 1.3 1.2 5.5 40.803 *** 

F. angulata 3.6 1.6 1.5 4.417 * 

F. curta 34.3 24.5 12.1. 26.655 *** 

F. cylindrus 9.0 2.1 1.5 9.430 ** 
'\ 

F. kerguelensis 6.9 29.7 32.2 49.794 *** 

F. obliquecostata il 2.0 0.2 35.248 *** 

F. separanda 1.8 1.4 5.0 29.137 *** 

P. corona 3.8 0.2 0.2 50.431 *** 

S. microtrias 0.7 0.2 0.9 6.327 ** 

T. antarctica spores 16.3 8.9 4.1 15.792 *** 

T. gracilis 3.8 1.9 2.0 3.871 * 

T. lentiginosa 2.3 2.0 2.4 0.836 

T. torokina 0.0 0.3 2.4 36.338 *** 

Thalassiothrix 0.5 0.46 Ll 5.911 * 

Analyses were carried out on log10(x+l) transformed abundance. Degrees of freedom 2, 

28. ANOVA P values: * <0.05, ** <0.005, *** <0.0005,..,... not significant. Bold type: 

species with significant differences in mean abun:dance. Underlined type: species with 

significantly higher abundance in a cluster group. 
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Table 17.3. Arithmetic mean abundance (% ), analysis of variance ( F) and SNK multiple range test of species in cluster 

groups from AAJ 49 and surface samples .. 

Species Cluster Group F p 

1 2 3 4 

A. actinochilus 0.1 0.2 0.5 0.6 19.80 *** 
Chaetoceros spp. 0.4 0.2 0.0 0.1 5.89 ** 

Chaetoceros spores 5.3 8.3 .Ll. 14.6 41.44 *** 

D. antarcticus 0.2 0.5 0.9 Ll 17.24 *** 

D. speculum 0.3 0.5 0.7 0.7 3.35 * 

E. antarctica 0.1 0.4 2.2 .L.8. 22.96 *** 

F. angulata 4.2 3.8 5.4 1.9 36.54 *** 

F. curta 54.7 47.7 61.3 25.0 57.73 *** 

F. cylindrus 22.3 15.9 4.0 8.2 21.59 *** 

F. kerguelensis 0.5 1.1 1.8 21.1 137.41 *** 

F. lineata 0.7 0.9 1.2 0.8 1.61 

F. obliquecostata 1.8 2.4 2.9 1.6 8.11 *** 

F. separanda 0.2 0.8 .Ll. 2.1 27.46 *** 

F. sublineata 0.4 0.8 0.6 0.4 4.25 * 

P. corona 1.6 3.9 1.2 1.8 19.52 *** 

P. glacilis 0.2 0.9 0.8 0.2 28.82 *** 

P. turgiduloides 0.4 0.1 0.1 0.1 10.66 *** 

S. microtrias 0.2 0.4 0.9 0.5 5.28 ** 

T. antarctica (spores) 1.3 6.7 8.4 6.9 18.01 *** 

T. antarctica (veg) 0.2 0.0 0.0 0.0 3.25 * 

T. gracilis 0.8 Ll .L2. 3.0 27.88 *** 

T. gracilis var. expecta 0.2 0.3 0.0 0.5 4.80 ** 

T. lentiginosa 0.2 0.4 0.7 2.2 78.18 *** 

T. torokina 0.0 0.0 0.0 0.4 3.19 * 

Thalassiothrix 0.0 0.1 0.0 0.6 34.22 *** 

T. reinboldii 0.1 0.3 0.1 0.6 7.73 *** 

Analyses were carried out on log10(x+ 1) transformed abundance. Degrees of freedom 3, 127. AN OVA P values: 

* <0.05, ** <0.005, *** <0.0005, - not significant. Bold type: species with significant differences in mean abundance. 

Underlined type: species with significantly higher abundance in a cluster group 
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Table 17.4. Arithmetic mean abundance(%), analysis of variance (F) and one way ANOVAt of species 

in cluster groups from AAJ 49 and swface "oceanic" assemblage. 

Species Cluster Group F p 

1 2 3 

A. actinochilus 0.7 0.5 0.8 2.77 

Chaetoceros spp. 0.1 0.1 0.3 0.46 

Chaetoceros spores 12.0 15.4 46.0 8.44 ** 

D. antarcticus 0.8 1.9 2.7 14.48 *** 

D. speculum 0.7 1.0 0.3 18.74 *** 

E. antarctica 1.2 1.3 7.0 32.18 *** 

F. angulata 2.2 1.5 2.7 4.82 *** 

F. curia 29.4 23.1 20.2 23.63 *** 

F. cylindrus 13.6 2.1 2.5 64.23 *** 

F. kerguelensis 12.1 31.2 47.8 35.46 *** 

F. lineata Ll 0.5 1.0 18.67 *** 

P. turgiduloides 0.0 0.1 0.0 2.14 

F. obliquecostata ll ll 0.7 27.62 *** 

F. separanda u 1.4 6.0 31.57 *** 

F. sublineata 0.5 0.5 0.3 3.35 * 

P. corona 3.2 0.2 .L.Q 90.73 *** 

P. glacialis 0.2 0.2 1.0 0.25 

S. microtrias 0.6 0.2 2.0 10.06 *** 

T. antarctica (spores) 6.7 8.4 7.3 6.06 ** 

T. antarctica (veg) 0.0 0.0 0.0 

T. gracilis 3.8 2.1 4.0 15.24 *** 

T. gracilis var. expecta 0.7 0.3 0.3 12.29 *** 

T. lentiginosa 2.2 2.2 3.7 0.49 

T. torokina 0.0 0.0 5.0 88.63 *** 

Thalassiothrix 0.5 0.5 2.0 6.17 ** 

T. reinboldii 0.9 0.2 0.7 16.89 *** 

Analyses were carried out on log10(x+ 1) transformed abundance. Degrees of freedom 2, 64. ANOVA 

P values: * <0.05, ** <0.005, *** <0.0005, - not significant. Bold type: species with significant 

differences in mean abundance. Underlined type: species with significantly higher abundance in a cluster 

group. 
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17.5 Diatom Assemblages in AA149 

17.5.1 Oceanic Assemblage "A" 

The upper 5.0 cm of AA149 contains a diatom assemblage analogous to the oceanic 

assemblage in the surface sediments of Prydz Bay and Mac.Robertson Shelf. The 

assemblage is dominated by F. curta and·co-subdominated by three taxa: F. cylindrus, 

F. kerguelensis and Chaetoceros resting spores. This assemblage forms a subgroup of 

the oceanic assemblage, as originally described when the surface sediments alone were 

analysed. To avoid confusion with the surface assemblage, the subgroup is referred to 

as the oceanic assemblage "A" . 

In the surface sediment, the oceanic assemblage is distributed offshore of the continental 

shelf break, and in the eastern part of the bay where offshore waters are transported into 

Prydz Bay via a cyclonic gyre. The gyre is a major oceanographic feature of Prydz Bay 

and described in detail in Chapter 5. Although dominated by the sea ice species 

F. curta, the assemblage is characterised by taxa indicative of open water primary 

production, such as F. kerguelensis, T. gracilis var. expecta and T. reinboldii. 

Fragilariopsis kerguelensis, which forms up to 45.0% of the assemblage, is negatively 

correlated with sea ice concentration (Burckle et al., 1987), and its abundance increases 

with distance from the Antarctic continental shelf in both sedimentary and planktonic 

diatom assemblages (Kozlova, 1966; Leventer, 1992). It is considered to be an indicator 

of open water, dominating summer surface waters between 52°S and 63°S where 

· temperatures are greater than 0°C (Burckle and Cirilli, 1987; Burckle et al., 1987; Krebs 

et al., 1987). Blooms of this species have also been reported from the Derwent River, 

Tasmania, at 42°S (McMinn, pers. comm.). Fragilariopsis cylindrus is associated with 

both sub-sea ice and ice edge environments (Burckle et al., 1987; Kang and Fryxell, 

1992) and open water (Leventer et al., 1993). Chaetoceros resting spores do not occur 

in sea ice communities, but are high in abundance at the sea ice edge (Garrison et al., 

1987). Leventer (1992) and Leventer et al. (1996) suggest that they may be associated 
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with stratified, low salinity and poorly mixed water columns that occur along a 

stationary ice edge following its maximum summer retreat. 

17.5.2 Oceanic Assemblage "B" 

AA149 

Deposited below oceanic assemblage "A", is an assemblage that forms as large, 

uninterrupted unit in the core, from 10-65 cm. It is also present at 75-80 cm and 90 cm, 

dispersed between an apparently extensively reworked assemblage, and as another large 

unit at the base of the core, below 130 cm. The assemblage is most similar to the 

modem oceanic assemblage samples BANG22 and BANG24. For convenience, this 

sub-group of the oceanic assemblage will be referred to as oceanic "B" assemblage. 

Oceanic assemblage "B" is characterised by a significantly greater abundance of 

F. kerguelensis, and a significantly lower abundance of F. curta (Fig. 17.5). The core 

samples also contain a significantly greater abundance of T. antarctica resting spores 

and F. obliquecostata. Coupled with the abundance of open water indicator species in 

oceanic assemblage "B", is the unique geographic location of the two surface samples 

that form part of the assemblage. Both are amongst a group of samples recovered 

furthest offshore from the continental shelf. BANG24, for example, is the most 

northerly surface sample recovered; from 66°S. This implies that the assemblage is 

probably less influenced by coastal oceanographic processes and more by warmer 

surface water, perhaps associated with the Antarctic Circumpolar Current (ACC). 

Summer surface water typically forms to a depth of about 30 m on the continental shelf, 

but can exceed 100 m north of Prydz Bay (Smith and Treguer, 1994). Here lesser 

amounts of solar radiation are required to melt the sea ice, as it is not as thick as that 

within the shelf zone, and the temperature of the surface water layers are raised (Wong, 

1994). 
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Fig. 17.5: Distribution of F. curta and F. kerguelensis in AA149. Note the change in 

abundance for both below 5 cm, which coincides with.the transition from oceanic 

assemblage "A" to oceanic assemblage "B ". 

17.5.3 Reworked Assemblage· 

A large, poorly preserved and, apparently, reworked, diatom assemblage has been 

deposited in AA149 as small intervals dispersed between oceanic assemblage "B", at 

70 cm and 85 cm. It also forms a continuous unit from 90 cm to 122 cm. Fragilariopsis 

kerguelensis and Chaetoceros resting spores are the dominant taxa. Also significantly 

abundant are heavily silicified, robust species such E. antarctica, Stellarima microtrias, 

T. gracilis, and the extinct T. torokina. All have undergone extensive mechanical and 

chemical dissolution, and frustules are more poorly concentrated than elsewhere in the 

core. In this assemblage it was possible to only count 300 frustules per sample. 

Evidence for reworking comes from the abundance of extinct taxa present in the 

assemblage (Fig. 17.6). These taxa also occur in oceanic assemblage "B", but form a 

minor component. None were observed to form >2% of the total cells counted. In the 

reworked assemblage, T. torokina is present with a maximum abundance of 5.0%. 
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Extinct taxa not included in the statistical analysis due to insignificant abundance ( <2% ), 

but notable due to their presence are: Actinocyclus ingens, Nitzschia reinholdii, Rouxia 

spp., and an unidentified Denticula species (Denticula sp. A). Also present are Paralia 

spp. Whilst this genus is not extinct today, it is not commonly found in the Antarctica 

marine environment. Biostratigraphic markers, based on Harwood and Maruyama 

(1992), indicate that the bed from which this assemblage has been reworked was 

deposited -5.8 Ma to -1.5 Ma. 
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Fig. 17. 6. Distribution of extinct diatom taxa in AAl 49. Note the abundance of 

T. torokina and Rouxia spp. between 70 cm and 120 cm. 

17.6 Upper Pleistocene I Holocene Palaeoecology of Outer Prydz Bay. 

It was not possible to obtain accurate radiocarbon dates from AA149 due to 

contamination by old carbon contamination. To correct for the old carbon source, it will 

be assumed that contamination is evenly mixed throughout the core. This allows a core 

top age of zero to be calculated, using 4 970 years (the AMS date obtained from the core 

top sample) as the correction factor. At 67-69 cm the core is estimated to be -16.0 Ka. 

With only two radiocarbon dates it is impossible to derive an accurate sediment 
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accumulation rate. A regression between the two dates at least gives some indication for 

the timing of events downcore. For this a constant deposition rate must be assumed. 

This is unlikely, however, as the diamict in unit 4 (94 cm to 122.5 cm), at least, is 

interpreted to have been deposited beneath a floating ice shelf and sediment trapsport 

processes and accumulation rates would differ from that in an open water setting. 

17.6.1 Upper Pleistocene (>30.0 Ka?) 

Using the data available, it is estimated that lithologic unit 5 (152 cm to 122.5 cm) was 

deposited in the Upper Pleistocene, before -30.0 Ka. Based on the diatom assemblage, 

dominated by F. kerguelensis and being most comparable to the surface samples located 

furthest offshore from the shelf zone, it is assumed that more open water conditions 

prevailed on the edge of the continental shelf than those that exist here today. 

The estimated radiocarbon dates suggest that the' assemblage was deposited during a 

glacial interstadial that pre-dated the LGM. 3180 data values from a V ostok (East 

Antarctic plateau) ice core also support evidence for a interstadial event to have taken 

place at this time, with an -2°C rise in air temperature calculated between 58-30 Ka 

(Lorius et al., 1985). If this is correlatable to AA149, seasonal sea ice must have been 

present, as indic£!ted by the presence, but significantly lower abundance, of sea ice 

diatoms in AA149. The ice was probably thinner than that which exists on the shelf 

today, and probably broke out earlier in the season so that open water prevailed early 

summer. Today the region is generally free of sea ice ( <10%) by January. Warmer, 

oceanic water associated with the different water masses and horizontal circulation, such 

as the Antarctic Circumpolar Current (ACC), may also have penetrated further onto the 

continental shelf than today. 

Today the broad, deep ACC is driven by westerly winds that transport surface water 

eastwards, creating an eastward zonal flow. Coastal, easterly winds also create a 

westward flow, resulting in divergence and deep water upwelling at -65°S, where deep 

water comes in contact with atmosphere. In summer, this phenomenon shifts 
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southwards and occurs closer to Prydz Bay (Gordon, 1971). A water mass, perhaps 

similar to that described as Warm Deep Water (WDW) (Wong, 1994), may also have 

intruded fu~her onto the continental shelf during the Upper Pleistocene. This water is 

often referred to as Circumpolar Deep Water (CDW) due to a similar salinities 

(-34.70%0), but is characterised by a cooler temperature of 0.0°C to l.0°C and slightly 

higher dissolved 0 2 content. In Prydz Bay, WDW has only been observed in the oceanic 

domain, where it occupies a depth of-300 m, below CDW, and does not occur over the 

continental shelf (Wong, 1994). Intrusion of this water over the shelf break, however, 

could have transported the more open water, oceanic assemblage "B" onshore. 

17.6.2 Upper Pleistocene (-30.0 Ka to -22.5 Ka) 

The large, reworked diatom assemblage deposited between 122.5 cm and 95 cm is 

estimated to have been deposited between -30.0 Ka and -22.5 Ka. The onset of its 

deposition coincides with an upward transition in the core's lithology, from fine, sandy 

silt (Unit 5) to compact, clayey diamict with ice rafted debris (Unit 4). The lithology, in 

association with the poorly preserved diatom assemblage and abundance of reworked 

tax.a, indicate that prior to the LGM, which commenced -22.5 Ka, a floating ice shelf 

extended to the edge of the continental shelf, over what is now the Prydz Bay trough 

mouth fan. The low concentration of diatom frustules in the sediment also implies that 

primary production was reduced, probably due to reduced light levels below the ice 

shelf. Alternatively, if ice thickness and snow cover were insufficient for primary 

production to occur in the underlying water column, diatoms could have been 

transported and deposited under the ice shelf by water currents. At the same time, water 

levels may have been lower, allowing icebergs to ground, rework and resuspend 

sediment. Today the site of AA149 is in 527 m ~ater depth. O'Brien et al. (1997) note 

that although most areas of Prydz Bay shallower than 690 m are covered with iceberg 

plough marks, some shallow areas are undisturbed. These areas of surrounded by 

shallower areas where icebergs ground before crossing them. 
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A bed ofreworked diatom ooze (SM0-2), similar to that described in AA149 and 

containing the extinct taxaA. ingens, Rouxia spp. and T. torokina has also been observed 

in two gravity cores retrieved from the Prydz Channel. These overlie an older, similar 

unit (SM0-3) that is interpreted to have been deposited in an earlier period of ice sheet 

grounding along the periphery of Prydz Channel >33.6 Ka. SM0-2 can be traced across 

more than 15 000 km2 of the Prydz Channel (Domack et al., 1998). Radiocarbon 

analysis from a single piece of organic matter in one of the cores has provided an 

uncorrected age of 22.2 Ka, putting it within the time-frame that the reworked 

assemblage in AA149 is estimated to have been deposited. Domack et al. (1998) 

hypothesise that the deposition of this bed most likely occurred beneath an ice shelf that 

extended along the Prydz Channel, and is related to the interstadial retreat of a grounded 

ice, east to west across the channel, prior to the LGM. Subsequent ice readvance during 

the LGM removed this unit in areas landward of the grounding line. Deposition beneath 

an ice shelf is inferred based on the lower C/Sib10 ratio in the SM0-2 unit and differing 

diatom flora compared to the modern (SM0-1) biosiliceous ooze that is deposited today. 

The reworked diatom assemblage identified in AA149, and that identified in the Prydz 

Channel (Domack et al. , 1998), are undoubtedly correlatable and originate from the 

same source, which Domack et al. ( 1998) suggest to be the outer reaches of Pry dz 

Channel. The hypothesis herein, that the reworked assemblage was deposited during a 

glacial maximum, contrasts to that of Domack et al. (1998), however, who suggest that 

it was deposited during a glacial interstadial when grounded ice further inshore had 

retreated. 

17.6.3 Upper Pleistocene (-22.5 Ka to -16.5 Ka) 

A relatively rapid, alternating transition between the oceanic "B" and reworked 

assemblages occurred between -22.5 Ka and-16.5 Ka. Deposition of the oceanic "B" 

assemblage recommenced for a period of 1000-2000 years at -20.0 Ka and -16.5 Ka, 

and could have occurred during interstadials or brief warm intervals that occurred just 

prior to, and during, the LGM, respectively. This interpretation is tentative until a better 
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radiocarbon chronology can be established. Ice sheets have been observed to suddenly 

recede or advance, though, during what is otherwise a glacial maximum or interglacial, 

as noted by Larter and Vanneste (1995). They attribute the formation of sub-glacial 

deltas on the Antarctic Peninsula to a late-stage readvance of grounding lines during the 

waning of the last ice sheet that covered the region, perhaps during the Younger Dryas 

(12.9-11.6 Ka). 

There is a general lack of data concerning the LGM in coastal East Antarctica (Stuiver et 

al., 1981) or West Antarctica (Hughes et al., 1981). Calhoun (1991) summarises much 

of what is available in a review of geological evidence for changes in the East Antarctic 
I 

ice sheet during the last glaciation. For the ice sheets to have expanded to the edge of 

the continental shelf, it is assumed that sea levels were reduced by up to 150 m (Hollin, 

1962). At the same time, an increase in mass balance would be required to allow ice 

sheets to develop to maximum size (Calhoun, 1991). In coastal East Antarctica, reduced 

precipitation and an air temperature at least 5° to 6°C cooler than the present would 

permit sea ice extent and thickness to increase (Calhoun, 1991). 

The last glacial advance in West Antarctica (Ross Sea I McMurdo Sound) is believed to 

have occurred after 24.0 Ka, reaching its maximum extent 21.0-17 .0 Ka and retreating 

after 12.5 Ka (Stuiver et al., 1981; Denton et al., 1989). In East Antarctica, evidence for 

an LGM ice advance comes from striae and erratics on the volcanic cone of Gauss berg 

(Tingey, 1982), and shell material from the Vestfold Hills (Zhang and Peterson, 1984; 

Adamson and Pickard, 1986). Ice sheets on the continental shelf were estimated to have 

been 100-500 m thick (Hollin, 1962; Hughes et al., 1981), but this was probably not the 

case everywhere. Where the shelf is wide, ice probably terminated against shallow 

banks on the outer edge; whilst large outlet glaciers (such as the Lambert Glacier) could 

have filled shelf depressions and conveyed ice to the edge of the shelf (Calhoun, 1991). 

Sedimentalogical evidence from Domack et al. (1998) suggests that during the LGM, ice 

advanced in Prydz Bay via drainage of the Lambert Glacier I Amery Ice Shelf, rather 

than by a widespread advance of the East Antarctic Ice Sheet. Ice grounded along the 

periphery of the Prydz Channel, but did not ground on the edge of the continental shelf. 
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In coastal East Antarctica, deposition of oceanic "B" assemblage deposition may have 

recommenced with atmospheric warming after the LGM maximum, -16.0 Ka. This has 

been observed in Vostok ice core records where 0180 values indicate that warming 

commenced -18.0 Ka, with a gradual increase in surface temperature by -8°C until the 

Holocene interglacial (Lorius et al., 1985) . 

. Based on the available data, the alternating sequences of reworked I oceanic 

assemblages between -22.5 Ka and 16.0 Ka in AA149 suggest that the LGM did not 

create stable conditions on the edge of the continental shelf of Prydz Bay. Diatom data 

suggest that ice reached its maximum extent between -22.5 Ka and 21.4 Ka and 

deposited a reworked diatom assemblage below a floating ice shelf. Ice retreated 

between -20.0 Ka and 18.0 Ka, and then readvanced until -16.5 Ka. Oceanic "B" 

assemblage was thereafter deposited without interruption on the continental shelf edge 

until the Late Holocene 

17.6.4 Upper Pleistocene to Late Holocene (-16.5 Ka to -2.5 Ka) 

Deposition of the oceanic "B" assemblage occurred from -16.5 Ka to -2.5 Ka. It is 

interpreted to indicate that, following the advance and retreat of ice across the 

continental shelf during the early to mid LGM, ice retreated and did not re-advance 

across the bay to the shelf edge. Pebbles observed in lithologic unit 2 suggest that ice 

rafted debris were being deposited, most likely from icebergs calving from the terminus 

a nearby ice shelf. There is no evidence in the diatom record indicating the end of the 

LGM, which is placed at -10.0 Ka. 

17.6.5 Late Holocene to Present(< -2.5 ~a) 

Deposition of the oceanic "A" assemblage commenced -2.5 Ka and has continued to the 

present. During this periods there has been a synchronous decrease in the abundance of 

the open water indicator F. kerguelensis and an increase in the sea ice indicator 

F. curta. The transition from the oceanic "B" assemblage to "A" is consistent with 
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having been deposited in conjunction with Late Holocene cooling. This correlates with 

the general cooling trend observed elsewhere in the Antarctic marine record between the 

mid- to Late Holocene (e.g. Burckle, 1972; Domack et al., 1991a; Leventer et al., 1993; 

Shevenell et al., 1996; Cunningham et al., in press), and with the GISP 2 (Greenland) 

ice core (O'Brien et al., 1995b). Diatom evidence from cores GCl, GC2 and GC29 also 

indicate that a marked cooling event has taken place on the East Antarctic margin during 

the Late Holocene. 
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17. 7 Conclusion 

Contamination by old carbon and sediment reworking do not allow an accurate 

radiocarbon chronology to be determine from AA149. A correction factor of -5 000 

years (based on the AMS date obtained from a sample from 0-2 cm) has been applied to 

the core, however, assuming that contamination is evenly mixed throughout. 

A summary of the palaeoecological interpretation of AA149 is listed in Table 17.5. The 

base of the core is estimated to be >30.0 Ka. It is characterised by a diatom assemblage 

most similar to that in the surface samples analysed and deposited furthest offshore of 

the continental shelf today. Here, open water oceanographic processes are more likely 

to affect the planktonic diatom assemblage, rather than coastal processes in the shelf 

zone. These include warmer ocean currents and thinner sea ice that fully breaks out 

earlier in the summer. 

A reworked assemblage with no modern analogue has been deposited in the core -30.0-

-25.0 Ka. Diatom frustules have undergone extensive mechanical and chemical 

dissolution and are more poorly concentrated that in the over- and under-lying sediment. 

Combined with the lithology of the core, the assemblage is interpreted to have been 

deposited during a glacial maximum that preceded the LGM. A floating ice shelf 

probably expanded over the trough mouth fan, as an extension of the Lambert Glacier, to 
( 

the edge of the continental shelf. Similar assemblages occur -21.0 Ka, interpreted to 

record the onset of the LGM, and-16.5 Ka. 

The reworked assemblage is interrupted by deposition of oceanic "B" assemblage as 

short-lived (1000 years to 2000 years) events 25.0 Ka and -18.0 Ka. The open water 

conditions that occurred during its deposition are most likely interstadials that occurred 

prior to, and during the LGM. Oceanic "B" assemblage is thereafter deposited without 

interruption in AA149 until -2.5 Ka. There is no further evidence in this core for the 
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Early to mid-Holocene climatic events that have been recorded in other cores analysed 

herein. 

Assuming the estimated radiocarbon dates are correct, deposition analogous to that on 

the Prydz Bay trough mouth fan today commenced -2.5 Ka. The assemblage probably 

reflects the mid- to Late Holocene cooling that has been recorded elsewhere from 

Antarctic marine sediments. In the modem environment, the oceanic assemblage is 

characterised by open water indicator species and characterises areas of Prydz Bay 

where open water is present during the summer months. 
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Table. 17.5. Summary of Holocene palaeoclimate on outer Prydz Bay, as inferred from AAJ49. 

Corrected radiocarbon Lithology Diatom Assemblage Major Species 

years (Ka) 

<2.5 

2.5-16.5 

16.5-22.5 

22.5 -30.0 

>30.0 

Biosiliceous ooze 

Medium, silty sand 

Alternating between 

clayey diamict and sandy 

silt 

Clayey diamict with IRD 

Fine, sandy silt 

Oceanic "A" 

Oceanic "B" 

Alternating between 

Oceanic "B" and 

Reworked 

Reworked 

Oceanic "B" 

F. curta 

F. cylindrus 

Chaetoceros spores 

F. kerguelensis 

F. kerguelensis 

F. curta 

Chaetoceros spores 

As for above 

As for above 

F. kerguelensis 

F. curta 

Chaetoceros spores 

T. antarctica 

Climate Interpretation 

Modem conditions 

Late Holocene cooling; 

decrease in F. kerguelensis 

Retreat of ice shelf prior to 

LGM, followed by advance 

during the LGM, and 

subsequent retreat. Ice 

maxima 22.5-21.4 Ka and 

18.0-16.5 Ka 

Ice shelf grounded and I or 

current reworking 

Interstadial; warmer (>2° C?) 



18.1 Site Description 
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AA186 

Core AA186/28/GC28 (AA186, hereafter) was recovered from Four Ladies Bank, Prydz 

Bay (67° 16.05' S, 76° 23.92' E; Fig. 13.1), during AGSO Cruise 186 aboard the RSV 

Aurora Australis, 1997. Four Ladies Bank borders to the north east of the Amery 

Depression, and is a shallow bank rising to a minimum depth of -200 m. Parts of the 

bank are so shallow that icebergs ground before crossing, then break up and calve to drift 

across the deeper depressions without touching the seafloor. In areas where iceberg 

gouging is limited, relatively undisturbed bank sediments have been deposited since ice 

retreated from the shelf edge (O'Brien et al., 1997). AA186 was recovered from a water 

depth of 338 m, which bathymetric surveys indicate to be a depressi~m on Four Ladies 

Bank. The site was chosen as an area on the bank where the likelihood of iceberg 

grounding and sediment reworking would be minimal. 

18.2 Core Description 

The core is 186 cm long (Fig. 18.1) and can be divided into two stratigraphic units. Unit 

1 (0-80 cm) consists of homogenised, siliceous, muddy diamicton. The upper 2 cm is 

moderate, olive brown (SY 4/4) in colour, grading to dark, greenish grey (5GY 411). One 

small, greyish olive (lOY 4/2) dropstone is present at 30 cm. A transitional boundary is 

present at 80 cm, over which the diamicton becomes sandier. The boundary is 

characterised by distinct sediment clasts of darker, greyish olive (lOY 4/2), diamicton 

matrix. At 100 cm a distinct boundary is present , and the muddy diarnicton is replaced by 

compact, sandy diamicton (unit 2). The colour is a homogenous to dark, greenish grey 

(5GY 4/1). 

18.3 Fossil Assemblages 

Diatom frustules are present in quantifiable abundance from 0 cm to 175 cm. The 

assemblage is dominated by taxa indicative of Holocene deposition, with members of the 

genus Fragilariopsis most abundant. Several extinct taxa were also noted throughout all 

core intervals (see Table 18.4 and Fig. 18.5). 
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Forarnjnifera fragments and broken bryozoans are present between 0 cm and 80 cm. At 

86 cm, a narrow, but distinct, layer of foraminifera fragments is present. Below 100 cm, 

the fragments and sponge spicules are abundant in the sandy diamicton. 
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present at 86 cm 
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fragments, echinoid 
spines 100-186 cm 
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transitional colour change throughout 
between olive and grey 

Dropstone at 30 cm 

80-100 cm: muddy diamicton 
with distinct sediment clasts 
of darker diamicton matrix 

100-186 cm compact, sandy 
diamicton 

Fig. 18.1. AA186 core log, radiocarbon dates and diatom assemblages 
compared to surface sediment. 
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18.4 AA186 - Results 

18.4.1 Radiocarbon Dates 

Two AMS radiocarbon dates, based on bulk organic carbon, were obtained from AA186 

(Table 18.1). The cote has an uncorrected surface age of 7 175 (±70)yBP. Even after 

applying an ocean reservoir-correction factor of 1800 radiocarbon years (after Domack 

et al., 1989), to obtain a corrected surface 14C date of 5 425 yBP, this is considerably 

older than other cores discussed herein (e.g. GCl, GC2 and GC29, which range from_ 

900 yBP to 2 600 yBP). At 80-82 cm, a reservoir-corrected age of 12 702 yBP was 

obtained. At this interval the sediment grades from homogenised, siliceous, muddy 

diamicton to muddy diamicton. Although this date is tentative (discussed below), it does 

correlate approximately with the onset of open-marine conditions in Prydz Bay. A 

reservoir-corrected age from nearby ODP Site 740 suggests that open marine deposition 

commenced here -10 700 yBP (Domack et al., 199la). 

Table 18.1. Uncorrected and corrected AMS radiocarbon dates obtained from bulk 

organic carbon for core AA186. A correction factor of 1 750 radiocarbon years was 

applied (after Domack et al., 1989). 

Interval 

(cm) 

14C Date (yBP) Deposition rate 

(cm yr·1)t 

0.0- 2.0 

80.0- 82.0 

Uncorrected 

7175 ± 70 

14 452 ± 89 

t Deposition rates determined between 2-82 cm. 

Corrected 

5425 

12 702 0.01 

Several factors could account for, or contribute to, the anomolously old radiocarbon age 

.at the surface of AA186. They are discussed in Chapter 17, where anomolously older 

ages were also observed in AA149. Based on the sedimentation rate of AA149, up to 

54.25 cm may have been lost from the top of the core during the recovery process. 

Compared to the relatively "soupy" consistency of the biosiliceous ooze present in the 

Mac.Robertson Shelf cores (GCl and GC2), from which only the upper 200 years of 
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sediment was lost, the sediment in AAl 86 is much more compact. There was also no 

evidence upon recovery of the core to indicate that large portions of the sediment had 

been lost. Reworking and I or input of reservoir organic carbon material are therefore 

the most likely factors for the old age. 

To compensate for the anomalous 14C ages in AA149, a correction factor of 7 175 yBP 

has been applied, based on the date obtained from the core top. This assumes that 

mixing throughout the core has evenly distributed old carbon. The surface of AA186 is 

therefore recalculated to be 0 Ka, and -7 000 yBP at 80-82 cm. A similar method was 

used to compensate for the anomalously old radiocarbon age obtained from the core top 

of AA149. 

18.4.2 Diatom Assemblages 

Diatoms are abundant and generally well preserved, except for normal mechanical 

damage, to a depth of 175 cm. The assemblage is comprised typically of Holocene taxa, 

with members of the genus Fragilariopsis most abundant. Fragilariopsis curta, 

F. kerguelensis and T. antarctica resting spores dominate. 

Extinct taxa are present at all core intervals and are indicative of sediment reworking. 

They are most abundant below 85 cm, where there is a transitional sediment boundary 

that changes from biosiliceous, muddy diamicton to sandy diamicton. Thalassiosira 

torokina is the most abundant, reworked species, forming up to 7.7% of the total 

frustules observed at 130 cm. Other extinct taxa are not present at >2.0%. 

18.4.3 Statistical analyses 

AA186 

A dendrogram illustrating core sample affinities is illustrated in Fig. 18.2. Eighteen 

species with an abundance >2% are observed in 31 samples (Appendix 9). Sample 

160 cm is identified as an outlier in the preliminary cluster analysis (Appendix 10) and 

was removed from further analysis. Subsequent analysis identified three cluster groups 

at 26.9% dissimilarity, with a cophenetic correlation of 0.67. Indicator species, based on 
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log10 values, in each cluster group are listed in Table 18.2. All values in the following 

discussion are based on arithmetic mean abundance, unless otherwise stated. 

Cluster group 1 is the largest cluster group identified, containing 14 samples. It occurs 

at 0 cm, and from 20-80 cm. The diatom assemblage is dominated by F. curta (41.4%), 

which forms >50% of the total number of frustules observed at 30 cm. Thalassiosira 

antarctica resting spores are subdominant (10.9%). The less abundant tax.a, but 

common (>2%), are Chaetoceros resting spores, E. antarctica, F. angulata, F. cylindrus, 

F. kerguelensis, F. obliquecostata, T. gracilis, and the Chrysophyte P. corona. No 

indicator species are present. The diatom assemblage in cluster group 1 can be 

distinguished from cluster groups 2 and 3, however, by a significantly greater abundance 

of several taxa the are outlined in Table 17 .2. 

Cluster group 2 is present from 5-15 cm, 85-90 cm, 100 cm, 145 cm, and 170-175 cm; it 

is the smallest cluster group in the core. Thalassiosira antarctica resting spores are the 

most abundant tax.a (25.7%); F. curta (20.7%) and F. kerguelensis (18.1 o/q) are 

subdominate. Also common (>2%) are Chaetoceros resting spores, E. antarctica, 

F. cylindrus, F. obliquecostata, T. gracilis, and T. lentiginosa. The assemblage is most 

similar to that observed in cluster group 1, but T. antarctica resting spores are unique 

indicators. The abundance of E. antarctica and F. kerguelensis is also significantly 

greater in cluster group 2 compared to cluster group 1. 

Cluster group 3 contains samples 95 cm, 105 cm, 115 cm, 120-140 cm, and 150-165 cm. 

The diatom assemblage is dominated by F. kerguelensis (28.0%) in significantly greater 

abundance compared to that observed in cluster groups 1 and 2. Eucampia antarctica 

(17.4%) and T. antarctica resting spores (12.7%) are subdominants. Less abundant are 

Chaetoceros resting spores, F. curta, F. separanda, T. gracilis, T. lentiginosa, and the 

extinct species T. torokina. The latter, is association with T. lentiginosa and Stellarima 

microtrias, is a unique indicator of the cluster group 3. 
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AAJ 86 and Surface Samples 

A dendrogram illustrating AA186 and surface sample affinities is illustrated in Fig. 18.3. 

Outliers in the core and surface samples, identified previously, are not included. 

Twenty-six diatom species with an abundance >2% are observed in the 136 samples. 

Five cluster groups are identified at 37.60% dissimilarity, with a cophenetic correlation 

of 0.66. Significantly abundant and indicator species for each cluster group are listed in 

Table 18.3. 

Cluster groups 1, 2 and 4 contain all surface sediment samples identified as the coastal, 

shelf and cape diatom assemblages, respectively. The shelf assemblage contains one 

sample from AA186: 25 cm. There are no other samples from AA186 containing 

analogous assemblages and they will not be further discussed here. 

Cluster group 3 contains all but two surface samples identified as the oceanic 

assemblage, and AA186 samples 0 cm, 20 cm, 30-80 cm. In this chapter, the 

assemblage shall be referred to as the oceanic "A" assemblage, to avoid confusion. 

Fragilariopsis curta (32.7%) dominates the assemblage, but is statistically less abundant 

compared to that in cluster groups 1, 2 and 4. Three taxa are subdominant: 

F. kerguelensis (11.5% ), F. cylindrus (ll .4%) and Chaetoceros resting spores (10.0% ). 

Abundant (>2%) are F. angulata, F. obliquecostata, T. antarctica resting spores, 

T. gracilis, T. lentiginosa, and P. corona. Although many of these species are most 

abundant in the oceanic assemblage, and significantly more abundant compared to one 

or more cluster groups (see Table 17.3), only two, numerically rare, diatoms were 

identified as unique indicators: T. gracilis var. expecta and Trichotoxin reinboldii. 

Neither is present at >3.0%, and both have a mean abundance <l.0%. 

Cluster group 5 contains surface samples BANG22 and BANG24, and AA186 samples 

5- 15 cm and 85-175 cm. As discussed in the previous chapter, BANG22 and BANG24 

are amongst the group of surface samples recovered from furthest offshore of the 

continental shelf. In AA186 (and AA149) this, apparently, more open water assemblage 
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is referred to as the oceanic "B" assemblage, to avoid confusion with the oceanic "A" 

assemblage, and that originally described in the surface sediment. In the present 

analysis, F. kerguelensis dominates the "B" assemblage (23.3%) and is significantly 

more abundant compared to that in "A" assemblage (cluster group 3, above). The 

subdominant tax.a are T. antarctica resting spores (18.9%), F. curta (14.6%) and 

E. antarctica (12.4%). Less abundant tax.a are Chaetoceros resting spores, 

F. obliquecostata, F. separanda, T. gracilis, T. lentiginosa, and the extinct T. torokina. 

Thalassiosira torokina has a first appearance datum in Antarctic marine sediment 8.2-

8.6 Ma, and a last appearance datum of 1.8 Ma (Harwood and Maruyama, 1992). 
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Table 18.2. Arithmetic mean abundance(%), analysis of variance (F) and SNK multiple 

range test of species in cluster groups of AAJ 86. 

Species Cluster Group F p 

1 2 3 

Chaetoceros spores 3.9 5.8 7.7 2.04 n.s. 

C. criophilum 0.1 0.1 1.0 0.52 n.s. 

D. antarcticus 1.2 1.2 1.2 0.02 n.s. 

D. speculum 1.9 1.8 1.1 3.21 n.s. 

E. antarctica 2.4 6.9 17.4 111.19 n.s. 

F. angulata 3.3 Ll 0.6 61.69 *** 

F. curta 41.4 20.7 9.0 130.88 *** 

F. cylindrus 6.5 2.3 0.5 64.53 *** 

F. kerguelensis 7.9 18.1 28.0 72.25 *** 

F. lineata Ll 0.6 0.2 24.65 *** 

F. obliquecostata 5.4 2.9 Ll 53.58 *** 

F. separanda 1.9 1.7 2.5 1.99 n.s. 

P. corona 2.3 Ll QJ. 29.38 *** 

S. microtrias 0.6 0.8 Ll 8.81 *** 

T. antarctica spores 10.9 25.7 12.7 27.81 *** 

T. gracilis 2.6 2.0 2.1 1.72 n.s. 

T. lentiginosa 1.6 li 4.1 20.21 *** 

T. torokina 0.2 Ll 4.3 81.45 *** 

Analyses were carried out on log10(x+l) transformed abundance. Degrees of freedom 2, 

32. ANOVA P values: * <0.05, ** <0.005, *** <0.0005, - not significant. Bold type: 

species with significant differences in mean abundance. Underlined type: species with 

significantly different abundance in a cluster group. 
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Table 18.3. Arithmetic mean abundance (% ), analysis of variance ( F) and SNK multiple range test of species in 

cluster groups of AA186 and surface sediment samples. 

Species Cluster Group F p 

1 2 3 4 5 

A. actinochilus 0.1 0.2 0.7 0.5 0.7 24.83 *** 

Chaetoceros spp. 0.4 0.2 0.1 0.0 0.0 5.72 *** 

Chaetoceros spores 5.3 8.0 10.0 1.1 6.8 11.62 *** 

C. criophilum 0.1 0.1 0.1 0.0 0.6 0.64 

D. antarcticus 0.2 0.4 0.9 0.9 Ll 18.50 *** 

D. speculum 0.3 0.5 Ll 0.6 1.4 12.38 *** 

E. antarctica 0.1 0.4 Ll 2.3 12.4 87.03 *** 

F. angulata 4.2 3.9 2.5 5.6 0.8 50.15 *** 

F. curta 54.7 48.3 32 7 62.8 14.6 84.83 *** 

F. cylindrus 22.3 16.1 11.5 2.6 1.3 68.12 *** 

F. kerguelensis 0.5 1.0 10.9 2.0 23.3 153.54 *** 

F. lineata 0.7 0.9 Ll ll 0.4 11.72 *** 

F. obliquecostata 1.8 2.5 2.8 2.7 2.0 2.38 

F. separanda 0.2 0.7 L8. Ll ll 37.55 *** 

F. sublineata 0.4 0.7 0.5 0.6 0.0 10.99 *** 

P. corona ti .12 2.9 1.1 0.7 36.92 *** 

P. glacialis 0.2 0.9 0.2 0.6 0.5 18.94 *** 

P. turgiduloides 0.4 0.1 0.1 0.1 0.0 8.48 *** 

S. microtrias 0.2 0.3 0.6 0.9 Ll 13.03 *** 

T. antarctica spores 1.3 6.5 7.8 8.5 18.9 29.17 *** 

T. antarctica (veg) 0.2 0.0 0.0· 0.0 0.0 2.53 * 

T. gracilis 0.8 1.3 3.4 2.1 ll 31.50 *** 

T. gracilis var. 0.2 0.2 0.6 0.0 0.1 12.51 *** 

T. lentiginosa 0.2 0.4 2.0 0.8 3.2 65.22 *** 

T. torokina 0.0 0.0 0.1 0.0 2.9 83 33 *** 

T. reinboldii 0.1 0.3 0.8 0.2 0.2 13.90 *** 

Analyses were carried out on log10( x+ 1) transformed abundance. Degrees of freedom 4, 131. ANO VA P 

values: * <0.05, ** <0.005, *** <0.0005, - not significant. Bold type: species with significant differences m 

mean abundance. Underlined type: species with significantly different abundance in a cluster group. Cluster group 

(diatom assemblage) names: 1 = Coastal; 2 =Shelf; 3 =Oceanic "A"; 4 = Cape; 5 =Oceanic "B". 
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18.5 Diatom Assemblages in AA186 

18.5.1 Oceanic Assemblage "A" 
The upper 80 cm of AA186 is dominated by a diatom assemblage that is analogous to the 

oceanic assemblage in the surface sediments of Prydz Bay and Mac.Robertson Shelf. 

Two surface samples that were included in this assemblage, as originally described in 

Chapter 9, however, form a subgroup when compared to AA149. To avoid confusion, 

they will be discussed below as oceanic assemblage "B", and the larger assemblage, 

discussed here, will be referred to as oceanic assemblage "A". 

In Pry dz Bay today, oceanic assemblage "A" is located primarily offshore of the 

continental shelf break, but extends as a "tongue" southwards into the bay, across Four 

Ladies Bank. Although dominated by the sea ice diatom F. curta, the assemblage is 

characterised by an abundance of open water taxa. These include F. kerguelensis, 

F. cylindrus and Chaetoceros resting spores. Less abundant, but statistically significant, 

are T. gracilis var. expect and Trichotoxin reinboldii. It is speculated that assemblage has 

been transported onshore via the cyclonic Prydz Bay gyre. 

Fragilariopsis kerguelensis is a major indicator of open water. It is negatively correlated 

with sea ice concentration (Burckle et al., 1987), increases in abundance with distance 

from the Antarctic continental shelf in both sedimentary and planktonic diatom 

assemblages (Kozlova, 1966; Leventer, 1992), and dominates summer surface waters 

(Burckle and Cirilli, 1987; Burckle et al., 1987; Krebs et al., 1987). Similarly, 

F. cylindrus is associated with open water conditions, but may also occur in both sub-sea 

ice and ice edge environments (Burckle et al., 1987; Kang and Fryxell, 1992; Leventer et 

al., 1993). Chaetoceros resting spores do not occur in sea ice communities but are higher 

in abundance at the sea ice edge (Garrison et al., 1987). Leventer (1992) and Leventer et 

al. ( 1996) suggest that the resting spores may be associated with stratified, low salinity 

and poorly mixed water columns that occur along a stationary ice edge following its 

maximum summer retreat. 

18.5.2 Oceanic Assemblage "B" 

Oceanic assemblage "B" consists of core samples most similar to the surface samples 

BANG22 and BANG24. In the analysis of the surface samples alone, both formed part of 

the oceanic assemblage. When compared to the core, however, they form a subgroup, 

which is based on the high abundance of F. kerguelensis. The abundance of 
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F. kerguelensis, and other open water indicator tax.a in BANG22 and BANG24 is 

attributed to their geographic location. This was discussed in detail in Chapter 17, where 

both samples also formed part of an oceanic assemblage "B" when compared to AA149. 

In summary, they were recovered furthest offshore from the continental shelf, and 

probably less influenced by coastal oceanographic processes. 

In AA186, oceanic assemblage "B" has been deposited from 5-15 cm, and as a 

continuous sequence in the lower half of the core, below 85 cm. It is characterised by a 

significantly higher abundance of F. kerguelensis, and a significantly lower abundance of 

F. curta (Fig. 18.4). Simple linear regression indicates that they have a negative 

correlation (R2 = 0.786). Below 95 cm, the abundance of F. kerguelensis is greater than 

F. curta. In the surface samples, this was observed only in BANG22 and BANG24 and 

further suggests that deposition has occurred under a more open water regime. 

An important component of the oceanic assemblage "B" is the presence of reworked, 

extinct tax.a (Table 18.4, Fig. 18.5). Most are present in rare abundance (<2%), but 

T. torokina has a maximum abundance of 7.7% at 135 cm, and, in AA186, has a positive 

correlation with F. kerguelensis (R2 = 0.679). A similar diversity of extinct taxa were 

noted in the reworked assemblage described in AA149, and both may be correlatable with 

the SM0-2 and SM0-3 beds described by Domack et al. (1998). The reworked 

assemblage in AA149, however, formed a cluster group distinct from the oceanic 

assemblage "B" described in that core. Based on the biostratigraphic marker 

T. complicata, the bed from which the assemblage in AA186 has been reworked was 

deposited 4.3 Ma to 3.1 Ma (Harwood and Maruyama, 1992). 

Table 18.4. Extinct diatom taxa identified in AAl 86. Datums based on Harwood and 

Maruyama (1992). FAD: first appearance datum; LAD: last appearance datum. 

Species FAD (My) LAD (My) 

Denticula sp. A ? ? 

H emidiscus ovalis 7.9 5.7 

Nitzschia praecurta 10.5 3.6 

Rouxia spp. -20.0 -1.5 

Thalassiosira complicata 4.3 3.1 

T. inura 4.5-4.8 1.8 

T. torokina 8.2-8.6 1.8 
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Fig. 18.4. Distribution of F. curta and F. kerguelensis in AAl 86. Note the relatively high 

a~undance of F. kerguelensis in oceanic assemblage "B" (5-15 cm, 85-175 cm) compared to F. 

curta. (The sample from 160 cm was identified as an outlier in the initial cluster analysis and 

removed from subsequent analyses). 
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Fig. 18.5. Distribution of extinct taxa inAA186. Only T. torokina (8.2-8.6 Ma to 1.8 Ma) has 

an abundance >2% and is significant in the oceanic assemblage "B". (The sample from 160 cm 

was identified as an outlier in the initial cluster analysis and removed from subsequent analyses). 
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18.5.3 Shelf Assemblage 
Deposition of the oceanic assemblage "A" in the upper core is interrupted by deposition of 

the shelf assemblage. In AA186, it is present at 25 cm. Like the oceanic assemblage "A", 

it is dominated by F. curta, but in significantly less abundance. More abundant are 

F. angulata, F. cylindrus, F. sublineata, Porosira glacialis, and the Chrysophyte 

P. corona. Today, the shelf assemblage represents Antarctic inshore areas and ice edge 

waters where summer sea ice is absent. Centric species, such as P. glacialis, are present 

in significantly greater abundance. Porosira glacialis is indicative of nearby sea ice and 

often occurs in ice edge blooms (Krebs et al., 1987), but does not form part of within sea 

ice algal communities (Watanabe, 1988; Garrison and Buck, 1989; Scott et al., 1994). 

Relatively little is known of the ecology of P. corona, but interpretation of the surface 

sediment samples also suggests that it is indicative of cold water and I or ice edge 

conditions, but does not occur within-ice communities. 

18.6 Upper Pleistocene I Holocene Palaeoecology of Prydz Bay 

(Four Ladies Bank) 

Contamination by old carbon has limited the value of the radiocarbon dates from AA186. 

In an attempt to correct for this, contamination is assumed to be evenly mixed throughout 

the core, and an age of zero is calculated for the core top, using a correction factor of 

7.2 Ka (the AMS date obtained from the 0-2 cm sample). At 80-82 cm the core is 

estimated to be 7.3 Ka. With only two AMS obtained from AA186, a linear 

sedimentation rate must be assumed. This is most likely incorrect. One would expect the 

sedimentation rate in lithological unit 2 (sandy diamicton) to be lower than in the muddy 

unit above (Kellogg and Kellogg, 1988; Hambrey, 1994). Unit 2 was probably deposited 

beneath a floating ice shelf; unit 1 deposited in an open marine setting. 

18.6.1 Upper Pleistocene to Early Holocene (-17.0 Ka to -7.7 Ka) 

The bottom of AAl 86 is Upper Pleistocene in age, -17 .0 Ka, based on the above 

assumptions. Diatom frustules are rare in the lower-most samples (185 cm and 180 cm) 

and were not observed in quantifiable abundance. Above 17 5 cm, they become increasing 

abundant and better preserved, but not as concentrated as one would observe in 

biosiliceous ooze. Small and fragile species are relatively uncommon. Foraminifera 

fragments and sponge spicules are abundant throughout, from the bottom of the core to 

100 cm, coinciding with lithological unit 2. 
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Lithological unit 2 extends from the bottom: of the core to 100 cm. This unit is composed 

of compact, sandy diamicton, and is typical of relict, glacial-marine sediment deposited 

beneath, or within close proximity to, an ice shelf and I or having been winnowed by 

strong water currents (Dunbar et al., 1985). The abundance of open water diatom taxa in 

the diatom assemblage infers open water. Based on the similarity of this assemblage with 

that in the surface samples BANG22 and BANG24, the immediate assumption may be 

that, at the time of deposition, the palaeoenvironment was characterised by open water, 

less sea ice and, probably, warmer sea surface temperatures. 

It is important to note the features of the diatom assemblage within unit 2, however, before 

such an assumption can be made. The frustules are poorly concentrated, have undergone 

extensive damage and are characterised by robust, heavily silicified taxa. Combined with 

the core's lithology, this implies deposition beneath, or near, an ice shelf, where biotic 

activity, diversity and abundance are lower than in open water conditions (Kellogg and 
I 

Kellogg, 1988). Dissolution is also greater beneath an ice shelf as sediment accumulation 

rates are slower (Kellogg and Kellogg, 1988; Hambrey, 1994), during which time many 

of the smaller and more fragile diatom frustules, often sea-ice associated (McMinn, 1995), 

are lost. The resulting fossil assemblage contains a disproportionate number of heavily 

silicified and robust frustules - such as the open water taxa F. kerguelensis, S. microtrias 

and T. lentiginosa. The heavily silicified frustules of E. antarctica are also significantly 

more abundant in this assemblage. Eucampia antarctica is typically found in sea ice 

communities (Jouse et al., 1962; Burckle, 1984a), and in fossil assemblages is often 

related to glacial events (Jouse et al., 1962). 

The abundance of E. antarctica in AA186 may be comparable to that observed by 

Truesdale and Kellogg (1979). They noted E. antarctica to dominate a sedimentary 

transition zone of well sorted sand in a core recovered from the Ross Sea. The zone 

overlies a till unit characterised by a reworked diatom flora with widely differing 

biostratigraphic ranges. The till unit is interpreted to have been deposited beneath the 

grounded ice from the West Antarctic Ice Sheet during the LGM. The transition zone was 

probably deposited following the retreat of the grounding line and under a regime of 

strong bottom currents (Truesdale and Kellogg, 1979). Whilst E. antarctica is not 

dominant in AA186, it occurs in maximum abundance in the sandy, lithological unit 2 

(forming up to 25% of the total frustules counted) and may be indicative of a similar 

environment to that described by Truesdale and Kellogg (1979). 
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It is hypothesised that AA186 unit 2, and the associated diatom assemblage, were 

deposited on Four Ladies Bank beneath, or near, a floating ice shelf during the LGM. 

There may have also been a synchronous increase in strength of bottom water currents. 

As outlined in Chapter 17, there is a general lack of data for the LGM in East Antarctica 

(Stuiver et al., 1981). In West Antarctica, it is widely accepted to have commenced 

24 Ka to 22.5 Ka, reaching a maximum 21.0 Ka to 17.0 Ka, and retreating after 12.5 Ka 

(Stuiver et al., 1981; Denton et al., 1989). In East Antarctica, 8180 values from a Vostok 

ice core suggest that warming commenced -18.0 Ka (Lorius et al., 1985). Data from 

New Zealand and South America suggest that it ended in the Southern Hemisphere 

-14.0 Ka (Burrow, 1979 in Pickard et al. 1984) and was followed by a transitional 

period between to fully interglacial conditions of the present (Pickard et al., 1984). 

In Prydz Bay, sedimentalogical evidence supports the hypothesis that ice advanced across 

the bay during the LGM, via drainage of the Lambert Glacier I Amery Ice Shelf, and 

grounded along the periphery of the Prydz Channel (Domack et al.,1998). Deposition 

below an ice shelf in Prydz Bay during the earliest Holocene also supports the findings of 

O'Brien (1992) and Franklin (1997). Could the hypothesised ice shelf on Four Ladies 

Bank therefore represent the terminus of an advanced Lambert Glacier, or could it be 

sourced from elsewhere? The most likely alternative would be the Sprsdal Glacier, which 

today borders the south of the Vestfold Hills and is the closest glacial outlet to Four Ladies 

Bank. For the Sprsdal Glacier to have advanced that far, an extensive, north-trending 

advance of ice across the Vestfold Hills would be required. This has not been 

documented. At most, the Sprsdal Glacier appears to have undergone a minor, northerly 

readvance -3.0-1.5 Ka (Adamson and Pickard, 1986), based on glacial striae near 

Chelnok Lake in the Vestfold Hills. However, even this advance is questioned by Bronge 

(1996), who argues that the ice would neither have been thick enough, nor warm enough, 

to melt underneath and create the extensive striae upon which Adamson and Pickard' s 

(1986) theory is based. 

18.6.2 Mid to Late Holocene (-7.7 Ka to -2.7 Ka) 

Open marine conditions are estimated to have commenced on Four Ladies Bank -7.7 Ka. 

There is a distinct sediment boundary at 100 cm, changing from compact, .sandy diamicton 

(unit 2) to muddy diamicton (unit 1). Above 80 cm, this grades into homogenous, 

siliceous, muddy ooze. At 85 cm, the oceanic assemblage "B" is replaced by assemblage 

"A". Assemblage "A" is analogous the surface sediment oceanic assemblage being 
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deposited on the continental shelf of Prydz Bay, and adjacent offshore zone. Although 

reworked, extinct taxa are present in the core samples, their abundance is statistically 

insignificant compared to that in the assemblage "B". 

The data from AA186 supports the findings of Domack et al. (1991a and 1991b) and 

Pushina et al. (1997),who suggest that open marine conditions and siliceous, muddy ooze 

deposition commenced in Prydz Bay sometime in the Early Holocene. Domack et al. 

(1991a) estimate this as having commenced 10.7 Ka. Whilst the date estimated in AA186 

is 3 000 years later than Domack's et al. (1991a) estimation, the discrepancy may be due 

to the tentative radiocarbon dating assigned to AA186. Alternatively, an isolated, small ice 

shelf may have remained "trapped" on Four Ladies Bank. Regardless of the mechanism, 

the transition to open marine conditions in this area -7.7 Ka is correlatable to the mid­

Holocene warming observed elsewhere in Antarctic records (e.g. Burckle, 1972; 

Truesdale and Kellogg, 1979, Domack et al., 1991a and 1991b; Shevenell et al.. 1996; 

Pushina et al., 1997; Kirby et al., 1998). 

18.6.3 Late Holocene (2.7 Ka to 0.5 Ka) 

A brief, cool period is interpreted to have taken place for deposition of the shelf diatom 

assemblage to occur in AA186 -2.3 Ka. In the modem environment, this assemblage 

differs from the oceanic assemblage by having a greater abundance of ice-associated and 

ice edge indicator species. It is distributed in the surfaced sediments on the continental 

shelf and does not extend beyond this. This is replaced by assemblage "A" -2.3 Ka, 

suggesting that warming recommenced. 

A shelf assemblage has also been deposited in GC29, inner Prydz Bay, 2.8 Ka (Chapter 

16). This is interpreted to be a response to the onset of Late Holocene cooling and an 

increase in temporal ice cover. There is extensive evidence for cooling, or a Neoglacial, in 

Antarctica during the Late Holocene, commencing - 2.8 Ka (e.g. Leventer et al., 1993; 

Ciais et al., 1994; Domack et al., 1994; Kreutz et al., 1997; Domack and Mayewski, in 

press). In GC29, the shelf assemblage is replaced by one suggestive of more open water 

conditions 2.3 Ka - similar to the transition from the shelf to oceanic assemblage "A" in 

AA186 over the same time period. In GC29, it is hypothesised that climate and 

oceanographic conditions during the transition period, from a warm mid Holocene to cool 

Late Holocene, on the East Antarctic continental shelf were unstable. Alternatively, it 

could represent a previously brief, undocumented, warm interval in what was otherwise a 

period of general cooling. Cooling is estimated to have re-commenced in GC29 2.0 Ka 
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and remained unaltered to the present. 

In AA186, the oceanic assemblage "A" is also replaced after only a period of brief 

deposition, similar to the shelf assemblage, with the oceanic assemblage "B" present from 

-1.8 Ka to 0.5 Ka. Unlike the presence of this assemblage in the lower half of the core, 

however, there is no corresponding sandy diamict facies to suggest glacial marine 

deposition. Rather, it is interpreted here to have been deposited as a result of increase 

water current strength 

An increase in bottom water current strength could account for the relatively low 

abundance of small and fragile frustules in this assemblage, such as F. cylindrus and 

P. corona, and disproportionate abundance of heavily silicified, mostly open water, 

indicator species. Alternatively, the Prydz Bay cyclonic gyre could have intensified and 

increased in extent over Prydz Bay. The gyre is a large, cyclonic system located on the 

continental shelf in the vicinity of 63° - 80°E (Hosie, 1994) and centered inside the bay at 

about 73°E (Wong, 1994). An intensified current speed, and I or increased geographic 

size of the gyre, during the Late Holocene could have extended its range into Prydz Bay 

and increased its potential to transport a greater number of open water diatoms across the 

continental shelf. Increased current speed could also account for the lower abundance of 

small and fragile diatom species in the assemblage. The absence of these species in the 

surface sediments of the cape assemblage has been interpreted as removal by current 

winnowing. Gyre intensification is also suggested as the agent being responsible for the 

formation of a similar diatom assemblage observed in AA149, from the Prydz Bay Trough 

Mouth Fan. 

18.6.4 Late Holocene to Present ( <0.5 Ka) 

Deposition of the oceanic assemblage "A" recommenced in AA186 -0.5 Ka. From this it 

is inferred that the hypothesised increase in strength of bottom water currents and I or gyre 

intensification, from 1.8-0.5 Ka, decreased. From 0.5 Ka, the depositional environment 

on Four Ladies Bank has been analogous to the present, with an open water diatom 

assemblage being transported onto the shelf, via water circulation. The cyclonic Prydz 

Bay gyre is the mechanism attributed as the transport mechanism. From this, the oceanic 

diatom assemblage extends as a "tongue" across the continental shelf before being mixed 

and dispersed amongst the shelf and coastal diatom assemblages. 
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18.7 Conclusion 

The palaeoecological interpretation of AA186 is summarised in Table 18.5. Sediment 

reworking and contamination by older carbon (from extinct diatom taxa, upwelled deep 

water and I or ice release) are the most likely sources of anomolously old radiocarbon 

dates obtained from the core. The surface has an uncorrected age of 7 .2 Ka, which is up 

to almost six times greater than that observed elsewhere in Prydz Bay or Mac.Robertson 

Shelf. To correct for this, it was assumed that contamination was distributed evenly 

throughout, and an age of zero assigned to the core top, based on a correction factor of 

7.2Ka. 

Assuming a constant sedimentation rate, the base of the core is assigned a corrected 

radiocarbon age of -17 .0 Ka. The core lithology and diatom assemblages suggest that it 

was deposited under, or in close proximity to, a floating ice shelf that advanced across 

Prydz Bay during the LGM. Light penetration beneath the ice shelf was probably 

insufficient for photosynthesis to occur, and frustules were advected under the ice shelf 

by water currents. The currents may have been strong enough for sediment winnowing 

to take place, removing a significant proportion of the smaller and more fragile diatom 

frustules, and reworking the sediment. 

Open marine conditions are estimated to have commenced - 7 .7 Ka, with the deposition 

of biosiliceous, muddy ooze and the oceanic diatom assemblage "A". This was followed 

by a relatively rapid series of climate and oceanographic changes during the Late 

Holocene. Cooling is thought to have occurred -2.7-2.3 Ka, with deposition of a shelf 

diatom assemblage, followed by a brief period of warmer and more open water 

conditions -2.3-1.8 Ka. The diatom assemblage is analogous to that deposited on Four 

Ladies Bank today. 

Between -1.8-0.5 Ka, the reworked oceanic assemblage "B" was redeposited. Unlike 

that at the bottom of the core, however, the assemblage near the top does not coincide 
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with compact, sandy diamicton. Deposition is assumed to have occurred in a seasonally 

ice free, open marine environment, but water currents during this time may have 

intensified. Whether this was in the form of stronger bottom currents and I or 

intensification of the Prydz Bay gyre, and whether atmospheric or water temperatures 

varied, cannot be determined. Deposition of the modern oceanic assemblage on Four 

Ladies Bank recommenced -0.5 Ka. It has been deposited continuously since then and 

with relatively minor disturbance except for, perhaps, infrequent iceberg grounding. 
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Table 18.5. Summary of Holocene palaeoclimate in inner Prydz Bay (Four Ladies Bank) inferred from AAJ 86. 

Corrected 14C Age (Ka) Core Lithology 

<0.5 Biosiliceous, muddy ooze 

0.5 -1.8 Biosiliceous, muddy ooze 

1.8-2.3 Biosiliceous, muddy ooze 

2.3 - 2.7 Biosiliceous, muddy ooze 

2.7 -7.7 Biosiliceous, muddy ooze 

7.7-17.0 Compact, sandy diamicton 

Diatom Assemblage 

Oceanic "A" 

Oceanic "B" 

Oceanic "A" 

Shelf 

Oceanic "A" 

Oceanic "B" 

Major Species 

F. curta 

F. cylindrus 

Chaetoceros spores 

T. antarctica spores 

As for above 

As for above 

As for above 

F. curta 

F. cylindrus 

F. kerguelensis 

Chaetoceros spores 

F. kerguelens1s 

T. antarctica spores 

F. curta 

E. antarctica 

Climate Interpretation 

Modem conditions; seasonal sea ice & 

open water in summer; gyre-influenced 

Increase water current strength & I or 

gyre intensification; cooling? 

Brief Late Holocene warming 

Late Holocene cooling; seasonally open 

water with nearby ice edge 

Onset of open marine deposition, 

followed by mid Holocene warming; 

seasonally open water 

Deposition beneath, or in close 

proximity, to an ice shelf; LGM 



19.1 Site Description 

- Chapter 19 -

KROCK GC33 

Core KROCK/163/GC33 (GC33, hereafter) was recovered from Fram Bank 

GC33 

(67° 10.88'S, 68° 32.30'E; Fig. 13.1) during ANARE's 1993 Krill and Rock (KROCK) 

Survey aboard the RSV Aurora Australis. Fram Bank borders the north west of the 

Amery Depression and, together with Four Ladies Bank to the northeast, its shallow 

banks form a partial barrier to water exchange with the deep ocean (Smith and Treguer, 

1994). The shallow banks also ground icebergs, which suspend and rework sediment, 

before they break up, calve and drift across the relatively deeper depressions without 

further disturbing the seafloor. In an attempt to minimise the effect of iceberg reworking, 

the coring site for GC33 was located in a bathymetric low on the western half of Fram 

Bank, in a water depth of 376 m. Here a layer of Late Holocene, carbonate-rich sand 

covers the bank. 

19.2 Core Description 

The core is 19S cm long. Two lithological units can be recognised, separated by a 

transitional boundary (Fig. 19.1). Unit 1 consists of moderate, olive brown (SY 4/4), 

siliceous mud and ooze from 0-80 cm. Laminations are present below 28 cm; there is no 

evidence of bioturbation. Between 80 cm and 9S cm the colour grades into olive grey 

(SY 3/2). Unit 2 occurs from 80-19S cm. It consists of olive black (SY 211), well sorted, 

muddy sand or sandy mud. Iceberg rafted debris (IRD) is present in unit 2 as minor 

clasts, with pebble-sized dropstones observed at 100 cm and 170 cm. 

19.3 Fossil Assemblages 

Diatoms are present to a depth of 80 cm. The frustules are abundant and generally well 

preserved. They have undergone normal mechanical breakage. At 80 cm, frustules are 

present in quantifiable abundance, but are noticeably less concentrated than from samples 

higher in the core. Diatoms are not observed in quantifiable abundance below 80 cm, 

becoming increasingly rare to absent over the transitional sedimentary boundary between 

units 1 and 2. 

Foraminifera are present in low abundance. No other fossils are observed in the core. 
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19.4 GC33 - Results 

19.4.1 Radiocarbon Dates 
Three reliable radiocarbon dates, based on bulk organic carbon, were obtained from GC33 

(Rathburn et al., 1997; Table 19 .1 ). The core has a corrected surface age of 2.1 Ka, after 

applying a reservoir correction factor of 1.3 Ka (after Rathburn et al., 1997), and extends 

into the mid Holocene, with a reservoir-corrected age of 3 .8 Ka obtained at 185 cm. The 

corrected surface age is considerably older than that of undisturbed and uncontaminated 

modem sediments in eastern Prydz Bay, which range from 1.3-1.8 Ka (Adamson and 

Pickard, 1986; Domack et al., 1989), and Mac.Robertson Shelf, discussed herein (0.3-

0.9 Ka). The likely reasons for this are discussed below, and Rathbum et al. (1997) 

stress that the chronology must be regarded as tentative until further studies are 

undertaken. 

Simple linear regression indicates a good age v depth correlation (R2 = 0.995; Fig.19.2). 

A sedimentation rate of 0.137 cm yr-1 is calculated from 0-82 cm, and a slightly higher rate 

of 0.176 cm yr-1 from 82-185 cm. This is similar to the average Holocene sedimentation 

rate of 0.166 cm yr-1
, determined from ODP Site 740 in eastern Prydz Bay (Domack et al., 

199la). Assuming constant deposition rate, Rathburn et al. (1997) consider it unlikely 

that the upper 350 cm of the core could have been lost during the recovery process or by 

erosion. The old surface date from the ~ore has therefore most likely been affected by 

contamination of older carbon. 

Table 19.1. Uncorrected and corrected AMS radiocarbon dates obtainedfrom bulk 

organic carbon for core GC33 (Rathburn et al., 1997). A correction factor of 1 300 

radiocarbon years was applied (after Rathburn et al., 1997). 

Interval nc Date Deposition Rate 

(cm) Uncorrected Corrected (cm yr·1)t 

0-1 3 860 +/- 100 2 560 

82- 83 4 460 +/- 60 3 160 0.137 

185 - 186 5 050 +/-70 3 750 0.176 

t Deposition rates determined between 0-82 cm, and 82-186 cm. 
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Sediment reworking could have contributed to carbon contamination in the core. 

The depth at which the core was recovered (376 m) is well within the range that iceberg 

gouging can rework sediment, which is 690 min Prydz Bay (O'Brien, 1994). The core 

site is located within a bathymetric low on Fram Bank, however, and although some 

icebergs may ground, it is reasonable to expect that most would ground on the shallower 

banks to either side, calve and break up before drifting over the core site. Strong bottom 

currents are more likely to have an affect on sediment reworking at this location. As 

discussed in Chapters 9 and 10, diatom assemblages in the vicinity of Cape Darnley and 

on Fram Bank contain fewer small and fragile frustules compared to assemblages 

elsewhere on the continental shelf between Prydz Bay and Mac.Robertson Shelf. An 

assemblage composed of large, robust frustules suggests that the assemblage has been 

reworked by water currents, with many of the smaller species having been winnowed 

away. Grain size analysis carried out on surface sediment supports this hypothesis. 

Reworking by episodic, but probably infrequent, iceberg grounding and strong bottom 

currents may redeposit material and transport older material (Domack et al., 1989). 

0 

y = 0.155x - 401.575 
r2 = 0.995 

50 

""" 8 
u 
'--' 

£ 100 
c.. 
0 

Q 

150 

~ 

'. 

200 
0 0 0 0 
0 0 0 0 
II') 0 II') 0 
N <"> <"> 'tj" 

Corrected Age (yBP) 

Fig. 19.2. Linear regression of corrected radiocarbon dates versus depth. 
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Upwelling along the edge of the continental shelf can also provide a source of older 

carbon. This has been estimated to affect ages by only -400 years, however (Stuiver and 

Ostlund, 1983). The presence of sea ice can limit the mixing and dilution of older C02 in 

upwelled water with modem, atmospheric C02• Limited mixing and retention of old 

carbon upwelled from along the continental shelf edge could certainly account for the older 

radiocarbon age observed in GC33. Anomolously old radiocarbon ages have also been 

observed in cores AA149 and AA186. Both are located near the edge of the continental 

shelf in Prydz Bay and may have been contaminated by upwelled water. They also 

contain reworked, fossil diatom taxa, although the contribution of this to the total carbon is 

likely to have been minimal (Domack et al., 1989). 

19.4.2 Diatom Assemblages 

Diatoms are abundant and well preserved in the upper 70 cm. Below this, frustules 

become increasingly rare and are not observed in quantifiable abundance below 80 cm. 

This coincides with the sedimentary transition in the core, from biosiliceous ooze to 

muddy sand. Below 100 cm, diatom frustules are rare to absent. 

Fragilariopsis curta is the most abundant species, between 0-20 cm. From 25-30 cm and 

60-80 cm, the assemblage is dominated by Chaetoceros resting spores and subdominated 

by F. curta and T. antarctica resting spores. An almost monospecific assemblage of 

Chaetoceros resting spores is present between 35-55 cm. The spores form up to 90% of 

the frustules observed. 

19.4.3 Statistical Analyses 

GC33 

A dendrogram illustrating core sample affinities illustrated in Fig. 19.3. Sixteen diatom 

species with an abundance >2% are observed in 17 core samples (Appendix 11). Three 

cluster groups are identified at 38.2% dissimilarity, with a cophenetic correlation of 0.58. 

Indicator species for each cluster group are identified by a one-way ANOVA (Table 19.2). 

The SNK test could not be carried out in this instance due to a low dispersion matrix. 

Statistical analyses are carried out on log10 species abundance; the following discussion is 

based on arithmetic mean percent abundance, unless otherwise stated. 

Cluster group 1 occurs in the upper 20 cm of GC33. The diatom assemblage is dominated 

by F. curta (62.5%). There are no obvious subdominant species, with the second most 

abundant, F. cylindrus, having an average abundance of only 7.0%. Also common 
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(>2%) are F. angulata, Chaetoceros resting spores, F. obliquecostata, T. antarctica resting 

spores, and the Chrysophyte P. corona. Three species are abundance indicators: 

F. obliquecostata, F. separanda and P. corona. Fragilariopsis curta and T. gracilis are 

significantly more abundant in cluster group 1 compared to cluster groups 2 and 3, but are 

not indicator species of the assemblage. 

Cluster group 2 contains samples from 25 cm, 30 cm and 60-80 cm. Chaetoceros resting 

spores dominate ( 40.4% ), and are significantly more abundant compared to that in cluster 

group 1. Fragilariopsis curta (17.4%) and T. antarctica resting spores (14.4%) co­

subdominate. Common (>2%) are F. cylindrus and F. kerguelensis. Thalassiosira 

antarctica resting spores are unique indicators of the diatom assemblage, along with the 

numerically rare T. lentiginosa. The cluster group can be further distinguished from 

cluster group 1 by a significantly greater abundance of E. antarctica and F. kerguelensis. 

Cluster group 3 forms a distinct layer in GC33 from 35-55 cm. The assemblage is 

dominated by Chaetoceros resting spores (76.4% ). The spores have a maximum 

abundance of 90.5%, forming an almost monospecific assemblage. Their abundance is 

significantly greater compared to that in both cluster groups 1 and 2. Although not 

obviously subdominate, F. curta (6.7%) and F. cylindrus (6.6%) are the only other 

species whose average abundance is> 5%: Thalassiosira antarctica resting spores are 

relatively common. No species were identified by the one-way ANOVA as unique 

abundance indicators in the assemblage. 

GC33 and Suiface Samples 

A dendrogram illustrating GC33 and surface sediment sample affinities is illustrated in 

Fig. 19.4. Twenty four diatom species are present in >2% abundance, from 117 samples. 

Five cluster groups are identified at 42.1 % dissimilarity, with a cophenetic correlation of 

0.72. The SNK test is used to identify indicator species present in each cluster group 

(Table 19.3). Statistical analyses were carried out using log10 abundance values. The 

following discussion is based on arithmetic mean percent abundance, unless otherwise 

indicated. 

Cluster group 1 contains all surf ace sediment samples identified as the cape assemblage. 

This includes the surface (0 cm) of GC33. Fragilariopsis curta dominates the assemblage 

(62.8% ), but does not significantly differ from its abundance observed in cluster groups 2 

or 3, based on log10 values. There are no obvious subdominant species, with all others 
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having an average abundance <8.5%. These are E. antarctica, F. angulata, F. cylindrus, 

F. kerguelensis, F. obliquecostata, T. antarctica resting spores, and T. gracilis. There 

are no unique abundance indicators in the cape assemblage, but there are several species 

significantly more abundant compared to at least one other cluster group (see Table 19.3). 

A notable feature of the cape assemblage is the low abundance of small diatom species, 

including F. cylindrus which forms the subdominate member of the other diatom 

assemblages present on the continental shelf, and increased abundance of species more 

typically associated with open water, oceanic environments. This feature, along with 

grain-size analysis, supports the hypothesis that the cape assemblage has undergone 

current reworking and preferential dissolution of small, fragile species, leaving a lag 

deposit on the continental shelf that is characterised by large, robust species - many of 

which are associated with the open marine environment. 

Cluster group 2 contains all surface sediment samples identified as the shelf assemblage, 

and GC33 samples 5-20 cm. The assemblage is dominated by F. curta (49.2%) and 

subdominated by F. cylindrus (15.3%). Based on log10 values, neither has a significantly 

different abundance from that of cluster groups 1or3. Common (>2%) are Chaetoceros 

resting spores, F. angulata, F. obliquecostata, T. gracilis var. expecta, and P. corona 

There are no indicators in the assemblage, but several species are significantly more 

abundant in cluster group 2 compared to at least one other cluster group (see Table 19.3). 

Cluster group 3 contains all surface sediment sample identified as the coastal assemblage. 

There are no intervals from GC33 that are analogous to this assemblage. The assemblage 

is described in detail in Chapters 9 and 10, and will not be discussed further here. 

Cluster group 4 contains all surface sediment samples identified as the oceanic 

assemblage, and GC33 samples· 65-80 cm. The assemblage is dominated by F. curta 

(27.7%), but it is significantly less abundant compared to that in cluster groups 1, 2 and 3. 

Three taxa are_subdominant: Chaetoceros resting spores (14.1 %), F. kerguelensis 

(13.1 % ) and F. cylindrus (12.6% ). Present at >2% are F. angulata, T. antarctica resting 

spores, T. gracilis, T. lentiginosa, and P. corona. The cluster group is characterised four 

unique abundance indicator species: F. kerguelensis, T. lentiginosa, and the numerically 

rare T. gracilis var. expecta and Trichotoxin reinboldii. There are several other species 

significantly more abundant in the cluster group compared to one or more other cluster 

groups, but not present as unique indicators. These are listed in Table 19.3. 
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Cluster group 5 contains GC33 samples 25-60 cm. There are no surface sediments in 

Prydz Bay or Mac.Robertson Shelf that contain an analogous diatom assemblage. 

Chaetoceros resting spores are dominant (69.0%). Fragilariopsis curta is subdominant, 

but has a maximum abundance of only 18.5% and, on average, forms <10%. Less 

abundant, but relatively common (>2%), are F. curta, F. cylindrus, F. kerguelensis, and 

T. antarctica resting spores. There are no unique indicator species present, although the 

Chaetoceros resting spores are significantly more abundant compared to all their 

abundance in all other cluster groups. 
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Table 19.2. Arithmetic mean abundance(%), analysis of variance (F) and one way 

ANOVA of species in cluster groups from GC33. 

Species Cluster Group F p 

1 2 3 

Chaetoceros spores 3.8 40.4 76.5 75.345 *** 
C. criophilum 0.2 0.1 1.5 0.813 

D. speculum 0.5 1.1 0.5 2.577 

E. antarctic a 1.1 Ll 0.3 6.036 * 
F. angulata 5.7 Ll 0.1 38.792 *** 
F. curta 65.2 17.4 6.7 43.746 *** 
F. cylindrus 7.0 7.0 6.6 0.672 

F. kerguelensis 0.8 5.5 1.7 8.785 ** 
F. obliquecostata 3.3 1.2 0.9 15.835 *** 
F. separanda Ll 0.3 0.0 28.456 *** 
P. corona Ll 0.3 0.0 8.727 ** 
P. glacialis 1.4 1.3 0.1 4.541 * 
P. turgiduloides 0.1 0.6 0.8 2.083 

T. antarctica spores 4.1 14.5 4.3 24.462 *** 
T. gracilis Ll 1.1 0.3 25.746 *** 
T. lentiginosa 0.5 Ll 0.1 3.866 * 

Analyses were carried out on log10(x+l) transformed abundance. Degrees of freedom 2, 

14. ANOVA P values: * <0.05, ** <0.005, *** <0.0005, - not significant. Bold type: 

species with significant differences in mean abundance. Underlined type: species with 

significantly higher abundance in a cluster group. 

233 



286% 

422% 

DlssrnUarrty 

Fig 19.4. Dendrogram of cluster analysis comparing GC33 and surface sediment samples. 
Analysis base!J on species abundance (>2% log JO). 



GC33 

Table 19.3. Arithmetic mean abundance(%), analysis of variance (F) and SNK multiple range test of species in cluster groups 

from GC33 and swface sediment samples. 

Species Cluster Group F p 

1 2 3 4 5 

A. actinochilus 0.5 0.2 0.1 0.7 0.0 24.98 *** 
Chaetoceros spp. 0.0 0.2 0.4 0.1 0.2 2.63 * 
Chaetoceros spores 1.1 7.8 5.3 14.1 69.0 64.25 *** 
D. antarcticus 0.9 0.5 0.2 0.8 0.2 6.83 *** 
D. speculum 0.6 0.5 0.3 0.8 0.5 4.32 ** 
E. antarctica 2.3 0.4 0.1 u 0.9 12.11 *** 

F. angualata ti 4.0 4.2 il 0.3 43.01 *** 
F. curta 62.8 49.2 54 7 27.7 9.6 67.00 *** 
F. cylindrus 2.6 15.2 22.3 12.6 6.3 14.80 *** 
F. kerguelensis 2.0 1.0 0.5 13 1 il 66.95 *** 
F. lineata Ll 0.9 07 .L.Q 0.0 8.04 *** 
F. obliquecostata 2.7 2.5 il il 0.9 9.79 *** 
F. separanda .L1 0.8 0.2 LQ 0.1 21.36 *** 
F. sublineata 0.6 0.7 0.4 0.4 0.1 4.49 ** 

P. corona l.l D... LQ 2.8 0.3 17.72 *** 
P. glacialis 0.6 l..Q 0.2 0.4 0.2 12.41 *** 
P. turgiduloides 0.1 0.1 0.4 0.1 0.6 5.22 ** 

S. microtrias 0.9 0.4 0.2 0.6 0.1 8.51 *** 
T. antarctica spores 8.5 Qj_ 1.3 7.2 i.2 11.70 *** 
T. antarctica (veg.) 0.0 0.0 0.2 0.0 0.0 2.10 

T. gracilis 2.J. .Ll. 0.8 3.5 0.5 31.24 *** 
T. gracilis var. 0.0 0.2 0.2 0.6 0.0 10.31 *** 
expecta 

T. lentiginosa 0.8 0.4 0.2 2.2 0.2 47.92 *** 
T. reinboldii 0.2 0.3 0.1 0.8 0.1 14.07 *** 
Analyses were carried out on log10(x+l) transformed abundance. Degrees of freedom 4, 114. ANOVA P values: * <0.05, ** 
<0.005, *** <0.0005, - not significant. Bold type: species with significant differences in mean abundance. Underlined type· 

species with significantly higher abundance ma cluster group. Cluster group (diatom assemblage) names: 1 =Cape; 2 =Shelf; 

3 = Coastal; 4 = Oceanic; 5 = Chaetoceros. 
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19.5 Diatom Assemblages in GC33 

19.5.1 Cape Assemblage 
The cape diatom assemblage, deposited at the surface of GC33, is described in detail in the 

surface assemblages of Prydz Bay (Chapters 9 and 10). To summarise, it is characterised 

by an abundance of large, robust and heavily silicified diatom frustules (such as 

E. antarctica and F. kerguelensis) that are indicative of either sea ice or open water. In the 

surface sediments of Pry dz Bay today, the assemblage is restricted to an area just north of 

Cape Darnley, on Fram Bank (Fig. 9.2). The assemblage is dominated by F. curta, 

which forms up to 72%. Although relatively small (minimum dimensions of 10 µm x 

3.5 µmare recorded by Medlin and Priddle, 1990), F. curta is also noted for its resistance 

to dissolution (Kozlova, 1966) and is well preserved in sediment. Many of the fragile and 

lightly silicified species that are abundant elsewhere on the continental shelf or adjacent 

offshore, such as F. cylindrus, are conspicuously low in abundance in the cape 

assemblage. 

The modem cape assemblage is likened to that described in surface sediment of the Ross 

Sea by Truesdale and Kellogg (1979). They observed an assemblage dominated by 

E. antarctica, which they consider to indicate a lag deposit from which more fragile 

diatom frustules have been selectively winnowed by strong bottom currents. In Prydz 

Bay, the cape assemblage occurs in the vicinity of a strong (8 cm sec-1
), westward flowing 

coastal current, associated with the East Wind Drift, exiting the bay. Here, water 

converges with the narrow, westward flowing slope current (Wong, 1994). The currents 

are strong enough to decouple primary production in the surface waters from the 

underlying sediments and transport material falling through the water column before it 

settles (O'Brien et al., 1995a). It is the strength of the currents exiting Prydz Bay here that 

are attributed to the winnowed nature of the cape diatom assemblage. 

19.5.2 Shelf Assemblage 

Below 5 cm in GC33, the cape assemblage is replaced by one analogous to the shelf 

assemblage, which is being deposited today in the surface sediments of Prydz Bay and 

Mac.Robertson Shelf. In GC33, the shelf assemblage has been deposited to a depth of 

20 cm. It is dominated by F. curta ( 49% ), similar to the cape assemblage, but it is 

significantly less abundant. Fragilariopsis cylindrus is subdominant, forming up to 34%. 

This is significantly greater compared to the cape assemblage, where F. cylindrus does not 

exceed 5%. 
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In the modem depositional setting of Prydz Bay, the shelf assemblage represents a 

planktonic diatom community influenced by sea ice. The sea ice seasonally breaks out 

during the summer months, but the assemblage remains in close proximity to the receding 

ice-edge. In shallower and near-coastal areas, the ice-edge may persist over many years. 

This is indicated by the abundance of species that regularly form in ice-edge blooms but do 

not live within the sea ice habitat, such as T. antarctica resting spores and P. glacialis. 

The species composition, geographic distribution, and ecology of the shelf assemblage are 

discussed in full detail in Chapters 9 and 10. 

19.5.3 Chaetoceros Assemblage 

There is a significant change in the diatom assemblage deposited in GC33 below 25 cm. 

The shelf assemblage is replaced by one where Chaetoceros resting spores are present in 

near-monospecifc abundance (up to 90%) (Fig. 19.5). The subdominant taxa, F. curta, 

F. cylindrus and T. antarctica resting spores, each do not exceed an average abundance of 

10%. The Chaetoceros-dominated assemblage is the largest assemblage identified in the 

core, and has been deposited to a depth of 60 cm. 

There is no analogue to the Chaetoceros assemblage in the surface sediments of Prydz Bay 

and Mac.Robertson Shelf. Documentation of similar assemblages elsewhere in modem 

Antarctic sediments is also rare. Chaetoceros resting spores have been observed in 

abundance, however, in several Holocene cores recovered from the Antarctic continental 

shelf, including the Ross Sea (Leventer et al., 1993), the Palmer Deep (Leventer et al., 

1996), Vincennes Bay (Harris et al., 1997a), and Iceberg Alley (GCl, herein; O'Brien et 

al., 1995a; Harris et al., 1997a). Their high concentration in sediment is generally 

considered indicative of very high primary production and melt-water stratification in the 

upper water column (Donegan and Schrader, 1982; Leventer, 1992; Leventer et al., 1993, 

1996), such as that which occurs during the Antarctic spring diatom bloom. During this 

time nutrients may become so depleted that diatom growth becomes limited and resting 

spore formation is triggered (Nelson and Smith, 1986; McMinn et al., 1995). Sediment 

dominated by Chaetoceros resting spores have also been considered indicative of increase 

seasonal sea ice or a stationary summer ice-edge (Leventer, 1992). Here, vegetative cells 

that are advected under the ice during summer could be induced to form resting spores 

(Leventer, 1992). Both hypotheses and the significance of resting spore formation are 

discussed in detail in Chapter 14. 
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Fig. 19.5. Distribution of Chaetoceros resting spores in GC33. The spores form a 

distinct assemblage in the core from 25 cm to 65 cm. 

19.5.3 Oceanic Assemblage 

GC33 

Below 65 cm, the Chaetoceros-dominated assemblage is replaced ~y one analogous to the 

modem oceanic assemblage. The oceanic assemblage has been deposited in GC33 to a 

depth of 80 cm, after which frustules become increasing rare to absent and were not 

quantified. The assemblage is dominated by F. curta, as is characteristic of the Prydz Bay 

and Mac.Robertson Shelf continental shelf and adjacent offshore zone, and subdominated 

by Chaetoceros resting spores, F. cylindrus and F. kerguelensis. 

Fragilariopsis kerguelensis is a statistical indicator species of the oceanic assemblage. 

This species is indicative of open water. It is negatively correlated with sea ice (Burckle et 

al., 1987), increases in abundance with distance from the Antarctic continental shelf 

(Kozlova, 1966; Leventer, 1992), and dominates summer surface waters between 52°S 

and 63° S where temperatures are >0°C (Burckle and Cirilli, 1987; Burckle et al., 1987; 

Krebs et al., 1987). Similarly, F. cylindrus is associated with open water conditions, but 

may also occur in both sub-sea ice and ice edge environments (Burckle et al., 1987; Kang 

and Fryxell, 1992; Leventer et al., 1993). Chaetoceros resting spores do not occur in sea 

ice communities but are high in abundance at the sea ice edge (Garrison et al., 1987). 
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Leventer (1992) and Leventer et al. (1996) suggest that the resting spores may be 

associated with stratified, low salinity and poorly mixed water columns that occur along a 

stationary ice edge following its maximum summer retreat. The abundance of open water 

associated taxa in the oceanic assemblage is used as a proxy for a less extensive sea ice 

distribution and warmer surface waters. 

19.6 Holocene Palaeoecology of Mac.Robertson Shelf 

(Fram Bank) 

The mid to Late Holocene palaeoecology of Fram Bank is recorded by diatom assemblages 

in GC33. Prior to 3.1 Ka, diatom frustules are rare to absent and, combined with the 

core's lithology, an ice shelf is interpreted to have been grounded over the site. Open 

water deposition commenced 3 .1 Ka. It has been followed by deposition of three different 

diatom assemblages, culminating in the modem cape assemblage that is present in the 

surface sediments of Fram Bank today. Deposition of the cape assemblage commenced 

2.6 Ka. 

19.6.1 Mid Holocene (3.8 Ka to 3.1 Ka) 

Diatom frustules are not observed in quantifiable abundance from the base of the core to 

85 cm. This is synchronous with lithological unit 2, which consists of black, sticky, 

sandy mud and muddy sand with IRD. It is typical of basal tills that have been deposited 

beneath grounded ice (Anderson et al., 1980; Anderson, 1989). Based on the reservoir­

corrected radiocarbon chronology, it is estimated that unit 2 was deposited between 

3.8 Ka and 3.1 Ka. 

For an ice shelf to have grounded over Fram Bank during the mid-Holocene, the most 

likely climatic event to which it could be correlated is the Antarctic hypsithermal. The 

hypsithermal is a warm period widely recognised in Northern Hemisphere sedimentary 

records, between 7.0 Ka and 4.0 Ka (Pielou, 1990). Evidence is less extensive in the 

Southern Hemisphere, although sedimentalogical records from ODP Site 740 prompt 

Domack et al. (1991b) to suggest that an ice shelf grounded over Prydz Bay between 

7.0 Ka and 3.8 Ka. Ice retreated and open marine deposition commenced after the 

collapse of the hypsithermal and the onset of Late Holocene cooling. This differs from the 

sedimentalogical record and radiocarbon chronology from GC33, which suggests that the 

ice shelf continued to be ground over Fram Bank for at least 7 ,000 years after it had 
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retreated across Prydz Bay and Amery Depression. Whether ice did indeed remain 

grounded on Fra~ Bank for this extended period of time, after it had ~lready co!Ilillenced 

to retreat across eastern Prydz Bay, or whether the apparent discrepancy between the two 

sites is due to the poor age constraint used to date GC33 cannot yet be determined. 

19.6.2 Mid Holocene (3.1 Ka to 3.0 Ka) 

Diatom frustules in GC33 first appear in quantifiable abundance at 80 cm. The 

assemblage is analogous to the oceanic diatom assemblage, which today is distributed 

primarily in surface sediments offshore of the continental shelf zone (Fig. 9.2). The 

assemblage is dominated by the sea ice diatom F. curta, and subdominated by Chaetoceros 

resting spores, F. cylindrus, and the open water species F. kerguelensis. The latter is a 

unique abundance indicator of the assemblage. The ecological significance of the oceanic 

assemblage is fully discussed in Chapter 10. In GC33, it has been deposited from 

3.1 Ka to 3.0 Ka. 

Whilst diatom frustules are present in quantifiable abundance in GC33' s oceanic 

assemblage, it is important to note that their concentration is relatively poor compared to 

that in modem, biosiliceous ooze. Frustule concentration does increase up-core, however. 

This corresponds with the transitional sediment boundary from the sandy facies of 

lithological unit 2, to the siliceous, muddy ooze of unit 1. The transition zone is 

interpreted to have been deposited beneath, or in close proximity to, a floating ice shelf 

following the retreat of a grounded ice. The relatively low abundance of frustules in this 

zone may be due to one of two alternatives: 

1. Biotic activity, diversity and abundance are typically lower beneath ice shelves 

(Kellogg and Kellogg, 1988), as light penetration under the ice is often 

insufficient to support primary production. Where diatom frustules are present 

in the sediment, they are more likely to have been advected under the ice by 

water currents and settled out of suspension here. 

2. Frustules are deposited in front of the ice shelf where bottom currents are 

sufficiently strong to sort and rework the assemblage. 

Hypothesis 2 is suggested by Truesdale and Kellogg (1979) as responsible for the 

formation of an E. antarctica-dominated assemblage in Holocene, sandy sediment from the 

Ross Sea. They suggest that strong bottom currents have winnowed the more fragile 

frustules out of the assemblage. Whilst this may explain the abundance of 

F. kerguelensis and Chaetoceros resting spores in GC33, one would not expect to find 

240 



GC33 

the small, fragile frustule of F. cylindrus subdominant in a current-reworked assemblage. 

Hypothesis 1 is therefore favoured, as abundance beneath an ice shelf is typically lower 

than in an open water setting (Kellogg and Kellogg, 1988). 

Retreat of a grounded ice shelf across Fram Bank about 3.1 Ka is correlatable to mid­

Holocene climatic warming. This has been observed elsewhere in Antarctic marine 

sediments (e.g. Burckle, 1972; Truesdale and Kellogg, 1979; Domack et al., 1989, 

1991a, 1991b; Shevenell et al., 1996; Pushina et al., 1997; Kirby et al., 1998; 

Cunningham et al., in press). Evidence for mid-Holocene warming has also been noted 

herein, from GCl and GC2 (Mac.Robertson Shelf), GC29 (inner Prydz Bay), and 

AA186 (outer Prydz Bay). Based on the chronology used in GC33, it is questionable 

whether this retreat is related to the end of the Antarctic hypsithermal, which Domack et al. 

(1991b) place at 3.8 Ka. The onset of open marine deposition in GC33 3.1 Ka may 

instead be related to other glacial events in East Antarctica. 

There is evidence from glacial striae in the southern Vestfold Hills that the S!i)rsdal Glacier 

underwent a restricted, northerly-flowing ice advance 3.0-1.5 Ka (the "Chelnok 

Glaciation") (Adamson and Pickard, 1986). The extent of this advance has been 

questioned, however, by Bronge (1996). A core recov:ered from Long Fjord in the 

Vestfold Hills also indicates that a localised ice sheet grounded prior to 3.1 Ka (McMinn, 

pers. comm.). From the sedimentalogical and diatom record, ice is interpreted to have 

retreated from Long Fjord 3.1-2.5 Ka, readvanced 2.5-1.8 Ka, and then subsequently 

retreated again (McMinn, pers. comm.). Although the events recorded in S!i)rsdal Glacier 

and Long Fjord are apparently localised, a widespread advance and retreat of ice over 

Prydz Bay and Mac.Robertson Shelf, including Fram Bank, during, or just after, the 

hypsithermal maximum could have occurred as the ice adjusted to the transition in 

palaeoclimate and palaeoceanography. If the retreat of grounded ice across Fram Bank 

cannot be directly correlatable with the end of the hypsithermal, it may be associated with 

one of these more localised events. 

19.6.3 Late Holocene (3.0 Ka to 2.7 Ka) 

Based on reservoir-corrected radiocarbon dates, the Chaetoceros assemblage of GC33 was 

deposited 3.0-2.7 Ka. Diatom assemblages dominated by Chaetoceros resting spores are 

inferred to be associated with extremely high primary production and unusual, early­

season warmth (Leventer et al.,1993, 1996). For such as assemblage to form on Fram 

Bank, portions of Mac.Robertson Shelf may have experienced long intervals of open 
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water with a shallow, stratified surface layer and less extensive pack ice than now 

(Rathbum et al.,1991). Stability of the water column implies an influx of fresh water 

(Rathbum et al., 1997). The most likely source of fresh water would be ice melt from a 

retreating ice shelf. In Prydz Bay today, sea ice breakout commences in early summer and 

open water (<10% sea ice) dominates for one or two months of the year (usually January 

and February). On Fram Bank, however, ice concentrations <10% usually occur for only 

one month of the year, based on 1978 - 1991 satellite passive microwave data. This is due 

to the presence of grounded icebergs on the bank that trap the ice and prevent its breakup 

and dispersal earlier in the season. During deposition of the Chaetoceros assemblage on 

Fram Bank, sea ice breakout may have commenced earlier in the season. Coupled with 

the influx of fresh water from ice sh~lf retreat, a stable layer of relatively warm, open 

water would have existed for a greater period of time over summer, as also suggested by 

Rathburn et al. (1997), creating conditions conducive to diatom blooms and extremely 

high productivity. It was also suggested in Section 14.6, that the Chaetoceros layer at the 

base of GCl (Iceberg Alley) was deposited during the transition from the LGM to 

Holocene interglacial, during which water column conditions may have been similar. 

The abundance of Chaetoceros resting spores in GC33 may be indicative of increased sea 

ice, however, based on the hypothesis of Leventer (1992). Analysis of the less abundant, 

or "background", diatom taxa in the Chaetoceros assemblage from GC33 assist in 

answering this hypothesis. If sea ice was more extensive it could account for the 

increased abundance of the sea ice indicator Pseudonitzschia turgiduloides in the 

Chaetoceros assemblage, compared to its abundance in the modern coastal assemblage. 

Alternatively, less extensive sea ice could account for the increased abundance of the open 

water indicator F. kerguelensis, compared to its abundance in either the modem coastal or 

shelf assemblages. In this instance, it can be argued that development of a more stable 

water column with the release of relatively warm, fresh water from ice melt could have 

aided the preferential preservation P. turgiduloides' fragile frustules. Weaker water 

currents during this period would also prevent further mechanical damage to the frustules 

prior to their burial at the sediment water interface. Based on this evidence, it seems more 

likely that the Chaetoceros assemblage deposited in GC33 from 3.0-2.7 Ka was associated 

with less extensive sea ice and a well stratified, warm surface water layer, following the 

retreat of a mid-Holocene ice shelf. 

19.6.4 Late Holocene to Present (<2.7 Ka) 
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Late Holocene cooling commenced 2.7 Ka, as indicated by the onset of deposition of the 

shelf diatom assemblage and was followed by deposition of the cape assemblage from 

2.6 Ka. This assemblage continues to be deposited in the vicinity of Cape Darnley and 

Fram Bank today. The findings agree with those of Rathburn et al. ( 1997) who, based on 

an analysis of microfaunal, microfloral and stable-isotope data, also indicate the deposition 

of an F. curta dominated diatom assemblage, similar to modern deposition in Prydz Bay, 

commenced some time around 2.0-2.7 Ka. In their study, however, the smaller-scale 

differences between the shelf and cape diatom assemblage, described herein, are not 

noted. 

It is important to comment on the change from the shelf to cape diatom assemblage 

2.6 Ka. As observed in this study, even such a subtle change as this is sufficient to 

indicate that current strength and the depositional regime over Fram Bank was altered in 

the late Holocene, during the transition from the shelf to cape assemblage. This may have 

been caused by an increase in the strength and I or extent in the Prydz Bay gyre. Today 

waters associated with the gyre exit via Cape Darnley I Fram Bank; some continues as a 

westward flow along Mac.Robertson Shelf, and a portion is recirculated back into the bay 

by the clockwise motion of the gyre. The westward flowing coastal current is a strong 

current flowing up to 8.0 sec cm-1 (Wong, 1994). There is no evidence to suggest that 

there was a simultaneous change in sea ice concentration associated with the transition 

from a cape to shelf diatom assemblage. 

There is an increasing amount of evidence to support Late Holocene cooling in Antarctica 

following a mid- to Late Holocene climatic optimum. This comes from both glacial marine 

records (Burckle, 1972; Shevenell et al., 1996), lake records (Birnie, 1991; Bjork et al., 

1991, 1996) and ice core records (Ciais et al., 1992, 1994; Mosley-Thompson, 1996), 

and infers a strong atmospheric-oceanic interaction. Down core diatom assemblages from 

the South Atlantic reveal a strong warming during the mid Holocene, followed by a 

cooling trend in the Late Holocene (Burckle1 1972). This is similarly noted in ice cores 

from both the Antarctic coast and plateau, which indicate cooling has occurred between 

2.0-1.0 Ka (Ciais et al., 1994). More recently, continuously-dated 14C sedimentary 

records and from the Palmer Deep (Antarctic Peninsula) indicate that cooling commenced 

2.4 Ka (Domack and Mayewski, in press). Of significant value is the correlation this 

record has with the onset of the Northern Hemisphere Neoglacial, which peaks in the 

Greenland GISP-2 ice core 3.1 Ka and 2.5 Ka, and suggests a linkage between the North 

Atlantic and Pacific Antarctic (Domack and Mayewski, in press). 
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19.7 Conclusion 

The mid to Late Holocene, depositional environment on Fram Bank is summarised in 

Table 19.5. The radiocarbon chronology from this core is tentative, due to an 

anomolously old radiocarbon age from the surface, but the record can be at least closely 

correlated to other Antarctic climatic events. Prior to 3.8 Ka, an ice shelf is 

hypothesised to have grounded over Fram Bank. The core lithology consists of sticky, 

black sandy muds and muddy sands, and is typical of that deposited beneath a basal ice 

shelf. Diatom frustules are rare to absent in this unit. Open marine deposition 

commenced 3.1 Ka. There is a transitional lithological boundary in the core, from sand 

to muddy biosiliceous ooze, and a corresponding increase in concentration of diatom 

frustules. 

From 3.1 Ka to 3.0 Ka, the diatom assemblage in GC33 is analogous to the oceanic 

assemblage that is today deposited primarily offshore of the continental shelf zone. In 

GC33, this assemblage is suggested to have been deposited beneath a floating ice shelf 

as it retreated across Fram Bank. Ice retreat may have been in association with the 

collapse of the Antarctic hypsithermal, or during the retreat of a more localised glacial 

event. Uncertainty is due to the tentative age chronology used to date the core. 

An assemblage dominated by Chaetoceros resting spores was deposited between 3.0 Ka 

and 2.7 Ka. The assemblage has no modern analogue in Prydz Bay or Mac.Robertson 

Shelf, but is inferred to represent a period mid-Holocene warming. During this time, 

unusually early seasonal warmth and an influx of relatively warm, fresh water, from 

early and complete sea ice breakout runoff from a retreating ice shelf, would lead to the 

development of a stabilised surface water column. In these favourable conditions, 

diatom blooms develop and deplete the water column of nutrients, triggering 

Chaetoceros resting spore formation. 

Mid- to Late Holocene cooling is represented by the onset of deposition of a shelf 

diatom assemblage. The shelf assemblage was deposited 2.7-2.6 Ka. Development of 
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this assemblage in the sediment is dependent on seasonally open water with a nearby sea 

ice edge, or a recently retreated ice edge. After 2.6 Ka, deposition of the cape 

assemblage, present in the surface sediments of Fram Bank today, commenced. This 

current-reworked assemblage implies that during the latest Holocene, bottom water 

currents become sufficiently strong to be capable of decoupling primary production in 

the surface waters from the underlying sediment before it settles and is buried. The 

periodic grounding of icebergs may also cause reworking as they drift across the bank. 
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Table 19.4. Summary of Holocene palaeoclimate in inner Prydz Bay inferred from GC33. 

Corrected 14C Age (Ka) Core Lithology Diatom Assemblage Major Species Climate Interpretation 

<2.6 Biosiliceous ooze Cape F. curta Modem conditions; 

T. antarctica spores increased water current 

E. antarctica strength & I or gyre 

intensification compared to 

Mid I Late Holocene 

2.6-2.7 Biosiliceous ooze Shelf F. curta Mid to Late Holocene 

F. cylindrus climatic cooling; seasonally 

open water in close 

proximity to a stable ice 

shelf 

2.7 -3.0 Biosiliceous ooze Chaetoceros Chaetoceros spores Mid Holocene climatic 

warming; open water with 

stabilised water column 

(melt-water stratification?); 

high primary production 

3.0- 3.1 Transitional boundary from Oceanic F. curta Advance of a floating ice 

sandy mud to biosiliceous F. kerguelensis shelf; diatoms advected 

ooze Chaetoceros spores underneath 

F. cylindrus 

3.1- 3.8 Sandy mud and muddy sand Absent Grounded ice shelf; 

withIRD hypsithermal? 



General Discussion 

- Chapter 20 -

General Discussion 

Pleistocene I Holocene Climate History of Prydz Bay and 

Mac.Robertson Shelf 

The Holocene is widely regarded by some as a period of climatic stability in both the 

Northern and Southern Hemispheres (Petit et al., 1990; Johnsen et al., 1992; Broecker, 

1994; Ciais et al., 1994; Alley et al., 1997). This is despite early hypotheses that the 

apparent, synchronous advance of alpine glaciers in North America and Europe was due 

to a far more variable Holocene climate than that implied by the overall trends identified 

in pollen and marine records (Denton and Karlen, 1973). More recently, however, data­

is supporting the idea that, although the Holocene is relatively stable compared to, for 

example, the major climate fluctuations recorded during the Late Pleistocene, it has been 

subject to rapid climate changes (Stager and Mayewski, 1997; Ice Core Working Group, 

1998). 

Measurements of soluble impurities from the Greenland Ice Sheet Project (GISP2) ice 

core indicate that the Holocene has been characterised 'by a series of millennial-scale 

climatic shifts (O'Brien et al., 1995b). Similar millennial- and century-scale shifts have 

also been observed in East Antarctic ice cores (O'Brien et al., 1995b; Mosley­

Thompson, 1996; Mayewski et al., 1996) and deep sea sediment cores from the 

Antarctic Peninsula (Leventer et al., 1996; Shevenell et al., 1996; Brachfeld, 1997; 

Kirby et al., 1998; Mayewski and Domack, in press), and North Atlantic (Kennett and 

Ingram, 1995; Bond et al.,. 1997). The results from the present study, of marine 

sediments from Prydz Bay and Mac.Robertson Shelf, supplement these findings, 

providing further evidence to the growing hypothesis that, globally, the Holocene has 

been a period of rapid, and significant, climate change. 
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The Pleistocene - Holocene palaeoecology of Prydz Bay and Mac.Robertson Shelf is 

summarised in Table 20.1, based on the statistical diatom analyses presented herein. 

The three cores recovered from Prydz Bay (GC29, AA149 and AA186) extend in age 

from the Late Pleistocene to the present. In the case of AA149 and AA186, the 

radiocarbon dates are tentative, however, and it is stressed that they be regarded with 

caution. The Mac.Robertson Shelf cores (GCl, GC2 and GC33) provide a more detailed 

record for Holocene. The records from GC 1 and GC2 are the most intact, and provide 

the highest resolution data. Both were recovered from quiet, depositional environments 

on the shelf, and show no evidence of reworking or disturbance. This is supported by 

the geochemical analyses of Sedwick et al (in press). 

20.1 Upper Pleistocene (>30.0 Ka to 12.4 Ka) 

A tentative, reservoir-corrected radiocarbon age >30.0 Ka is assigned to the base of 

AA149, from outer Prydz Bay. At this time, open marine deposition was occurring, and 

the open water indicator F. kerguelensis dominated the sedimentary diatom assemblage. 

The abundance of this species, and other open water taxa, compared to that on the outer 

shelf today, suggest that seasonal sea ice was less extensive and that warmer surface 

waters (associated with the ACC?) were probably penetrating across the shelf. Sea ice 

must have been present for at least some months of the year, as taxa indicative of ice are 
1 

present in the assemblage. The assemblage is interpreted to have been deposited during 

an interstadial, intermediate between full glacial and full interglacial conditions, that 

preceded the LGM. 

Evidence for interstadials preceding the LGM, in East Antarctica, have been noted in the 

Vostok ice core (Lorius et al., 1985; 1992) (Fig. 20.1). The core indicates that an -100 

Ka glacial-interglacial oscillation has occurred over the last 160 Ka, with two well­

marked interstadials 103.0-73.0 Ka, and 58.0-30.0 Ka (Lorius et al., 1985; 1992). 

During these events, air temperatures were significantly warmer than during the 
. - - . 

Holocene, and up to 3° to 4°C warmer than during the LGM (Lorius et al., 1992). The 

latter event is tentatively correlated to the warm period inferred by the diatom 

assemblage at the base of AA149. AA149 is the only core analysed in the present study 
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to extend back to this age, and the widespread affect that such a warm event could have 

had over the rest of the bay and Mac.Robertson Shelf is not speculated upon here. On 

the outer shelf, however, it is at least assumed that seasonal sea ice was less extensive, 

and warmer surface waters were probably penetrating onto the shelf. 

A cold period is indicated in the Vostok ice core from 30.0 Ka to 13.0 Ka (Lorius et al., 

1985). Cooling, associated with the onset of LGM conditions, commenced in Prydz 

Bay, too, -30.0 Ka, based on the AA149 record. During this time, a floating ice shelf is 

thought to have formed, extending at least as far as the edge of the continental shelf, and 

remained in place until 22.5 Ka. The sedimentary diatom assemblage contains poorly 

preserved frustules in relatively low abundance, evidence for current winnowing and 

reworking. Light penetration beneath an ice shelf could have been insufficient to 

support primary production, so diatoms would have been advected under the shelf and 

then settled at a slower rate compared to open marine deposition. Between 22.5 Ka and 

16.5 Ka, the ice shelf became unstable. Changes in the diatom assemblage indicate a 

transition to open water primary production, and decreased reworking, between 21.4 Ka 

and 18.0 Ka, followed by ice readvance, until 16.5 Ka. 

The diatom and lithology records from inner Prydz Bay (GC29) and Four Ladies Bank 

(AA186) support the hypothesis that an ice shelf advanced across the continental shelf 

during the LGM. Ice probably grounded over the inner bay from at least 23.0 Ka, to 

12.4 Ka, but formed as a floating ice shelf over Four Ladies Bank from at least 17 .0 Ka, 

to 7. 7 Ka. The advancing ice was most likely sourced from an extension of the Lambert 

Glacier I Amery Ice Shelf, rather than a widespread advance of the East Antarctic ice 

sheet (Domack et al., 1998) (Fig. 20.2). 
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Fig. 20.1. 180 versus depth in the Vostok ice core, defining successive stages and the 

ages corresponding to the limits between those stages. Warm periods (shaded) are 

designated A, C, E, and G. Cold periods are designated B, D, F, and H. (From Lorius 

et al, 1985 ). 
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Fig. 20.2. Interpreted ice-flow paths for periods· of maximum ice extent in Prydz Bay. 

(From O'Brien and Harris, 1996). 
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Vostok d180 records indicate that wanning in East Antarctica commenced -18.0 Ka, and 

was followed by a gradual increase in surface temperature by -8°C, until the Holocene 

interglacial (Lorius et al., 1985). By 16.5 Ka, the AA149 record indicates that ice had 

retreated from the edge of the continental shelf, and a diatom assemblage characterised 

by F. kerguelensis was being deposited. This was followed by the retreat of grounded 

ice from the inner bay, 12.4 Ka, and subsequent deposition of a F. curta IT. antarctica 

diatom assemblage. The assemblage is interpreted to indicate the presence of seasonally 

open water, but perhaps with some loose sea ice present. 

20.2 Early to Mid Holocene ( <10.0 Ka to 5.0 Ka) 

The tennination of the LGM, and onset of the Holocene interglacial is a globally 

recognised event dated at 10.0 Ka (Lorius et al., 1985; Saari et al., 1987). The base of 

GCl (Iceberg Alley) has an age of at least -11.5 Ka. If an ice shelf had advanced across 

Mac.Robertson Shelf during the LGM, by 11.5 Ka it had retreated and a diatom 

assemblage characterised by the near-monospecific abundance of Chaetoceros resting 

spores was being deposited. The abundance of Chaetoceros resting spores is used as a 

proxy to delineate the maximum summer sea ice retreat at this time. Alternatively, the 

spores may be indicative of water column stabilisation as a result of fresh water influx 

from, for example, a retreating ice shelf and I or winter sea ice melt in a warming 

climate. 

A Holocene climatic optimum 11.0-8.0 Ka (Lorius et al., 1979; Ciais et al. 1992), at the 

end of the LGM transition, is suggested based on ice core records from Dome C (East 

Antarctica). During this time, atmospheric temperatures are estimated to have been 1° to 

2°C warmer than today (Ciais et al., 1992). Significant cooling followed (8.0-4.0 Ka) 

(Ciais et al., 1994), and a prominent climatic evident recorded in GISP2 proxies indicate 

a period of brief cooling -8.2 Ka (Alley et al., 1997). The cause of this event is 

unknown, but synchronous events in climate proxy records worldwide suggest that it 

was a global in extent (Alley et al., 1997). Data show it to have been a cold, dry, windy 

period in, and around, the North Atlantic basin, with at least half the amplitude of the 

Younger Dryas. The Younger Dryas was the most dramatic climate event to have 
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occurred since the LGM, during which a rapid change to near glacial conditions 12.9-

11.6 Ka occurred (Mayewski et al., 1996). The event is well documented in the 

Northern Hemisphere, but less well understood in the Southern Hemisphere. Stable 

isotope records from Antarctic ice cores suggest that its most likely analogue in 

Antarctica was a slight cooling (an Antarctic cold reversal) that interrupted a two-step 

deglaciation comprising two warming trends (Jouzel et al., 1995). 

In comparison, glacial marine records suggest a mid Holocene climatic optimum 8.0-

2.7 Ka (review in Kirby et al., 1998). The mid Holocene diatom record from Prydz Bay 

and Mac.Robertson Shelf is generally characterised by more open water assemblages, 

suggesting climatic warming and less extensive sea ice. In Iceberg Alley, however, sea 

ice was probably not breaking out fully during the summer months between the 

termination of the LGM and - 7 .0. Rather, summer ice conditions similar to that in 

shallow, coastal areas of Prydz Bay today were present. The GCl record suggests a 

climatic optimum between 6.9 Ka and 6.5 Ka, during which Corethron-rich layers 

formed in the sediment. The layers are interpreted to represent periods during which 

unusual episodes of warmth occurred, resulting in intense water stratification and 

enhanced spring Corethron blooms. The unusual conditions may have triggered mass 

sexual reproduction and, for the frustules to preserve in sediment, concentration in the 

water column by an oceanographic eddy. On Four Ladies Bank, open water deposition, 

characterised by an oceanic, sedimentary diatom assemblage, commenced 7. 7 Ka, and 

continued throughout the mid Holocene until 2.7 Ka. 

Around the same time, open marine conditions were becoming established in Nielsen 

Basin, between 5.7 Ka and 5.5 Ka. Prior to this, the diatom record from GC2 implies 

that a floating ice shelf persisted here. The assemblage is characteristic of one that has 

undergone dissolution, probably due to slower sedimentation rates beneath, for example, 

floating ice. Without a longer record from this site, the duration over which such an ice 

shelf existed can only be speculated upon. It may have been a remnant of the LGM, 

although this seems unlikely given that open water deposition was occurring elsewhere 

on Mac.Robertson Shelf and in Prydz Bay from at least 10.0 Ka. GC2 may record the 
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presence of an ice shelf over or near Nielsen Basin during the last stages of a Younger 

Dryas (or similar) cold episode. Evidence for the Younger Dryas indicate that is was an 

event mainly concentrated in the Northern Hemisphere (Broecker et al., 1985), but 

eustatic sea level variation would have affected marine-based ice around Antarctica 

(Denton et al., 1989). Larter and Vanneste (1995) suggest that a subglacial deltas on the 

west Antarctic Peninsula were produced by a late-stage readvance of grounding lines 

during the Younger Dryas. Alternatively, an ice shelf over Nielsen Basin may have 

reformed during the ice advance associated with the Antarctic hypsithermal. 

20.3 Mid Holocene to Present (<5.0 Ka) 

The Late Holocene is characterised by a stable average temperature with short-lived 

fluctuations (Ciais et al., 1994). A noticeably warmer climatic episode occurred around 

4.0 Ka, and an important cooling occurred between 2.0 Ka and 1.0 Ka (Ciais et al., 

1994). The present study suggests that climatic cooling has generally occurred in 

coastal East Antarctica since the mid Holocene, interrupted by brief warm intervals 

before the development of modern conditions. The transition in diatom assemblages, 

from shelf to coastal, in Nielsen Basin 5.5 Ka suggests that the persistence of summer 

sea ice became more frequent. A similar transition in inner Prydz Bay occurred between 

3.2 Ka and 2.8 Ka. Over Fram Bank, an ice shelf may have readvanced and grounded 

3. 8-3 .1 Ka, then retreated with climatic warming to become a floating ice shelf 3 .1-3. 0 

Ka, before retreating completely. The diatom assemblage deposited following the, 

hypothesised, final retreat is characterised by Chaetoceros resting spores, perhaps 

formed in response to the localised influx of fresh water, stabilised water column. 

Between 2.7 Ka and 2.6 Ka, the diatom assemblage on Fram Bank suggests that water 

was seasonally ice free (<10% cover), but a stationary ice edge remained nearby. 

Conditions have since seen the deposition of the modern, reworked cape assemblage -

interpreted as forming in response to increasing water current strength. 

On Four Ladies Bank, there has been a general change in the diatom assemblages 

deposited since 2.7 Ka, from one indicative of seasonally open water with a nearby, 

stationary ice shelf, to one indicative of more open water conditions between 2.3 Ka and 
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1.8 Ka. Evidence for a brief, late Holocene warm interval also comes from inner Prydz 

Bay, between 2.8 Ka and 2.0 Ka, and the Corethron layer in Iceberg Alley, deposited 

between 1.9 Ka and 1.8 Ka. This event is not recorded in Nielsen Basin, less than 90 km 

away. The apparently stable conditions implied by the deposition of the coastal 

assemblage in GC2, since 5.5 Ka, supports the findings of Sedwick et al. (in press), 

however, based on geochemical analyses. They suggest that GCl, on the outer shelf 

(Iceberg Alley) records three episodes of intense export production during the Holocene, 

separated by periods of -1500 years, and the less pronounced "bloom" (Corethron) 

episodes. In the present study, these episodes are calculated to occur on average every 

-250 years as peaks in Corethron abundance. In contrast, GC2, on the inner shelf 

(Nielsen Basin), suggests that there has been a roughly constant proportion of biogenic 

and lithogenic material accumulating at this site since the mid to Late Holocene 

(Sedwick et al., in press). 
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Table. 20.l. Pleistocene I Holocene palaeoenvironments in Prydz Bay and Mac.Robertson Shelf- summary of results 

Corrected radiocarbon 

years (Ka) 

<30.0 Ka 

30.0-22.5 

23.0 - 12.4 

22.5 -16.5 

17.0-7.7 

?-10.0Ka 

16.5-2.5 

12.4-3.2 

?-5.7 

Core 

AA149 

AA149 

GC29 

AA149 

AA186 

GCl 

AA149 

GC29 

GC2 

Palaeoenvironment 

Interstadial; warmer (by-2°C?). Open marine deposition on Fram Bank (outer shelf), 

dominated by F. kerguelensis. 

Ice shelf advance over outer shelf (pre LGM glacial maximum). Diatom assemblage 

reworked and winnowed due to increased currents and/or iceberg calving. 

Ice grounded over inner bay and persists till 12.4 Ka. 

Alternating open water - rewor~ed diatom assemblages. Ice shelf retreats from 

Trough Mouth Fan ( = interstadial or brief warming event pre-LGM). Ice shelf 

advances and reaches maximum 22.5-21.4 Ka (LGM), retreats 21.4-18.0 Ka, and 

advances again 18.0-16.5 Ka. Remains grounded over inner bay. 

Ice shelf present Four Ladies Bank. 

Chaetoceros resting spores may delineate max. summer ice retreat on Mac.Robertson 

Shelf during LGM. OR, influx of fresh water during decline of LGM and ice retreat. 

Ice shelf retreats from Fram Bank; deposition dominated by F. kerguelensis. 

Grounded ice shelf retreats from inner bay, onset of open water deposition. 

Seasonally open water with lose sea ice (F. curta IT. antarctica). 

Ice shelf present over Nielsen Basin. 



Table 20.1 Cont. 

Corrected radiocarbon 

years (Ka) 

10.0- 6.9 

7.7 - 2.7 

6.9 - 6.5 

5.7 - 5.5 

<5.5 

3.8 - 3.1 

3.2- 2.8 

3.1 - 3.0 

3.0- 2.7 

2.8 - 2.0 

2.7 - 2.6 

<2.6 

Core 

GCl 

AA186 ~ 

GCl 

GC2 

GC2 

GC33 

GC29 

GC33 

GC33 

GC29 

GC33 

GC33 

Palaeoenvironment 

Seasonal sea ice that does not fully break out over the shelf. Preferential preservation 

in the deep basin of Iceberg Alley. 

Onset of open marine deposition over Four Ladies Bank; seasonally open water with 

oceanic assemblage. 

Climatic optimums recorded by Corethron. 

Onset of open marine deposition over Nielsen Basin. 

Cooling; shelf to coastal deposition; increased persistence of summer ice. 

Ice grounded over Fram Bank. 

Cooling; transition from open shelf to shelf; seasonally open water with nearby 

stationary ice edge. 

Floating ice shelf. 

Influx of fresh water; Chaetoceros deposition. 

Brief warming in inner bay and/or increased wind? F. curta IT. antarctica. 

Cooling; seasonally open water by nearby stationary ice edge. 

Increased current strength and I or gyre intensification around Cape Darnley as water 

exits bay. Associated with cooling? 



Table 20.1 Cont. 

Corrected radiocarbon 

years (Ka) 

2.7 - 2.3 

<2.5 

2.3 - 1.8 

<2.0 

1.9 - 1.8 

1.8 - 0.5 

<0.5 

Core 

AA186 

AA149 

AA186 

GC29 

GCl 

AA186 

AA186 

Palaeoenvironment 

Cooling; change from oceanic to shelf deposition. 

Cooling; transition from oceanic B (most open) to oceanic A (less F. kerguelensis). 

Warming; transition from shelf to oceanic A. 

Cooling; transition from open shelf to shelf; modem assemblage. 

Climatic optimum; Corethron deposition. 

Increased current strength and I or gyre intensification over Four Ladies Bank. 

Associated with cooling? 

Modem oceanic assemblage. 
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Summary and Future Recommendations 

21.1 Summary 

The objectives of this project have been achieved successfully. Diatom abundance and 

distribution in surface sediment from Prydz Bay and Mac.Robertson Shelf were 

determined from over 100 samples. Using statistical methods (cluster analysis, NMDS, 

SNK, ANOV A, and multiple regression) to objectively analyse the data, four diatom 

assemblages were identified, and their relationship to oceanographic variables 

determined. The assemblages identified were: 

1. Coastal - characterised by sea ice taxa. Distributed in near-shore and shallow 

water areas where sea ice may not seasonally break out. 

2. Shelf - characterised by sea ice and ice edge taxa. Distributed on the 

continental shelf where seasonally open water is present. 

3. Oceanic - characterised by open water taxa. Distributed offshore of the 

continental shelf break, and where the Prydz Bay gyre transports water from 

offshore into Prydz Bay. 

4. Cape - a current winnowed assemblage characterised by robust and heavily 

silicified taxa. Distributed on Mac.Robertson Shelf, adjacent to Cape Darnley. 

Six gravity cores were analysed using the same methods as above, and the down core 

diatom assemblages compared to those in the surface sediment. Deposition of analogous 

assemblages was inferred to have occurred during ecologically similar conditions to 

those forming the assemblages today. Assemblages with no modern analogue were 

compared to similar assemblages described elsewhere in Antarctic marine sediment, and 

their known ecology considered. The results, summarised in Table 20.1, suggest that, in 

East Antarctica, the Holocene has been subject to rapid climate changes. These findings 

agree with other marine and ice core studies, both Antarctic and global (e.g. Kennett and 

Ingram, 1995; O'Brien et al., 1995b; Leventer et al., in press; Mayewski et al., 1996; 

Mosley-Thompson, 1996, Bond et al., 1997; Mayewski and Domack, in press). 
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Summary 

21.2 Future Recommendations 

To enhance the contributions of this study, several recommendations are suggested that 

could be carried out as future research: 

1. Due to time and equipment restraints, magnetic susceptibility and organic 

carbon analyses were not conducted. Both are now relatively routine procedures 

and can be used as measures of palaeoproductivity. 

2. The production of quantitative (rather than qualitative) diatom slides to 

determine absolute diatom abundance is recommended. This is a relatively 

important, but efficient and economical, procedure that can be used to improve 

palaeocological interpretations (Scherer, 1995). It also has the advantage of 

producing permanent slides in which the diatom frustules are evenly distributed, 

without the "clumping" effect of qualitative slides that can make counting difficult 

and less accurate. 

3. A more detailed analysis of cores from Nielsen Basin and Iceberg Alley. The 

sedimentary and diatom data obtained from these sites provided the most intact 

and detailed records. The quiet, sedimentary environments of both are ideal for 

recording long- and short-term depositional I climatic events. 

A more extensive coring program from Nielsen Basin, in particular, could yield 

comp<,trable, ultra-high resolution records similar to those obtained, for example, from 

the Antarctic Peninsula's Palmer Deep (Leventer et al., 1996; Kirby et al., 1998; 

Domack and Mayewski, in press). Burton Basin, adjacent to Nielsen Basin on 

Mac.Robertson, and the Nanok and Lambert Deeps (if sea ice conditions were 

favourable) should also be regarded as future coring sites. 

A comparison of these with other marine records from West Antarctica will contribute to 

our understanding the response of the Antarctic Ice Sheet to past, and future, climate 
'· 

change. 
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- Appendix 1 -

Abundance (%) and distribution of species in surf ace samples 



Species 
Actmocyc/us actmoch1/us 
Chaetoceros spp 
Chaetoceros spores 
Dacty/1osa/en antarct1cus 
D1stephanus speculum 
Eucamp1a antarcttca 
Frag1/ariops1s angulata 
Frag1/anops1s curta 
Frag1fanaps1s cylmdrus 
Frag1lanaps1s kerguefens1s 
Frag1/ariaps1s /meata 
Mtzsch1a obf1quecostata 
Nttsch1a separanda 
Mtzsch1a subfmeata 
Pentafamma ccrona 
Porosira g/ac1alts 
Pseudomtzsch1a turg1du/01des 
Ste/fanma m1cratnas 
Tha/ass10sira antarct1ca (spores) 
Thafass1osira antarctlca (veg) 
Thalass1os1ra graC1!1s 
Thalass1os1ra gractlts var expects 
Tha/ass1asrra lent1gmasa 
Tnchotaxm rembo/d11 

Species 
Actmocyc/us acbnoch1/us 
Chaetaceras spp 
Chaetaceras cysts 
Dacty/Josa/en antarct1cus 
D1stephanus speculum 
Eucamp1a antarctJca 
Frag1/anops1s angufata 
Frag1/anops1s curia 
Frag1fanaps1s cylmdrus 
Frag//anaps1s kergue/ens1s 
Frag1/ar10ps1s lmeata 
Nitzsch1a obl!quecostata 
Mtsch1a separanda 
Nttzsch1a sub/meata 
Pentalamma corona 
Poros1ra gfae1af1s 
Pseudomtzsch1a turg1du/01des 
Stel/anma m1crotr1as 
Thafass1osira antarct1ca (spores) 
Tha/ass1osira antarcbca (veg) 
Thalass1os1ra grae1!1s 
Tha/ass10s1ra gract/1s var expecta 
Tha/ass1osira /ent1gmosa 
Tnchatoxm rembo/d11 

Site DCF93019 DCF93032 

0 00 0 00 
0 1 B 0 36 
3 36 2 70 
0 3S 0 S4 
0 35 0 54 
0 00 0 36 
7 07 7 01 

6661 7608 
13 07 5 40 

0 BB 0 S4 
1 24 0 S4 
1 24 2 70 
0 18 0 00 
0 18 0 36 
1 59 0 54 
0 18 0 18 
0 S3 0 00 
0 00 0 18 
2 30 0 72 
0 00 0 00 
0 18 0 90 
0 00 0 00 
0 35 0 36 
0 18 0 00 

Site KRGR17 KRGR18 

0 34 0 00 
0 00 1 36 
5 56 2 90 
0 17 0 00 
0 34 0 17 
0 00 0 00 
2 S3 3 24 

59 43 45 14 
1717 3816 

0 34 0 34 
0 17 0 68 
1 6B 2 04 
0 34 0 17 
0 34 1 19 
4 38 1 19 
1 35 0 00 
0 00 0 34 
017 017 
5 22 1 53 
0 00 0 00 
0 17 1 19 
0 00 0 00 
0 00 0 00 
0 34 0 17 

DCF93047 

0 S2 
0 00 
0 B7 
0 00 
0 3S 
0 00 
4 36 

S9 34 
29 14 

0 17 
0 B7 
1 22 
0 17 
0 17 
0 17 
0 00 
0 17 
0 00 
0 S2 
0 00 
1 S7 
0 17 
0 17 
0 00 

KRGR19 

0 00 
0 17 
2 39 
0 00 
0 S1 
0 17 
2 39 

60 48 
26 06 

0 17 
0 6B 
1 70 
0 34 
1 36 
1 36 
0 00 
0 6B 
0 00 
1 19 
0 00 
0 34 
0 00 
0 00 
0 00 

KRGR1 

1 03 
1 03 
3 2B 
1 03 
0 S2 
0 B6 
2 07 

34 4B 
27 76 
12 76 

0 B6 
1 72 
1 21 
0 B6 
1 SS 
0 00 
0 00 
0 B6 
1 SS 

0 00 
3 97 
0 00 
0 B6 
1 72 

KRGR23 

0 00 
0 00 
2 BB 
0 6B 
0 34 
0 00 
3 72 

61 S9 
9 14 
0 BS 
0 S1 
2 71 
1 69 
1 02 
2 BB 
2 03 
0 00 
0 6B 
B 12 
0 00 
1 02 
0 00 
0 00 
0 17 

KR2A 

0 6B 
1 02 
1 S4 
0 00 
0 BS 
0 S1 
6 31 

56 14 
16 21 

0 17 
1 S4 
3 7S 
0 6B 
2 S6 
1 BB 
0 34 
0 00 
0 17 
2 56 
0 00 
2 22 
0 00 
0 S1 
0 34 

KRGR24 

0 17 
0 00 
3 72 
0 17 
0 17 
0 17 
4 40 

58 04 
17 26 

0 S1 
1 02 
1 02 
0 34 
1 1B 
3 21 
0 34 
0 00 
0 00 
7 4S 
0 00 
0 BS 
0 00 
0 00 
0 00 

KRGR4 

0 34 
0 17 
4 2S 
0 51 
1 36 
0 00 
2 B9 

S4 S9 
16 16 

0 17 
0 S1 
3 23 
0 00 
0 68 
4 25 
2 3B 
0 00 
0 17 
7 14 
0 17 
0 34 
0 00 
0 34 
0 34 

KRGR25 

1 02 
0 34 
9 B1 
2 03 
0 BS 
0 S1 
2 S4 

37 73 
9 14 
4 06 
1 B6 
2 03 
2 20 
1 1B 
4 06 
1 02 
0 00 
0 00 

16 07 
0 00 
2 S4 
0 00 
0 6B 
0 34 

KRGRS 

0 00 
0 00 
6 42 
0 00 
0 17 
0 17 
s 07 

53 3B 
6 76 
1 1B 
0 S1 
1 1B 
0 17 
1 69 
3 04 
1 B6 
0 00 
0 17 

16 39 
0 17 
0 B4 
0 00 
0 B4 
0 00 

KRGR26 

0 6B 
0 00 
B S2 
1 70 
0 6B 
0 17 
3 24 

33 39 
23 00 

6 64 
1 36 
2 73 
2 21 
0 17 
4 94 
0 17 
0 00 
0 6B 
4 77 
0 00 
2 S6 
0 00 
1 70 
0 6B 

KRGR6 

0 51 
0 00 
4 90 
0 6B 
0 00 
0 34 
3 SS 

so 00 
2B 04 

0 17 
0 34 
1 3S 
0 00 
1 01 
3 72 
0 S1 
0 17 
0 17 
3 3B 
0 00 
0 6B 
0 00 
0 34 
0 17 

KRGR27 

0 34 
0 00 

10 71 
0 6B 
0 17 
1 36 
4 S9 

37 59 
3 91 

11 22 
0 6B 
0 B5 
2 3B 
1 S3 
3 91 
1 02 
0 00 
0 S1 

13 27 
0 00 
2 72 
0 17 
1 S3 
OBS 

KRGR7 

0 00 
0 00 
7 45 
0 00 
0 00 
0 00 
3 OS 

4S BS 
2B 26 

0 S1 
0 17 
1 69 
0 34 
1 S2 
4 S7 
0 B5 

0 00 
0 00 
4 91 
0 00 
0 68 
0 00 
0 17 
0 00 

KRGR28 

0 S1 
0 00 
2 B9 
0 17 
0 17 
0 S1 
4 OB 

40 82 
34 18 

2 04 
1 36 
1 36 
0 6B 
1 19 
4 2S 
0 17 
0 34 
0 34 
1 B7 
0 00 
1 19 
0 34 
0 S1 
1 02 

KRGRB 

0 17 
0 17 
6 84 
0 17 
0 17 
0 00 
2 22 

47 69 
24 10 

0 17 
0 85 
0 BS 
1 03 
0'68 
B 72 
0 S1 
0 17 
0 00 
4 96 
0 00 
0 34 
0 00 
0 17 
0 00 

KRGR29 

0 34 
0 00 
3 24 
1 36 
0 BS 
0 00 
4 43 

53 49 
21 47 

1 02 
0 BS 
0 S1 
0 BS 
1 19 
2 S6 
0 17 
0 00 
0 34 
2 S6 
0 00 
3 24 
0 00 
0 51 
1 02 

KRGR9 

0 34 
0 34 
3 37 
0 00 
0 34 
0 17 
2 19 

42 09 
34 BS 

0 34 
0 S1 
2 36 
0 67 
1 01 
3 70 
0 B4 
0 S1 
0 00 
s S6 
0 00 
0 67 
0 00 
0 00 
0 17 

KRGA30 

0 17 
0 00 

10 46 
0 17 
0 34 
0 69 
4 BO 

41 34 
23 67 

0 S1 
0 51 
2 40 
0 B6 
1 37 
2 06 
3 26 
0 00 
0 00 
s 1S 
0 00 
1 37 
0 00 
0 17 
0 69 

KRGR10 

0 00 
0 34 
4 07 
0 34 
0 6B 
0 00 
2 B9 

S4 16 
21 90 

0 S1 
0 34 
2 04 
0 6B 
1 02 
3 06 
0 6B 
0 00 
0 00 
s 94 
0 00 
0 BS 
0 00 
0 S1 
0 00 

KRGR31 

1 42 
0 00 

18 66 
1 01 
0 00 
7 91 
4 B7 

34 28 
B 32 
2 23 
1 01 
1 62 
1 42 
1 62 
0 Bl 
0 20 
0 00 
1 01 
6 29 
0 00 
2 43 
0 00 
3 4S 
1 42 

KRGR11 

0 17 
0 00 
s S6 
0 34 
0 B4 
0 17 
4 04 

54 21 
10 61 

2 S3 
1 BS 
3 20 
0 B4 
2 36 
3 B7 
1 1B 
0 00 
0 S1 
s OS 
0 00 
1 6B 
0 00 
0 67 
0 34 

KRGR32 

0 00 
11 B4 
s 30 
0 00 
0 1B 
0 BB 

1 94 
35 69 
34 63 

0 3S 
0 35 
1 77 
0 1B 
1 41 
0 00 
0 1B 
4 24 
0 00 
0 71 
0 00 
0 00 
0 1B 
0 00 
0 1B 

KRGR12 

0 34 
0 17 
9 6B 
0 17 
0 S1 
0 17 
1 B7 

3B 03 
29 20 

4 07 
0 BS 
3 06 
1 36 
0 34 
4 41 
0 00 
0 00 
0 00 
2 SS 
0 00 
2 21 
0 00 
0 6B 
0 34 

KRGR34 

1 23 
0 1B 

15 29 
1 23 
0 3S 
0 70 
3 B7 

32 16 
19 33 

7 91 
1 23 
2 11 
2 2B 
1 23 
3 34 
0 S3 
0 1B 
0 1B 
2 11 
0 00 
2 46 
0 00 
1 41 
0 70 

KRGR13 

0 6B 
0 17 
s 41 
0 00 
0 6B 
0 17 
2 37 

37 39 
28 93 

7 11 
1 02 
2 03 
1 B6 
1 3S 
3 S5 
0 00 
0 00 
0 17 
2 20 
0 00 
2 71 
0 00 
1 35 
0 BS 

KRGR35 

0 00 
0 00 

22 5S 
1 72 
0 17 
0 00 
s 34 

36 83 
17 21 

1 3B 
0 34 
3 44 
1 20 
1 72 
4 13 
0 00 
0 17 
0 17 
1 72 
0 00 
1 20 
0 00 
0 69 
0 00 

KRGR14 

0 00 
0 S1 
2 03 
0 17 
1 19 
0 00 
4 41 

49 15 
17 63 

0 17 
1 69 
3 39 
0 S1 
1 02 
4 7S 
2 S4 
0 S1 
0 17 
9 32 
0 00 
0 S1 
0 00 
0 00 
0 34 

KRGC1 

0 00 
0 B7 

13 37 
0 S2 
0 00 
0 00 
2 9S 

35 42 
37 so 

0 B7 
0 35 
2 7B 
0 3S 
0 17 
1 S6 
0 00 
0 B7 
0 00 
1 74 
0 00 
0 17 
0 17 
0 17 
0 17 

KRGR15 

0 00 
0 00 
3 36 
0 so 
0 17 
0 00 
2 1B 

62 75 
16 2B 

0 so 
0 34 
1 S1 
1 01 
0 B4 
1 34 
1 34 
0 00 
0 17 
s 87 
0 00 
1 6B 
0 00 
0 17 
0 00 

KRGC2 

0 3S 
0 BB 
6 BB 
0 S3 
0 71 
0 3S 
s 64 

57 14 
19 SB 

0 18 
1 06 
1 23 
0 S3 
0 1B 
O BB 
0 71 
1 23 
0 3S 
0 71 
0 00 
0 S3 
0 00 
0 35 
0 00 

KRGR16 

0 17 
0 00 
s 7S 
0 17 
0 17 
0 17 
S SB 

43 49 
22 00 

0 00 
0 6B 
2 20 
0 BS 
1 52 
s SB 
0 6B 
0 34 
0 17 
9 4B 
0 00 
0 BS 
0 00 
0 00 
0 17 

KRGCS 

0 67 
0 00 
0 67 
1 so 
1 00 

1 00 
6 B4 

68 28 
1 so 
2 67 
0 B3 
3 01 
1 00 
0 67 
1 00 
0 so 
0 33 
0 so 
4 67 
0 00 
2 17 
0 00 
0 B3 
0 33 



Species 
Actmocyclus actmoch1fus 
Chaetoceros spp 
Chaetoceros spores 
Dacty/1osolen antarct1cus 
D1stephanus specufum 
Eucampta antarctJca 
Fragllar1ops1s angu!ata 
Frag1/anops1s curta 
Frag1/anops1s cylmdrus 
Fragllar1ops1s kerguelens1s 
Frag1/ariops1s lmeata 
Nltzsch1a ob//quecostata 
Nltschta separanda 
Nttzsch1a sublmeata 
Pentalamma corona 
Poros1ra glaaaf1s 
Pseudonitzsch1a turg1du/01des 
Stelfanma m1crotnas 
Thalass1os1Ta antarct1ca (spores) 
Tha/ass1os1Ta antarct1ca (veg} 
Thalass1os1ra graa/Js 
Thafass1os1ra graa/1s var expects 
Tha/ass1os1Ta /ent1gmosa 
Tnchotoxm rembo/d11 

Species 
Actmocyc/us actmochlfus 
Chaetoceros spp 
Chaetoceros spores 
Dactyl10so/en antarct1cus 
D1stephanus speculum 
Eucamp1a antarct1ca 
Frag1/anops1s angulata 
Frag1/anops1s curta 
Frag1/ar1opsJS cylmdrus 
Frag1/anops1s kergue/ens1s 
Frag1/aflops1s lmeata 
Nttzsch1a obflquecostata 
N1tsch1a separanda 
Ndzsch1a sub/meata 
Pentalamma corona 
Poros1ra g/aaaf1s 
Pseudonitzschta turg1dulo1des 
StelfarJma m1crotnas 
Tha/ass1os1Ta antarct1ca (spores) 
Tha/ass10s1Ta antarct1ca (veg} 
Thalass1os1ra graCJf1s 
Thalass1os1ra graCJ//s var expects 
Thalass1os1Ta lent1gmosa 
Tnchotoxm rembo/d11 

Site 

Site 

KRGC9 

0 36 
0 00 
7 33 
0 72 
1 25 
3 94 
0 72 
9 84 
2 68 

45 80 
0 54 
1 07 
2 50 
0 18 
0 72 
0 00 
0 00 
0 72 
6 08 
0 00 
5 01 
0 36 
8 59 
1 61 

RC3606 

1 24 
0 00 

17 41 
0 36 

I 0 89 
1 24 
1 07 

21 85 
11 19 
12 79 

0 89 
1 07 
2 49 
0 00 
5 51 
0 18 
0 00 
0 89 
9 06 
0 00 
7 64 
1 07 
2 13 
1 07 

KRGC14 KRGC15 

0 67 0 51 

0 00 0 00 
1 01 2 03 
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Species 
Actmocyclus actmoch1lus 
Chaetoceros spp 
Chaetoceros spores 
Dacty/1osolen antarct1cus 
Distephanus speculum 
Eucamp1a antarct1ca 
Frag1/anops1s angulata 
Frag1/ar1ops1s curia 
Frag1/anops1s cylmdrus 
Frag1lanops1s kerguelens1s 
Frag1/anops1s lineata 
Nitzsch1a ob/1quecostata 
Nttsch1a separanda 
Ndzsch1a sublmeata 
Pentafamms corona 
Poros1ra glacta/Js 
Pseudomtzsch1a turg1du/01des 
Stel/anma m1crotnas 
Thalass1os1ra antarct1ca (spores) 
Tha/ass1os/fa antarct1ca (veg) 
Tha/ass1os1ra gractf1s 
Thalass1os1ra grae1/1s var expecta 
Thalass1osira lent1gmosa 
Tnchotoxm rembo/d11 

Species 
Actmocycfus actmoch1fus 
Chaetoceros spp 
Chaetoceros spores 
Dactyllosolen antarcttcus 
D1stephanus speculum 
Eucamp1a anlarct1ca 
Frag1/anops1s angufala 
Fragilanops1s curta 
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Species 
Actmocyclus actmoch1/us 
Chaetoceros spp 
Chaetoceros spores 
Dactyf1oso/en antarct1cus 
D1stephanus speculum 
Eucamp1a antarctJca 
Frag1/anops1s angu/ata 
Frag1/a11ops1s curta 
Frag1fanops1s cylmdrus 
Frag1/anops1s kerguelens1s 
Frag1fanops1s lmeata 
Nitzsch1a ob/1quecostata 
NltscJ11a separanda 
N1tzsch1a sub/meata 
Pentalamma corona 
Poros1ra glacia/1s 
Pseudomtzschta turg1du/01des 
Stelfar1ma m1crotr1as 
Tha/ass1os1ra antarctrca (spores) 
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Thafass1os11a graetlis var expecta 
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14 24 
1 91 
1 22 
0 17 
0 87 

20 66 
6 42 

34 03 
1 04 
1 39 
2 43 
0 35 
1 22 
0 17 
0 00 
0 00 
1 74 
0 00 
3 82 
0 87 
4 51 
1 74 

BANG24 BANG2S 

1 04 1 04 
0 00 0 00 

11 13 6 60 
2 09 0 00 
1 22' 0 17 
2 26 2 26 
1 04 1 22 
7 48 4 17 
0 17 0 17 

54 96 71 18 
0 00 0 52 
0 52 1 04 
3 13 3 13 
0 35 0 87 
0 35 0 00 
0 00 0 00 
0 00 0 00 
0 35 0 87 
3 83 0 87 
0 00 0 00 
3 65 0 17 
0 35 0 00 
5 04 5 03 
1 04 0 69 

BANG28 

0 00 
0 00 
7 12 
1 19 
1 02 
0 00 
3 39 

43 73 
11 36 

6 44 
1 69 
1 02 
1 36 
0 17 
4 75 
0 34 
0 00 
0 85 
9 15 
0 00 
4 58 
0 17 
1 36 
0 34 

BANG31 

0 34 
0 00 
5 94 
0 85 
0 34 
1 02 
4 24 

51 61 
9 68 
2 38 
1 36 
2 38 
1 19 
0 17 
3 23 
0 17 
0 00 
0 51 

10 19 
0 00 
3 06 
0 68 
0 17 
0 51 

BANG32 

0 34 
0 00 
7 13 
1 19 
0 17 
0 34 
2 72 

46 01 
16 64 

1 87 
1 19 
3 74 
1 87 
0 17 
5 26 
0 68 
0 17 
0 17 
6 96 
0 00 
1 87 
0 85 
0 51 
0 17 

BANG37 

0 00 
0 00 
9 64 
0 17 
0 00 
0 34 
5 51 

42 34 
28 74 

0 17 
0 69 
3 10 
0 86 
0 17 
2 58 
0 34 
0 17 
0 69 
1 89 
0 00 
1 72 
0 34 
0 52 
0 00 

BANG38 

0 17 
0 52 

11 38 
1 21 
0 00 
0 86 
6 55 

39 14 
18 28 

1 55 
1 38 
3 45 
1 21 
1 03 
4 48 
1 38 
0 52 
0 17 
3 45 
0 00 
1 90 
0 52 
0 69 
0 17 

BANG42 

0 00 
0 00 

10 95 
0 18 
0 00 
0 00 
4 42 

42 05 
27 39 

0 71 
0 18 
3 71 
0 35 
0 53 
3 53 
0 18 
0 71 
0 18 
3 00 
0 00 
1 77 
0 00 
0 18 
0 00 

BANG44 

0 18 
0 18 

13 27 
0 71 
0 18 
0 35 
3 89 

45 66 
11 50 

4 07 
2 30 
2 65 
1 24 
0 53 
4 78 
0 18 
0 00 
0 18 
1 77 
0 00 
4 25 
1 24 
0 88 
0 00 
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Preliminary cluster analyses of surface s~diment samples 



( 

&Jm'CE 01 

SlMl( EPDVItm 'IHE ASs:x:JATI.CN MtcrRJX m:M m'.m. lN FlLE surface dek 
ASSXIATICN M.raRIX IS A DISSlMII.AAIT'f MMR1X FR:M BRAY-0.JRI'LS 

N.M3ER. OF IN:>IVIIlW.S = 104 
NM3ER OF WIRI1IELES' = 24 

ASSX:IATICN w.'IRIX IS :m:M SlMLK 
ME!IKD GKXJP AVEFIGE (tN£tGmD PAIR GU.lP MEm1D USlID 11RI'IH£TIC AVERAGES) 

IAEELS o::F93019 o::F93032 o:F93047 KEGR1 KiaQA I<JGR4 l<R3R5 Iaa\6 
1<HiF.9 :!ClGUO KE'GU.l KR:'m2 KRE.3 I<R;Rl.4 I<roRJ.5 KRE.6 
KR:ru.9 ~3 KR:>R24 KP.GB25 KR:;R26 ~7 I<FGR28 KFGR29 
KR:ro2 KR:iR34 KroR35 rn::;:1 KRJ:2 KRJ:8 I<RX9 KRX14 
!00::20 I<Rr24 KEG:.28 KRX:J2 :mx.33 GED2 GED5 GED15 
GED22 GED25 RC3116 R:3305 RC3603 RC3607 RC3616 Ern109 
Rl3119 FG3121 FG3203 EG3205 FG3207 FG3218 FG3219 Rl3222 
IG3318 FG3321 IG3324 Rl3326 FG3328 IG3329 IG3331 003333 
PMm lWG9 Fl!NnO EllNJll mm2 mIDl.3 EllNJl.4 PRm5 
mms mm2o Bl!N321 mrn2 BAN:;2J mnz4 EIANJ'.25 mms 
"PJ.J::rn7 E.Jl.NJ38 PAN:;42 PJIID44 

~ FCR .A.5.9:X:IATICN Wl1RIX USED = BRAY-a.JRI'IS 

74 76 079 1 902 
91 93 089 2 139 
14 15 091 2 180 
86 99 092 2 212 
67 78 093 2 221 
82 102 094 2 266 
36 45 096 2 309 
57 60 097 2 324 

9 12 097 2 339 
48 49 099 2 364 
25 32 100 2 403 
92 98 101 2 431 
59 62 102 2 437 

101 103 102 2 455 
89 90 102 2 458 
26 52 104 2 499 
51 58 104 ' 2 501 
18 23 105 2 513 

9 11 105 2 518 
6 19 105 2 527 

47 59 106 2 550 
82 83 106 2 552 
55 74 111 2 654 
86 100 111 2 668 
43 50 112 2 692 
13 54 113 2 707 
51 63 114 2 728 
17 22 114 2 744 
46 91 115 2 765 
67 71 116 2 777 
14 25 116 2 782 
36 44 116 2 790 
89 95 116 2 791 
20 21 116 2 794 
57 86 117 2 812 
9 18 118 2 826 

37 as 119 2 851 
47 61 119 2 855 
1 80 121 2 902 

Bl 82 122 2 935 
8 9 125 2 993 

lOG<7 
KEGU7 
"""'30 
I<ro:'.:15 
GE016 
RG3111 
FG3314 
ro3335 
IWG16 
B>mll 

""""' KIGUB 
"""'31 
I<ro:'.:16 
GE019 
IG3117 
IG3317 
Rn346 
iw<;17 
B>ml2 



SS 7S 12S 2 994 
66 79 127 3 042 
8 10 127 3 050 

26 48 127 3 059 
41 77 129 3 096 
14 67 131 3 150 
46 SS 132 3 175 
47 57 .134 3 214 

6 16 134 3 218 
27 28 134 3 227 
81 101 13S 3 231 
1 64 136 3 261 

13 66 140 3 354 
87 104 140 3 361 
37 89 141 3 381 
4 72 141 3 385 

43 Sl 143 3 427 
46 69 143 3 441 
41 S6 143 3 442 
13 47 144 3 44S 
14 68 14S 3 472 
36 40 147 3 531 

8 29 147 3 535 
81 84 147 3 537 
14 87 148 3 543 
46 92 lSl 3 617 

6 8 lSl 3 626 
41 73 1S3 3 681 

6 17 lSS 3 730 
13 42 1S6 3 747 
6S 70 157 3 759 
33 81 158 3 796 
26 46 1S8 3 799 
13 24 162 3 883 
14 41 166 3 974 
13 43 167 4 010 
1 2 170 4 089 

37 96 172 4 131 
s 'l:I 176 4 233 

20 34 177 4 245 
36 39 178 4 264 
37 94 179 4 301 

6 7 179 4 302 
3S 8S 180 4 319 
4 14 183 4 391 

13 33 18S 4 432 
6 13 189 4 525 
4 26 190 4 S6S 

20 6S 201 4 835 
1 20 208 4 991 

36 38 208 4 993 
s 6 209 5 005 
4 30 218 5 242 
1 3 221 5 301 
1 3S 230 5 532 
1 s 237 5 691 
4 37 240 5 760 
1 S3 262 6 294 
1 36 m 6 651 
1 4 283 6 790 
1 31 389 9 336 
1 97 47S 11 394 

----------------
COmENEI'IC amEIM'ICN COEFFI<:mn' = 629366 



·····~····· rERIVED ERCM BPAY-<lJRI'IS 

CME l1'EEL 
1 tcF93019 

80 ro'.3346 
64 FG3205 

2 o:F93032 
20 KEGU.8 
21 KIGU.9 
34I<Rn 
65 EG3207 
70 FG3317 

3 IXF93047 
35 KRX2 
85 """12 

5 KR3R2A 
27 REGR28 
28 KEG!29 

6 I<RJR4 
19 I<!rnl.7 
16 RRE.4 
8 I<RJR6 
9 Kira7 

12 I<RJRlO 
11 I<RlR9 
18 KREJ.6 
23 I<RlR24 
10 I<RlR8 
29 KR:roO 
17 mms 
22 I<RJR23 
7 I<RlR5' 

13 I<RlRll 
54 RC3305 
66 EG3218 
79 ""3335 
47 GEll5 
59 R:Blll 
62 RJ3121 
61 ""3119 
~ OC3616 
60 R'.13117 
86 """'13 
99 IW:G31 

100 JNC32 
42 KRX24 
24 KR:ro5 
43 KRX28 
so GED19 
51GEJ:l22 
58 ro3109 
63 003203 
33 KI'GU5 
81 mm 
82 l3l'IDl 

102 BANl38 
83 mrn.o 

101 BA?GJ7 
103 E>ID42 

84 IWml 
53 RC3116 
36 I00:8 
45 """'33 
44 """'32 
40 l<R3:16 
39=5 
38 l<R3:14 

4 I<RlR1 
72 ro3321 
14 l<!Gl12 
15 l<IGl13 
25 I<Ern26 
32 I«GU4 
67 Rl3219 
78 RJ3333 
71 Rl3318 
68 RJ3222 
87 IWD14 

104 B>IDl4 
41 l<RX20 
77 Rl3331 
56 !!03607 
73 Fm324 
26 I<RlR27 
52 GED25 -
48 GEDlS 
49 GED16 
46GED2 
91 PAIDlB 
93 BAm21 
55 RC3603 
74 m3326 
76 003329 
75 ro'.3328 
69 ro3314 
92 E'Ji..Nl20 
98 mm0 
30 KR:':!Ol 

37 """" 
88 BAID15 
89 BAID16 
90 PAID17 
95 IWG2J 
96 E.bX:24 
94 E>N:'22 
31 KErn.'32 
97 """25 

--------I-I 
--------I I--I 
---------I I--I 

I 
I---I I-I 

---------! I----I I I 
I I-I I-I 

---------I---I II 
I I II 

I II 
I---II 

-------------I I 
------ ------I--I I 

---------------I---I I 

-------I--I 
-------I I-I 
---------I I 
--------I I 

II II II 
--------II-III II 
--------I III--III 
------I-I I lli--I 

-----------I I ill I 
--------I I I I 

-------I I I-I 
--------I---I II 

I I I 
----------I I 

----- --I--I I 
------I II I 

--------I-II I 

--------! I 
--------I-I I-I 

I 
I 

I 
I-I 

I 
I 
I 
I 
I 
I 
I 

I--I I 
I I 

I 
I 
I 
I 
I 
I 
I 
I 
I, 

------II I-I I I 
------I I I I I 

--I I-I I 

I I 
I-I 
I 

I 
I 
I--I 
I I 
I I 

------I-I I II I 
--------I I-I II I 
------I-I I II I 
------I I-I ill 
--------I III I 

ill-II 
--------------II II 

------I----I I II 
--------I I-I II 

I-I I II 

-----I i--I, \. ~ 

-----------! I 
I I 

----------I-I I-I I--I 
--------I I-I I-I I 

-----I I II 
-------I--I I-I 
------I 

I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I-I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 

__ _c:~-----I II 
-----I-I II 

----------I I--I I I 
I--I I I 

I--I I I 
-----------I I----II 

I I 
I--I 

I 
--------I----I I 
-----I I-I I 
------:I I I I 

------I I-I II 
------:I I I I II 
-------I I-I II II 
-------I II-I II 
----------''II I II 
-----------------II I II 

I--II 
-I-I I I 

--------:I I-I I I--I 
I I-I I I 

--------! I I 
I---I I I 

--------I I--I I I 
-------I--I I I I 
-------I I I I 
-------I-I I I I 
------I-I I I--I I-I 
------! I-I I I I 

·------I-I I I I I I 
---------I---I I-I I-II I I 
------I I I II I 
----------I I II I 

I 
I 
I 
I 

---------I I I I 
------I---I I--I 
-------I I 

I 
I-I I 

-----------! I--I I 
----------I-I I 'r I 
-------I I--I I-I I 
-------I II----I 
-----------II 
------------! 

I­
I 
I 

I 
I 
I 
I 
I---



&lREllCE 01 (rutgra.ips fran ruRFXE 01 rarovai - &?!N3.SS am Rl:3116) 

BIOSIM' II HIEBAPCHICAf. CWSIER AmLYSIS (VER 3 5) 

sru:K m:mr:ED '!HE ASSXIATICN 1'mRIX m::M mI7l. IN FlIE surface dek2 
11SSX!Nfl<E WfilUX IS A DISSlMIURnY MMR!X m:M ERAY-aJRI'IS 

N.M8ER OF INDIVIIll!US = 102 
N.M8ER OF VNUARm = 24 

ASS:CIATICN ~ IS ERM SlMl< 
MEllW GR:l.lP A\.'EWIGE ~ PAIR <RXlP ME'nro USIID ARI'IlMEI'IC AVEWGES) 

I1llES o::F93019 rx::F93032 D:F93047 mE. l<KiR2A ~4 KEGG ~6 
~ KR3Rl.O mE.1 mE.2 KEGU3 KFGRl.4 KEGU.5 KR:;Rl.6 
KRE.9 I<JGU3 KOOR24 KOOR25 KR.:ro6 :KFCR27 ~8 KFGR.29 
KR:ID2 KFGR.34 l<K:R35 KRX1 KRr2 KRJ:8 KRJ:9 KID:14 
m:r20 KRr24 KRr28 :rcro:32 Rro:33 GID2 GED5 GEOlS 
GE022 GED25 R:3305 R:3603 RC3607 Rl:3616 FG3109 FG3111 
FG3121 FG3203 EG3205 KD207 ro3218 FG3219 FG3222 R2314 
R2321 rc;3324 IG3326 RD328 FG3329 !G3331 R:3333 RU335 
~ B.?!NnO BAmll B11ml2 EAN;;l3 EAID14 BANllS BAIDl.6 
PJIW20 Mrnl B.?IID22 FAN323 Mrn4 :B.?N:;28 EAN331 EAN332 
l31Wl2 Bm>\4 

Fm<AT (5E14 7) 

-------------------
73 75 079 1 902 
90 92 089 2 139 
14 15 091 2 180 
85 97 092 2 212 
66 77 093 2 221 
81 100 094 2 266 
36 45 096 2 309 
56 59 097 2 324 

9 12 097 2 339 
48 49 099 2 364 
25 32 100 2 403 
91 96 101 2 431 
58 61 102 2 437 
99 101 102 2 455 
88 89 102 2 458 
26 52 104 2 499 
51 57 104 2 501 
18 23 105 2 513 

9 11 105 2 518 
6 19 105 2 527 

47 58 106 2 550 
81 82 106 2 552 
54 73 111 2 654 
85 98 111 2 668 
43 50 112 2 692 
13 53 113 2 707 
51 62 114 2 728 
17 22 114 2 744 
46 90 115 2 765 
66 70 116 2 777 
14 25 116 2 782 
36 44 116 2 790 
88 94 116 2 791 
20 21 116 2 794 
56 85 117 2 812 

9 18 118 2 826 
37 87 119 2 851 
47 60 119 2 855 

1 79 121 2 902 
80 81 122 2 935 

= 
l<ROIU7 
"""'30 
!<Rrl5 
GED16 
FG3117 
003317 
FG3346 
ll1\!Gl7 
BMG37 

""""' l<ROIU8 
"""'31 
"""'16 
GED19 
IG3119 
IG3318 
IWr11 
ll1\!Gl8 
EMID8 



s 9 125 2 993 
54 74 125 2 994 
65 7S 127 3 042 
s 10 127 3 050 

26 4S 127 3 059 
41 76 129 3 096 
14 66 131 3 150 
46 54 132 3 175 
47 56 134 3 214 

6 16 134 3 21S 
27 2S 134 3 227 
so 99 135 3 231 

1 63 136 3 261 
13 65 140 3 354 
S6 102 140 3 361 
37 SS 141 3 381 
4 71 141 3 385 

43 51 143 3 427 
46 6S 143 3 441 
41 55 143 3 442 
13 47 144 3 445 
14 67 145 3 472 
36 40 147 3 531 

s 29 147 3 535 
so 83 147 3 537 
14 S6 14S 3 543 
46 91 151 3 617 

6 s 151 3 626 
41 72 153 3 681 

6 17 155 3 730 
13 42 156 3 747 
64 69 157 3 759 
33 so 15S 3 796 
26 46 15S 3 799 
13 24 162 3 883 
14 41 166 3 974 
13 43 167 4 010 
1 2 170 4 089 

37 95 172 4 131 
5 27 176 4 233 

20 34 177 4 245 
36 39 17S 4 264 
37 93 179 4 301 

6 7 179 4 302 
35 84 lSO 4 319 
4 14 1S3 4 391 

13 33 1S5 4 432 
6 13 1S9 4 525 
4 26 190 4 565 

20 64 201 4 835 
1 20 20s 4 991 

36 3S 20S 4 993 
5 6 209 5 005 
4 30 21S 5 242 
1 3 221 5 301 
1 35 230 5 532 
1 5 237 5 691 
4 37 240 5 760 
1 36 276 6 628 
1 4 283 6 790 
1 31 3S9 9 326 

--------------------------------

CDmENEI'IC O'.:FREIATICN OJEFFICiml' = 577295 



*****~***** 

IERIVED m:M ERAY-aJRI'IS 

CASE IAE<L 
1 CCF93019 ---------------I-I 

79 Im346 I I---I 
63 EG3205 --------I I------I 
2 CCF93032 -----------------------I I 

20 KEiGU.8 ---------------1--------I I-I 
21 KEiGU.9 --------------I I-----I I I 
34 KFG:l ----------------------I I-I I-I 
64 EG3207 -----I----I I I 
69 ro3317 I I I-I 
3 CCF93047 ---------- I I I 

35 Kro:2 -I---------I I 
84 l3l\NOl2 ----------I 
5 KR:roA --------------------------I--I 

27 l<roR28 -----------------I--------I I 
28 KFGl.29 ----I 

6 KIU<4 -----I----I 
19 :rmE.7 ------------------I I---I 
16 KRE.4 --------------------I I 
8 Im3:R6 ----------------------I I 
9 KffiR7 ----------------I-I II II 

12 KFGU.O ---------I I--I II II 
11 ~ I I-II---III 

I---------I 
I I 
I 

18 KR'E.6 ----------I-I I III----I 
23 RroR24 --------------I I III I 
lOKR'.,';RB I II I 

I--I 
I 

29 ~O ----------------------------!I I--I 
17 FJGU.5 I------I I I 
22 KRGR23 --------------! I I 
7 ~ ---------I I 

13 FJGU.1 ----------------------1--I I 
53 RC3305 I II I 
65 FG'.3218 --------------------I-II I 
78 FG3335 I I I 
47 GED5 ---------------------1---I I--I I 
58 FG3111 --------------II I-I I I I I 
61 FG3121 I I I I I I----I 
60 ro3119 I I--I I I 
56 RC3616 ------------I---I I I-I I 
59 FG3117 -----------------! I-I I I I-I 
85 Bll?m3 I--II I I I I 
97 mm31 ---------------I II I II I I 
98 mill2 -------------! I II I I I 
42 KFG:24 -I II--II I I 
24 KRGR25 ------------------- II II I I 
43 KID:28 I--I I II I I 
50 GED19 I----I II I I 
51 GED22 ---------------I-I I II I I 
S7 FG3109 ---------------I I--I I I I 
62 ro3203 I I I 
33 KR:ES -I I I I 
80 P/>N17 --------------! I I I I 
81 mN3S I I I--I r-----r I I 

100 B.l!.N!38 --------------I I-I I-I I I I 
82Bll?m0 I II II 
99 PANJ37 I I--1 I I 

101 BAN:;42 -------------------------I I I I 
83 PAN3l.l I I I 
36 KFG:::8 ----------------1-I I I 
45 KEG:33 I I--I I I 
44 Kro:32 ------------------------I I--I I I 
40 KRX:l.6 I I------I I I 
39 KR3:15 ---------------------------------------! I-------I I 
38 KRJ:l.4 ---------------------------I I 
4 FJGU ' I-------I I 

71 FG3321 ------------------------------! I I--------------------I 
14 ""3IU2 -------I--I I I I 
15 :KFaU.3 ----------------------I I---I I I I 
25KR3R26 III I I I 
32 KFGR.34 ----------------------! I--I I-I I 
66EG3219 I I I I II I 
77 003333 -------I I-I II I I I 
70 FG3318 ----------------I II----1 I I I 
07FG3222 II I II I 
86 13AN;l4 I-I I I I I 

102 BAm44 ---------------! I--I I 
41 KRJ:.20 I-I I 
76 ro3331 I I-I I I--I 
55 RC3607 ----------------------------I I---I I 
72 ro3324 I I I 
26 KR3R27 I--I I I 
52 GED25 -------------I !-------I I I 
48 GED15 --------------------1-----I I I I 
49 GED16 ---------! I I I 
46 GE02 -----------------I---I I I I 
90 13AN;18 -----------1--I I I--I 1----I 
92 E11N,;21 I I-I I I I ' 
54 RC3603 --------------------I-I I I I I I 
73 003326 -------I--I I-I I-I I I 
75 ro3329 -----------------I I I I I I 
74 ro3328 I I I-I 
68 FG3314 -------------------------I I 
91_...~0 I 
96 PAN;28 --------------------I 
30 l<FGD1 -------------------------------
37 KRl:9 ----------------------!--! 
87 13AN;l5 ------------------------! I---I 
88 B.11N316 I-I I I 

I 
I I 
I---I 

89 mnl.7 ----------------------! I--I I-I I 
94 BAN:;23 I I I----------1 
95 ~4 -----------------------------------I I 
93 E.Zll>n22 I 

I----
I 
I 
I 
I 

31 KFGR32 ---------------I 
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Abundance(%) and distribution of species in GCJ 



Species 
Chaetoceros spp 
Chaeloceros spores 
Corethron cnophJ/um 
Dacty/10solen anlarct1cus 
D1stephanus speculum 
Eucamp1a antarcl1ca 
Frag1/artops1s angu/ata 
Frag1/artops1s curta 

Sample 

Fragllar1ops1s cylmdrus 
Fraglfanops1s kergulens1s 
Fragl/anops1s ob/tquecostata 
Frag1/anopsis pseudonana 
Fragrlanopsts ntschen 
FragJ/anops1s separanda 
Pentalamma corona 
Pseudomtzschta turg1dulo1des 
Rh1zoso/ema hebetata to Sem1soma 
Thalass1os1ra margantae 
Thalass1os1ra graclf1s 
Thalass1os1ra grac1f1s var expecta 
Thalass10stra /enllgmosa 
Unknown Genus A 

Species 
Chaetoceros spp 
Chaetoceros spores 
Corethron cnoph1/um 
Dactylioso/en antarct1cus 
D1stephanus speculum 
Eucamp1a antarct1ca 
Fragllanops1s angu/ata 
Frag1/ar1ops1s curta 

Sample 

Frag1far10ps1s cylmdrus 
Fragllar1ops1s kergu/ens1s 
Frag1lanops1s obl1quecostata 
Frag1fanops1s pseudonana 
Fragllanops1s ntschen 
Fraglfanops1s separanda 
Pentalamma corona 
Pseudomtzsch1a turg1dulo1des 
Rh1zos0Jema hebelata to Sem1soma 
Thalasslos1ra margantae 
Thalass1os1ra grac1/is 
Thalass1os1ra grac1/1s var expecta 
Thalass10s1ra Jenbgmosa 
Unknown Genus A 

Dem 

0 83 
12 83 

0 67 
0 50 
0 oo 
0 00 
2 83 

34 00 
36 oo 

0 83 
2 67 
1 50 
0 17 
0 33 
1 50 
0 83 
0 oo 
1 67 
0 17 
0 17 
0 17 
0 00 

105cm 

0 00 
5 17 
0 17 
0 17 
0 17 
0 17 
3 00 

36 50 
37 67 

0 50 
2 17 
1 17 
0 00 
0 33 
4 83 
0 33 
0 17 
0 33 
1 00 
1 67 
0 33 
0 17 

10cm 

1 00 
6 50 
0 67 
0 33 
0 50 
0 33 
2 83 

50 17 
22 50 

0 17 
1 17 
1 67 
0 17 
0 17 
3 50 
1 17 
0 00 
0 83 
0 67 
0 50 
0 00 
0 83 

110cm 

2 17 
11 83 

2 67 
0 17 
0 33 
0 67 
2 00 

21 50 
43 50 

0 33 
1 00 
3 00 
0 00 
0 50 
1 67 
0 33 
0 00 
0 00 
0 67 
0 00 
0 67 
0 17 

15cm 

0 67 
5 67 
1 17 
1 00 
1 17 
0 33 
3 17 

37 50 
30 67 

1 17 
4 00 
2 00 
0 67 
0 67 
1 33 
0 50 
0 00 
1 33 
1 00 
0 50 
1 33 
0 83 

115cm 

0 33 
4 83 
2 00 
1 33 
0 67 
0 83 
2 33 

38 33 
36 33 

0 67 
1 33 
1 17 
0 33 
0 67 
1 17 
0 33 
0 00 
0 50 
1 33 
0 33 
0 00 
0 17 

20cm 

0 00 
6 83 
1 50 
0 33 
0 00 
0 00 
3 83 

41 83 
30 17 

1 00 
2 17 
1 17 
0 17 
0 83 
2 33 
0 33 
0 00 
0 83 
2 00 
0 00 
0 00 
0 67 

120cm 

1 33 
3 17 
1 83 
0 83 
0 83 
0 00 
1 83 

36 33 
39 50 

0 17 
0 67 
5 33 
0 00 
0 17 
1 00 
0 50 
0 17 
0 50 
1 50 
0 50 
0 00 
0 33 

25cm 

0 17 
4 17 
0 17 
1 17 
0 00 
0 00 
5 50 

35 33 
37 50 

1 00 
1 67 
2 50 
0 33 
0 33 
2 33 
0 33 
0 00 
0 50 
1 17 
0 83 
0 17 
0 33 

125cm 

1 33 
4 50 
3 33 
0 33 
0 33 
0 33 
2 00 

33 50 
41 83 

0 33 
1 17 
2 17 
0 17 
0 67 
1 00 
1 33 
0 00 
0 17 
0 67 
0 67 
0 33 
0 50 

30cm 

1 67 
7 00 
5 33 
0 33 
1 00 
0 33 
5 33 

28 50 
30 33 

0 50 
3 17 
5 17 
0 00 
0 50 
2 17 
0 67 
0 00 
0 50 
0 67 
0 00 
0 17 
0 33 

130cm 

0 17 
4 67 
0 33 
1 83 
0 50 
0 83 
6 83 

41 83 
21 83 

0 83 
2 33 
1 00 
1 17 
217 
1 33 
0 50 
0 00 
0 17 
2 00 
1 00 
0 17 
0 00 

35cm 

0 83 
5 00 
1 83 
0 17 
1 00 
0 33 
3 50 

34 00 
41 00 

0 33 
2 17 
2 50 
0 17 
0 33 
2 33 
0 50 
0 00 
0 33 
0 33 
0 00 
0 17 
1 17 

135cm 

0 50 
5 83 
0 50 
1 17 
0 17 
0 67 
6 00 

36 00 
27 33 

1 83 
3 67 
1 00 
0 83 
2 00 
1 83 
0 33 
0 00 
1 17 
2 00 
0 83 
0 83 
0 33 

4Dcm 

0 17 
5 17 
0 83 
0 67 
1 00 
0 17 
4 50 

43 67 
26 83 

1 00 
2 17 
0 67 
0 83 
0 33 
1 50 
0 00 
0 00 
0 17 
1 33 
0 17 
1 00 
0 00 

140cm 

3 67 
6 50 
3 50 
0 50 
0 67 
0 67 
1 83 

22 33 
46 33 

0 67 
2 17 
1 50 
0 33 
0 00 
0 67 
0 67 
0 00 
0 17 
0 33 
0 00 
0 00 
1 67 

45cm 

4 50 
7 17 
2 00 
0 83 
0 83 
0 83 
4 67 

29 00 
33 17 

1 00 
2 00 
1 33 
0 83 
0 17 
0 83 
0 33 
0 33 
0 83 
2 00 
0 67 
0 33 
0 17 

145cm 

1 17 
7 00 
1 00 
1 17 
0 17 
0 50 
5 00 

43 00 
25 50 

0 67 
2 17 
0 67 
0 50 
0 67 
2 33 
0 50 
0 00 
0 50 
0 67 
0 17 
0 17 
0 17 

SS cm 

2 50 
4 17 
1 00 
0 67 
0 50 
0 00 
3 17 

32 50 
42 33 

1 00 
1 33 
1 67 
0 50 
0 83 
1 17 
0 83 
0 00 
0 17 
0 67 
0 33 
0 so 
0 00 

150cm 

1 00 
4 50 
2 67 
1 17 
1 00 
1 00 
6 50 

35 67 
27 50 

0 33 
2 83 
1 83 
0 00 
0 33 
0 83 
1 17 
0 17 
1 00 
0 67 
0 50 
0 83 
0 50 

60cm 

1 33 
1 17 
3 17 
0 00 
0 00 
0 00 
4 00 

55 83 
23 50 

0 17 
0 83 
2 50 
1 33 
0 00 
0 67 
0 00 
0 17 
0 17 
0 67 
0 33 
0 33 
0 67 

155cm 

2 33 
2 67 
4 00 
1 00 
0 17 
1 00 
4 50 

37 00 
34 83 

0 17 
1 00 
1 17 
0 33 
0 17 
2 00 
1 00 
0 50 
0 17 
1 00 
0 33 
0 33 
0 83 

65cm 

1 33 
2 17 
6 50 
0 33 
0 17 
0 00 
1 50 

15 67 
61 00 

0 00 
1 17 
5 33 
0 50 
0 33 
0 17 
0 17 
0 00 
0 33 
0 00 
0 17 
0 00 
1 67 

160cm 

0 67 
4 50 
0 50 
1 67 
0 00 
1 17 
5 67 

26 83 
36 00 

2 50 
3 83 
0 50 
0 17 
1 17 
1 33 
0 67 
0 00 
1 00 
1 67 
1 00 
0 83 
0 67 

70cm 

0 33 
2 17 
7 33 
0 00 
0 33 
1 00 
2 67 

23 67 
42 33 

0 50 
2 17 
4 17 
0 83 
0 17 
0 67 
0 50 
0 00 
0 33 
1 00 
0 83 
0 67 
2 17 

165cm 

0 00 
4 00 

18 33 
0 17 
1 17 
2 50 
3 83 

44 67 
10 00 

0 67 
2 83 
0 83 
0 00 
0 33 
0 33 
0 17 
0 33 
0 17 
1 00 
0 00 
1 00 
3 17 

75cm 

0 33 
8 00 
0 83 
0 50 
0 83 
0 00 
2 83 

30 17 
38 50 

1 00 
1 00 
0 83 
1 33 
0 33 
1 83 
0 83 
0 00 
0 33 
3 00 
0 67 
0 33 
0 67 

17Dcm 

0 33 
10 50 

0 50 
1 00 
0 67 
0 00 
5 67 

39 00 
21 33 

2 17 
2 83 
0 00 
0 00 
1 17 
2 83 
0 50 
0 00 
1 17 
3 33 
0 17 
0 17 
0 33 

BOcm 

0 67 
2 00 
5 67 
0 33 
0 33 
0 33 
4 17 

30 50 
39 50 

0 00 
2 83 
1 17 
2 33 
0 33 
1 00 
0 50 
0.00 
0 50 
1 50 
0 50 
0 17 
0 83 

18Dcm 

1 00 
7 00 
0 83 
2 50 
0 50 
0 67 
8 33 

49 50 
10 00 

1 67 
4.00 
0 00 
0 17 
1 33 
2 00 
0 33 
0 00 
1 33 
2 17 
0 67 
0 33 
0 00 

BS cm 

3 17 
4 oo 

10 00 
0 83 
1 83 
0 17 
6 17 

25 17 
31 83 

0 00 
2 00 
3 83 
1 33 
1 00 
0 67 
1 67 
0 00 
0 50 
0 17 
0 33 
0 50 
1 33 

185cm 

0 33 
8 33 
1 67 
1 83 
0 50 
1 67 
7 17 

41 67 
17 00 

1 83 
4 67 
0 00 
0 50 
1 00 
3 17 
0 17 
0 00 
1 00 
2 00 
0 00 
0 17 
0 17 

9Dcm 

0 33 
5 50 
1 17 
0 83 
0 50 
0 17 
3 33 

41 50 
33 33 

0 83 
1 50 
1 50 
0 50 
0 17 
0 33 
0 33 
0 00 
0 83 
0 17 
0 17 
0 00 
1 67 

195cm 

1 17 
4 17 
9 00 
1 17 
1 00 
0 33 
5 00 

31 00 
31 83 

0 17 
4 00 
1 83 
0 00 
0 17 
0 67 
0 83 
0 00 
0 67 
1 00 
0 50 
0 00 
2 00 

100cm 

0 67 
3 17 
0 83 
1 17 
0 67 
0 00 
5 00 

27 00 
51 17 

0 17 
0 33 
2 17 
0 17 
0 17 
1 50 
1 00 
0 17 
0 17 
1 17 
0 00 
0 00 
0 50 

20Dcm 

0 33 
16 31 

1 00 
1 66 
0 83 
0 50 
4 99 

27 95 
27 79 

1 33 
3 00 
0 50 
0 00 
1 00 
3 99 
0 17 
0 00 
1 00 
1 66 
0 33 
0 67 
0 00 



Species 
Chaetoceros spp 
Chaetoceros spores 
Corethron cnophllum 
Dactyt1osolen antarct1cus 
D1stephanus speculum 
Eucamp1a antarct1ca 
FragJ/anops1s angulata 
Frag1/anops1s curta 

Sample 

Fragllanops1s cylmdrus 
FragJ/anops1s kergulens1s 
Frag1/anops1s ob/1quecostala 
Fragllanops1s pseudonana 
Fragllanops1s ntschen 
Frag1/anops1s separanda 
Penta/amma corona 
Pseudomtzsch1a turg1dufo1des 
Rh1zosolema hebetata lo Sem1soma 
Thalass1os1Ta margantae 
Thalassios1Ta gracllts 
Thalass1oslra grac1/1s var expecta 
Tha/ass1os1Ta lent1gmosa 
Unknown Genus A 

Species 
Chaetoceros spp 
Chaetoceros spores 
Corethron cnophJ/um 
Dacty/1oso/en antarct1cus 
D1stephanus speculum 
Eucamp1a antarctJCa 
Frag1/anops1s angulata 
FragJ/anops1s curta 

Sample 

Fragllanops1s cylmdrus 
Frag1/anops1s kergulens1s 
Fragllanops1s ob/1quecostala 
Frag1/anops1s pseudonana 
Frag1tanops1s ntschen 
FragJ/anopsts separanda 
Pentatamma corona 
Pseudomtzschta turg1du/oldes 
Rh1zosolema hebetata lo Sem1soma 
Tha/ass1os1Ta margantae 
Thalass1oslra gracll1s 
Thalass1os1Ta grac1/1s var expecta 
Thalassloslfa Jenllgmosa 
Unknown Genus A 

205cm 

1 17 
11 33 

1 67 
1 00 
1 00 
0 17 
3 17 

22 33 
44 33 

0 67 
2 17 
1 67 
0 17 
0 33 
3 00 
0 17 
0 00 
1 17 
0 67 
0 00 
0 00 
0 00 

295cm 

0 33 
19 83 

1 33 
1 67 
1 00 
0 83 
2 33 

30 17 
26 so 

1 17 
3 67 
0 67 
0 33 
0 33 
0 so 
1 33 
0 00 
0 67 
1 17 
0 33 
0 33 
0 00 

210cm 

1 83 
14 33 

0 so 
0 33 
0 33 
0 17 
s 67 

24 67 
39 00 

0 33 
1 17 
0 so 
0 17 
0 17 
4 17 
0 so 
0 00 
1 67 
1 33 
0 33 
0 17 
0 17 

300cm 

0 67 
22 67 

0 67 
2 33 
2 33 
0 83 
2 00 

31 67 
18 50 

1 67 
3 33 
0 33 
0 00 
0 so 
1 67 
0 83 
0 00 
0 83 
2 67 
1 17 
0 33 
0 00 

215cm 

1 00 
10 82 

0 17 
0 so 
0 so 
0 33 
s 82 

17 47 
48 S9 

1 33 
3 83 
0 so 
0 00 
0 so 
1 so 
0 33 
0 00 
1 so 
0 67 
0 00 
0 67 
0 33 

305cm 

16 33 
0 00 
0 67 
1 so 
0 83 
1 33 
2 67 

3S so 
20 17 

1 67 
s 17 
0 17 
0 00 
0 33 
1 so 
0 33 
0 00 
0 so 
s 67 
2 00 
0 17 
0 17 

220cm 

0 33 
8 67 
0 17 
0 67 
0 33 
0 17 
9 so 

21 17 
42 00 

1 00 
4 so 
0 33 
0 00 
0 83 
3 00 
0 00 
0 00 
1 33 
1 00 
0 so 
0 33 
0 17 

310cm 

0 67 
20 00 

0 33 
0 33 
1 33 
0 17 
1 67 

28 50 
27 00 

1 83 
3 33 
0 so 
0 00 
0 00 
1 00 
1 17 
0 00 
1 00 
4 83 
1 00 
0 33 
0 so 

225cm 

2 17 
8 67 
1 00 
0 17 
1 so 
1 33 
9 17 

35 so 
18 67 

2 17 
7 17 
0 17 
0 83 
0 17 
2 00 
0 33 
0 00 
0 83 
1 so 
0 33 
1 00 
0 00 

315cm 

0 33 
10 83 

0 so 
0 67 
0 83 
1 67 
1 33 

27 00 
34 33 

1 17 
4 so 
0 83 
0 17 
0 17 
0 so 
1 00 
0 00 
1 00 
7 17 
1 83 
0 33 
0 17 

230cm 

0 83 
4 33 
1 17 
1 33 
3 83 
2 67 
8 33 

37 33 
14 17 

2 17 
6 83 
0 00 
0 17 
0 83 
0 33 
0 17 
0 17 
2 33 
2 00 
0 17 
2 33 
0 00 

320cm 

0 00 
14 83 

0 17 
1 00 
0 83 
1 so 
0 83 

38 50 
21 83 

2 so 
4 67 
0 17 
0 00 
0 33 
2 83 
0 33 
0 00 
1 17 
2 83 
1 33 
0 17 
0 17 

235cm 

0 so 
12 83 

0 33 
2 00 
0 83 
0 33 
6 83 

32 33 
24 17 

1 83 
3 33 
0 00 
0 00 
0 so 
4 83 
0 33 
0 00 
2 00 
2 so 
1 17 
0 so 
0 00 

325cm 

0 00 
27 00 

0 00 
0 33 
1 67 
2 00 
1 00 

28 17 
23 33 

1 so 
1 83 
0 00 
0 00 
0 17 
0 67 
0 17 
0 00 
s 33 
2 33 
0 so 
0 17 
0 00 

240cm 

1 17 
12 83 

0 17 
2 83 
1 00 
0 33 

10 33 
34 83 
13 67 

1 67 
5 00 
0 17 
0 17 
1 83 
2 33 
0 so 
0 00 
1 83 
2 00 
0 so 
0 67 
0 00 

330cm 

0 so 
51 83 

0 17 
0 33 
0 83 
0 33 
1 17 

21 17 
6 67 
3 so 
2 83 
0 33 
0 00 
0 17 
1 00 
0 00 
0 00 
2 33 
2 33 
0 83 
0 83 
0 00 

245cm 

0 83 
6 67 
1 17 
2 33 
1 00 
0 17 
6 00 

43 83 
23 17 

2 17 
3 17 
0 33 
0 17 
1 00 
0 00 
0 33 
0 17 
0 67 
2 17 
0 17 
0 17 
0 00 

335cm 

0 00 
76 67 

0 00 
0 17 
0 83 
0 00 
0 so 
9 17 
7 67 
1 so 
1 17 
0 00 
0 00 
0 00 
0 17 
0 00 
0 00 
1 17 
0 17 
0 33 
0 00 
0 00 

250cm 

2 50 
1 67 
1 33 
0 67 
1 67 
0 50 
s 67 

2S 67 
40 17 

0 83 
4 33 
3 00 
0 17 
0 17 
0 83 
0 67 
2 17 
0 67 
1 00 
0 67 
0 33 
0 00 

340cm 

0 00 
78 83 

0 00 
0 00 
0 so 
0 17 
0 17 
6 17 
9 83 
0 67 
1 17 
0 17 
0 00 
0 00 
0 17 
0 so 
0 00 
0 so 
0 00 
0 17 
0 00 
0 00 

255cm 

0 83 
s so 
1 50 
1 83 
0 so 
1 00 
8 17 

31 00 
28 83 

2 00 
s so 
0 so 
0 17 
0 67 
0 83 
0 67 
0 17 
0 83 
2 67 
0 33 
1 67 
0 00 

345cm 

0 00 
85 50 

0 17 
0 00 
0 00 
0 17 
0 17 
5 00 
s 83 
0 67 
0 67 
0 00 
0 00 
0 00 
0 00 
0 17 
0 00 
0 33 
0 00 
0 00 
0 00 
0 00 

260cm 

3 33 
13 83 

1 17 
1 00 
0 50 
0 so 
s 67 

27 00 
32 83 

0 67 
3 so 
0 so 
0 17 
0 83 
0 83 
1 17 
0 00 
0 so 
0 67 
0 33 
0 33 
0 17 

350cm 

0 00 
85 67 

0 17 
0 00 
0 00 
0 17 
0 17 
s 00 
s 83 
0 67 
0 67 
0 00 
0 00 
o· oo 
0 00 
0 17 
0 00 
0 33 
0 00 
0 00 
0 00 
0 00 

265cm 

4 17 
4 00 
6 83 
0 33 
0 67 
0 17 
8 00 

33 50 
26 33 

1 83 
2 so 
1 33 
0 50 
1 17 
0 17 
2 17 
0 67 
0 33 
1 17 
0 00 
0 17 
0 33 

355cm 

0 so 
87 00 

0 83 
0 00 
0 so 
0 17 
0 00 
3 67 
1 67 
1 00 
0 00 
0 00 
0 17 
0 00 
0 00 
0 83 
0 00 
2 00 
0 00 
0 00 
0 00 
0 00 

270cm 

0 67 
11 00 

2 so 
0 17 
0 00 
0 00 
1 00 

21 so 
56 83 

0 17 
2 so 
0 00 
0 00 
0 00 
0 00 
0 83 
0 17 
0 33 
0 33 
0 00 
0 17 
1 33 

360cm 

0 67 
93 83 

0 00 
0 00 
0 17 
0 00 
0 00 
1 17 
3 00 
0 17 
0 17 
0 17 
0 00 
0 00 
0 00 
0 33 
0 00 
0 00 
0 00 
0 00 
0 00 
0 00 

275cm 

0 33 
8 so 
0 33 
2 33 
0 67 
1 00 
3 33 

32 67 
38 67 

0 67 
4 17 
0 00 
0 17 
0 so 
0 83 
0 so 
0 00 
0 50 
0 67 
0 17 
1 00 
0 00 

280cm 

0 00 
12 00 
s 17 
0 33 
0 so 
1 17 
4 00 

25 83 
31 67 

0 33 
6 67 
1 17 
0 00 
0 17 
0 83 
3 17 
0 00 
0 33 
1 00 
0 so 
0 50 
0 so 

285cm 

0 33 
2 83 
3 so 
0 00 
0 33 
0 33 
2 00 

20 83 
61 33 

0 33 
0 83 
0 33 
0 00 
0 00 
0 so 
1 17 
0 67 
0 17 
0 83 
1 00 
0 17 
0 33 

290cm 

0 so 
s 83 
7 83 
0 00 
0 00 
0 17 
0 67 

12 so 
67 00 

0 17 
0 83 
0 17 
0 00 
0 00 
1 67 
0 00 
0 00 
0 17 
0 33 
0 00 
0 00 
1 00 



- Appendix 4 -

Preliminary cluster analysis of GCl 



GCl.01 

BiosrAT II: I-IIE1'ARCHICAL CWSI'ER ANALYSIS (VER. 3 . 5) 

SIMDK ffiOVIDED 'IHE ASSOCIATICN MA'IRIX FRCM mTA IN FILE gel. dek 
ASSOCIATICN MA'.IRIX IS A DISSlMIIARITY MA'IRIX FRCM BRAY-aJRI'IS 

Nlo1BER OF mDIVIIllALS = 68 
N:MBER OF VARIABLES = 22 

ASSOCIATICN MA'.IRIX IS FR!:M SIMDK 
ME:nOJ: GRaJP A\IERM3E (U!\WE:IGHI'ED PAJR GRa.JP MElIIDD USIID ARI'IllMEll'IC AVERAGES) 

IABELS: Oan lOan 15an 20an 25an 30an 35an 40an 
60an 65an 70an 75an 80an 85an 90an lOOan 

115an 120an 125an 130an 135an 140an 145an 150an 
165an 170an 180an 185an 195an 200an 205an 210an 
225an 230an 235an 240an 245an 250an 255an 260an 
275an 280an 285an 290an 295an 300an 305an 310an 
325an 330an 335an 340an 345an 350an 355an 360an 

FDRMAT: (5El4.7) 

AamYM FOR ASS:CIATICN MA'.IRIX USED= BRAY-<XJRI'IS 

PAJRim smJEN:E: Kr DisrAN:'E x 
ITEM JOlNS ITEM Kr DISI'AN:E mDIVIDJALS 
----------------------------------------------------

65 66 .000 .000 
25 30 .084 1.859 
33 44 .085 1.859 
36 43 .092 2.014 
39 40 .103 2.269 
28 35 .107 2.352 
27 48 .109 2.406 
55 56 .110 2.411 
32 36 .110 2.414 
64 65 .111 2.444 
45 47 .111 2.452 
10 23 .112 2.465 

6 7 .113 2.480 
58 59 .116 2.542 
1 37 .120 2.635 

33 34 .120 2.646 
24 25 .122 2.679 
5 19 .122 2.682 

32 33 .125 2.741 
17 21 .126 2.774 
3 8 .130 2.849 

18 22 .133 2.919 
55 58 .134 2.945 
9 27 .136 2.995 

42 45 .137 3.008 
13 15 .137 3.023 
1 38 .139 3.057 
4 17 .140 3.077 
6 28 .141 3.101 

10 20 .141 3.104 
3 14 .145 3.180 

24 32 .149 3.272 
55 60 .149 3.276 
3 4 .150 3.295 
1 39 .151 3.332 

41 42 .154 3.385 
10 29 .157 3.447 
16 49 .158 3.468 
3 9 .158 3.478 

63 64 .160 3.514 
24 41 .160 3.523 
2 6 .160 3.530 

45an 55an 
105an llOan 
155an 160an 
215an 220an 
265an 270an 
315an 320an 



10 26 .161 3.549 
2 10 .167 3.666 

24 51 .168 3.704 
3 5 .172 3.786 
2 18 .174 3.820 

61 62 .174 3.827 
1 3 .177 3.885 

13 52 .178 3.913 
24 55 .186 4.092 
50 54 .186 4.099 
1 2 .189 4.157 
1 46 .202 4.446 

13 16 .203 4.473 
50 53 .205 4.505 
1 13 .213 4.679 
1 24 .226 4.976 

11 12 .233 5.133 
63 67 .240 5.284 
63 68 .259 5.688 
11 50 .259 5.704 
1 57 .284 6.257 
1 61 .288 6.329 
1 31 .292 6.420 
1 11 .302 6.648 
1 63 .502 11.046 

----------------------------------------------------
C"OmENEI'IC CORRilATICN C"OEFFICIENI' = .839741 
----------------------------------



***** ~ ***** 
DElUVED FRCM BRAY-aJRI'LS 

CA.SE LABEL 
1 Oan 

37 205an 
38 210an 
39 215an 
40 220an 
3 15an 
8 40an 

14 75an 
4 20an 

17 90an 
21 115an 

9 45an 
27 145an 
48 260an 

5 25an 
19 105an 
2 lOan 
6 30an 
7 35an 

28 150an 
35 195an 
10 55an 
23 125an 
20 110an 
29 155an 
26 140an 
18 lOOan 
22 120an 
46 250an 
13 70an 
15 80an 
52 280an 
16 85an 
49 265an 
24 130an 
25 135an 
30 160an 
32 170an 
36 200an 
43 235an 
33 180an 
44 240an 
34 185an 
41 225an 
42 230an 
45 245an 
47 255an 
51 275an 
55 295an 
56 300an 
58 310an 
59 315an 
60 320an 
57 305an 
61 325an 
62 330an 
31165an 
11 60an 
12 65an 
50 270an 
54 290an 
53 285an 
63 335an 
64 340an 
65 345an 
66 350an 
67 355an 
68 360an 
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Abundance (%)and distribution of species in GC2 



Samples 

Species 
Chaetoceros spp 
Chaetoceros spores 
Corethron cnoph1/um 
Dactyf1osolen antarct1cus 
D1stephanus speculum 
Eucamp1a antarct1ca 
Frag1lanops1s angulata 
Frag1lar1ops1s curta 
Frag1fanops1s cyfmdrus 
Frag1lanops1s kerguelens1s 
Frag1/anops1s ob/1quecostata 
Frag!lanops1s separanda 
Pentalamma corona 
Poros1ra glac1a/1S 
Pseudomtzsch1a turg1du/01des 
Thalass1os1ra antarctrca spores 
ThalasSJos1ra grac1!1S 
Thafass1os1ra lentJgmosa 

Samples 

Species 
Chaetoceros spp 
Chaetoceros spores 
Corethron cnoph1/um 
Dacty//osofen antarct1cus 
D1stephanus speculum 
Eucamp1a antarctJca 
Frag1/anops1S angufata 
Frag1fanops1s curta 
Frag1fanops1s cy/mdrus 
Frag1/anops1s kerguelens/S 
Frag1/anops1s ob/Jquecostata 
Frag1/anops1s separanda 
Penta/amma corona 
Poros1ra g/ac1a/1S 
Pseudonrtzsch1B turg1du!o1des 
Thalass1os1ra antarct1ca spores 
Thalass1osira grac1/Js 
Tha/asSJos1ra lenflgmosa 

7cm 

0 50 
14 20 

0 20 
0 70 
0 20 
1 30 
3 50 

54 00 
13 20 

0 00 
3 50 
0 20 
0 00 
0 50 
1 70 
2 70 
0 50 
0 20 

95cm 

0 BO 
9 30 
0 20 
0 so 
1 20 
1 00 
4 20 

65 00 
s 30 
0 30 
4 BO 
0 20 
0 so 
1 20 
0 so 
2 70 
0 20 
0 20 

10cm 

2 so 
B 00 
0 so 
0 20 
0 20 
0 00 
4 80 

S7 30 
15 40 

0 20 
2 so 
0 00 
0 20 
0 so 
1 20 
1 70 
0 30 
0 20 

1oocm 

0 20 
2 00 
0 30 
0 20 
1 20 
0 so 
s BO 

62 90 
14 90 

0 70 
3 30 
0 00 
0 30 
1 BO 
2 00 
0 70 
0 70 
0 00 

15cm 

2 70 
7 70 
1 20 
0 so 
1 30 
1 70 
2 70 

S6 10 
13 10 

0 70 
4 so 
0 00 
0 20 
0 30 
1 BO 
1 so 
0 BO 
0 20 

105cm 

0 20 
3 80 
0 20 
1 20 
0 70 
1 20 
3 70 

64 70 
9 20 
0 20 
4 so 
0 so 
0 so 
1 BO 
1 30 
1 80 
1 00 
0 20 

20cm 

0 30 
6 so 
0 20 
0 30 
0 30 
0 70 
s 30 

60 80 
11 80 

0 30 
2 20 
1 00 
0 00 
2.30 
1 so 
1 BO 
0 70 
0 00 

110cm 

0 90 
2 20 
0 00 
1 30 
0 90 
0.60 
2 10 

SS 00 
21 00 

0 50 
4 90 
0 50 
0 so 
1 70 
1 10 
0 60 
0 60 
0 30 

25cm 

3 so 
4 20 
0 so 
1 30 
1 20 
0 so 
3 70 

S9 so 
B 00 
0 30 
7 30 
0 20 
0 so 
0 BO 
2 20 
2 so 
0 BO 
0 00 

115cm 

1'00 
3 60 
0 30 
0 00 
0 so 
0 00 
s 30 

68 50 
10 60 

0 20 
s 10 
0 20 
0 so 
1 00 
0 30 
0 30 
0 20 
0 00 

30cm 

1 so 
6 60 
1 30 
0 BO 
1 30 
0 70 
s so 

so 20 
12 20 

0 so 
s BO 
0 70 
0 so 
2 00 
1 20 
4 30 
1 30 
0 20 

120cm 

1 00 
4 60 
1 00 
0 70 
0 so 
0 BO 
2 so 

70 so 
9 30 
0 30 
2 BO 
0 00 
0 20 
1 20 
1 70 
0 20 
0 20 
0 20 

35cm 40cm 

2 so 1 20 
1060 1030 

0 50 0 80 
0 50 0 30 
1 00 0 so 
0 BO 1 00 
3 30 6 00 

S790 SS20 
7 20 10 90 
0 20 0 00 
s 00 4 00 
0 00 0 30 
0 00 0 20 
0 80 ~ 1 50 
2 20 1 70 
3 80 1 00 
0 BO 0 BO 
0 00 0 50 

125cm 130cm 

0 BO 
3 00 
0 20 
1 so 
0 70 
0 30 
2 80 

65 70 
12 20 

0 20 
s 30 
0 00 
0 80 
2 00 
1 30 
0 so 
0 20 
0 00 

0 00 
4 BO 
0 30 
1 20 
1 BO 
1 00 
3 00 

62 70 
10 70 

0 70 
4 BO 
0 20 
0 BO 
1 so 
1 20 
1 20 
0 BO 
0 00 

45cm 

2 BO 
7 70 
3 30 
l so 
1 00 
0 30 
2 00 

6S BO 
6 20 
0 00 
3 so 
0 20 
0 00 
0 BO 
1 00 
1 20 
0 30 
0 00 

135cm 

0 90 
5 50 
0 00 
0 30 
0 60 
0 30 
4 BO 

68 30 
6 60 
0 30 
3 20 
0 60 
0 BO 
1 40 
0 30 
0 80 
1 40 
0 00 

socm 

0 70 
12 60 

0 50 
0 BO 
0 30 
0 30 
3 10 

4B 10 
20 50 

0 00 
2 80 
0 30 
0 20 
1 20 
2 00 
1 30 
0 70 
0 50 

140cm 

0 70 
5 00 
0 00 
1 30 
0 30 
0 30 
7 BO 

56 30 
13 20 

0 20 
4 50 
0 70 
1 70 
1 30 
1 70 
1 30 
0 BO 
0 20 

55cm 

0 50 
30 30 

0 00 
0 80 
1 00 
0 00 
2 00 

42 30 
12 40 

0 50 
3 10 
0 00 
0 00 
2 40 
1 00 
1 30 
0 30 
0 20 

145cm 

0 30 
3 70 
0 30 
0 30 
0 30 
0 30 
s 50 

69 20 
6 so 
0 70 
6 20 
0 00 
0 30 
1 50 
0 00 
1 00 
1 20 
0 30 

60cm 

3 30 
4 50 
0 50 
1 30 
0 20 
1 30 
2 BO 

63 70 
7 60 
0 20 
4 30 
0 00 
0 20 
1 00 

3 60 
1 70 
0 BO 
0 20 

150cm 

0 BO 
2 00 
0 30 
1 20 
0 30 
1 00 
4 BO 

59 00 
14 80 

0 20 
3 60 
0 00 
0 70 
2 20 
1 00 
1 00 
1 70 
0 30 

65cm 

0 20 
7 10 
0 20 
0 50 
1 00 

0 30 
2 00 

64 10 
7 10 
0 20 
4 BO 
1 00 
0 so 
1 80 
1 50 
2 10 
0 70 
0 30 

1sscm 

0 30 
2 00 
0 BO 
0 20 
0 80 
0 30 
6 30 

66 00 
B BO 
0 30 
4.BO 
0 00 
0 20 
2 so 
1 00 
1 70 
0 50 
0 so 

70cm 

1 00 
1 BO 
0 20 
1 00 
0 20 
0 20 
4 50 

60 20 
11 BO 

1 20 
3 20 
0 30 
0 50 
3 20 
1 70 
3 00 
1 70 
0 00 

160cm 

0 30 
2 80 
0 70 
1 80 
0 30 
0 BO 
4 40 

61 20 
9 20 
0 BO 
7 10 
1 so 
0 50 
0 BO 
1 30 
1 10 
0 BO 
0 30 

75cm 

1 00 
2 30 
0 so 
0 so 
0 70 
0 BO 
4 60 

74 BO 
7 10 
0 20 
3 00 
0 so 
0 20 
1 00 
0 30 
0 50 
0 00 
0 00 

165cm 

0 20 
2 70 
0 20 
2 00 
0 BO 
0 20 
5 50 

6S 20 
s 20 
1 20 
3 BO 
0 30 
2 so 
2 20 
0 BO 
1 50 
0 70 
0 00 

BO cm 

1 30 
4 30 
0 70 
0 30 
0 BO 
0 so 
2 30 

66 40 
12 so 

0 20 
2 70 
0 20 
0.30 
0 BO 
1 20 
1 so 
0 BO 
0 00 

170cm 

0 70 
3 60 
1 10 
1 so 
0 50 
1 10 
4 10 

60 20 
: B 80 

0 so 
4 90 
0 so 
0 20 
2 40 
1 30 
1 BO 
1 so 
0 00 

BScm 

0 20 
s 30 
0 30 
0 30 
0 70 
0 so 
1 70 

72 30 
B 80 
0 30 
4 00 
0 20 
0 00 
1 oo 
1 00 
1 70 
0 30 
0 00 

175cm 

0 20 
B 60 
0.70 
1 20 
0 20 
0 so 
6 80 

51 10 
10 00 

0 so 
11 BO 

0 50 
0 20 
1 80 
1 oo 
1 30 
1 20 
0 20 

90cm 

1 30 
2 30 
0 50 
0 BO 
0 20 
0 30 
s 30 

64 10 
11 30 

0 70 
4 90 
0 00 
0 30 
1 60 
1 60 
1 20 
0 20 
0 00 

1BOcm 

0 30 
3 00 
0 so 
0 70 
0 70 
1 20 
6 10 

55 60 
16 10 

0 30 
4 70 
0 30 
1 00 
2 00 
0 80 
0 80 
1 20 
0 so 



Samples 
Species 
Chaetaceros spp 
Chaetoceros spores 
Corethron cnoph1/um 
Dactyfiosofen antarct1cus 
D1stephanus speculum 
Eucamp1a antarct1ca 
Frag1/anops1S angulata 
Frsgf/ar1ops1s curta 
Frag1/anops1s cylmdrus 
Frag1/anops1s kerguelens1s 
Frag1!anops1s obl!quecostata 
Frag1lanops1S separanda 
Penta/amma corona 
Paras/fa glac1al1s 
Pseudomtzsch1a turg1du/01des 
Thafass1os1ra antarcttca spores 
ThafasS1os1ra grac1ils 
Thalassroslfa fentJgmosa 

Samples 
Species 
Chaetoceros spp 
Chaetoceros spores 
Corethron cnoph1/um 
Dacty/1osofen antarct1cus 
D1stephanus speculum 
Eucamp1a antarctJca 
Frag1/anops1S angufata 
Frag1fanops1s curta 
Frag1/anops1s cylmdrus 
Frag1fanops1S kerguefens/S 
Frag1/anops1s ob/Jquecostata 
Frag1fanops1s separanda 
Pentalamma corona 
Poros1ra glac1a11s 
Pseudomtzsch1a turg1du!o1des 
Thalass1os1ra antarcllca spores 
ThafasSJos1ra grac111s 
Tha/ass1os1ra lenligmosa 

185cm 

0 20 
4 30 
0 30 
0 70 
0 70 
0 30 
4 30 

61 70 
9 50 
0 30 -
5 30 
0 20 
1 30 
1 10 
1 50 
1 60 
1 30 
0 30 

275cm 

2 80 
4 30 
0 80 
0 00 
1 20 
1 70 
9 30 

37 60 
27 50 

0 70 
6 80 
0 00 
0 00 
0 50 
2 20 
1 00 
0 70 
0 20 

190cm 

0 50 
1 60 
0 20 
1 00 
0 80 
0 60 
4 40 

57 30 
18 00 

0 00 
4 50 
0 00 
0 60 
1 60 
1 00 
2 30 
0 60 
1 00 

2eocm 

1 00 
2 80 
0 50 
0 50 
0 50 
0 30 

13 30 
38 00 
28 00 

0 30 
6 50 
0 20 
0 00 
1 00 
0 70 
0 50 
0 70 
0 70 

195cm 

0 60 
3 60 
1 60 
0 50 
0 60 
1 70 
3 60 

60 30 
12 20 

0 20 
6 20 
0 30 
0 60 
1 90 
0 90 
0 80 
0 80 
0 00 

285cm 

0 70 
11 80 

0 80 
0 50 
1 30 
2 50 
9 50 

42 60 
15 40 

1 00 
4 80 
0 70 
0 00 
1 50 
0 30 
1 20 
1 00 
0 70 

2oocm 

0 30 
5 20 
0 70 
1 30 
0 80 
1 20 
4 80 

50 10 
17 10 

1 00 
5 50 
0 30 
0 70 
0 70 
0 30 
3 20 
0 70 
0 50 

290cm 

0 20 
27 60 

0 00 
1 70 
0 50 
1 00 
4 60 

28 50 
12 60 

1 50 
6 10 
1 00 
0 20 
1 70 
0 20 
3 80 
3 80 
1 00 

205cm 

0 20 
3 50 
0 00 
0 70 
0 80 
0 70 
5 10 

60 90 
9 40 
0 20 
5 50 
1 00 

0 80 
2 60 
0 50 
2 00 
1 20 
0 00 

295cm 

0 00 
6 50 
0 00 
2 00 
1 70 
3 50 

14 10 
34 50 

6 60 
3 80 
7 10 
3 00 
0 70 
1 00 
0 20 
5 30 
3 20 
1 00 

21ocm 

0 20 
6 40 
0 00 
0 80 
0 20 
0 80 
6 00 

58 60 
11 80 

1 40 
4 40 
0 60 
0 50 
1 90 
1 30 
0 80 
0 60 
0 00 

300cm 

1 30 
3 30 
0 30 
3 20 
1 20 
1 70 

10 30 
32 80 

9 50 
5 30 
8 10 
2 80 
0 20 
1 20 
0 00 
5 00 
3 80 
2 30 

215cm 

0 20 
5 80 
0 00 
1 70 
1 80 
0 80 
6 30 

45 60 
18 50 

0 80 
7 80 
0 50 
0 50 
3 50 
0 30 
0 80 
0 30 
0 20 

220cm 

0 30 
7 90 
0 00 
1 10 
0 20 
0 80 
7 10 

57 90 
13 10 

0 20 
4 00 
0 20 
0 00 
0 00 
0 60 
1 60 
1 60 
0 30 

225cm 

1 00 
7 60 
0 00 
0 50 
0 80 
0 30 

10 50 
56 10 
10 60 

0 70 
7 10 
0 20 
0 00 
0 70 
0 50 
0 70 
0 50 
0 20 

230cm 

0 50 
9 40 
0 30 
1 50 
1 50 
1 80 
7 00 

47 50 
13 10 

0 00 
8 40 
0 20 
0 00 
1 30 
0 80 
1 50 
1 30 
0 00 

235cm 

0 30 
2 00 
0 20 
0 30 
0 50 
0 50 

10 00 
64 50 

4 70 
0 50 
6 70 
0 30 
0 00 
4 30 
0 20 
2 30 
0 70 
0 00 

240cm 

1 60 
11 10 

0 70 
0 70 
1 30 
1 00 
8 oo 

49 40 
11 90 

0 20 
4 60 
0 20 
0 30 
1 60 
0 30 
1 30 
1 80 
0 70 

245cm 

0 50 
8 20 
0 20 
1 00 
2 80 
1 00 
7 20 

50 70 
14 30 

0 00 
4 30 
0 50 
0 30 
1 20 
0 30 
4 30 
0 70 
0 30 

250cm 

1 70 
10 10 

0 30 
1 00 
1 50 
0 70 
4 50 

48 70 
13 50 

0 70 
5 50 
0 50 
0 30 
1 50 
0 80 
5 50 
1 20 
0 50 

255cm 

0 80 
9 50 
0 30 
0 30 
0 80 
1 20 
5 20 

40 30 
27 10 

0 50 
4 30 
0 30 
0 20 
1 80 
0 80 
1 50 
1 30 
0 20 

260cm 

0 70 
7 60 
0 50 
1 00 
0 80 
0 30 
4 50 

46 00 
23 40 

0 70 
5 50 
1 00 
0 30 
1 30 
0 80 
1 50 
0 80 
0 80 

265cm 

1 20 
10 80 

0 20 
0 00 
0 70 
1 00 
4 20 

38 30 
32 80 

0 70 
4 30 
0 20 
0 30 
0 80 
0 00 

1 70 
1 30 
0 00 

270cm 

1 00 
3 50 
0 20 
1 70 
0 50 
0 70 
5 20 

51 70 
23 60 

0 50 
4 30 
0 30 
0 00 
0 50 
2 20 
1 00 
0 30 
0 00 
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Preliminary cluster analysis of GC2 



GC2.0l 

BIOSTAT II: HIERARO!ICAL CLUSI'ER ANALYSIS (VER. 3.5) 

SIMDK PROVIDED 'IHE ASSCCIATICN MATRIX FRCM DATA IN FILE gc2 . dek 
ASSCX:::IATION MATRIX IS A DISSIMILARITY MATRIX FRCM ERAY-Cl.JRI'IS 

NUMBER OF INDIVIDlAIS 6J 
NUMBER OF VARIABLES 18 

ASSCX:::IATION MATRIX IS FRCM SIMDK 
MEIHOD: CROOP AVERAGE (UNWEIGHI'ED PAIR GR!XJP METHOD USIN3 ARI'IHMEI'IC AVERAGFS) 

LABELS: 7c:m lOc:m 15c:m 20c:m 25cm 30c:m 35c:m 40c:m 
50an 

55c:m 60c:m 65c:m 70c:m 75an 80c:m 85c:m 90c:m 
lOOan 

105an llOc:m 115an 120c:m 125an 130c:m 135c:m 140c:m 
150an 

155an 160c:m 165an 170c:m 175an 180an 185an 190an 
200an 

205c:m 210c:m 215an 220an 225an 230c:m 235an 240an 
250an 

255an 260an 265an 270c:m 275an 280c:m 285c:m 290c:m 
300an 

FORMAT: (5El4.7) 

ACRrnYM FOR ASSCX:::IATICN MATRIX USED = BRAY-aJR.TIS 

PAIRIN3 SB;;PEN:E: AT DISU\NCE X 
ITEM JOJNS ITEM AT DISU\NCE INDIVIJJJALS 

----------------------------------------------------
6 50 .062 1.113 

21 34 .068 1.230 
51 53 .076 1.361 
30 36 .079 

I 
1.427 

48 57 .084 1.508 
5 7 .084 1.518 

37 41 .091 1.632 
21 37 .091 1.645 
16 17 .094 1.689 
18 25 .094 1.698 

8 10 .095 1.706 
4 42 .095 1.707 

30 38 .095 1.710 
5 12 .097 1.738 
6 49 .099 1.783 

21 26 .100 1.800 
40 52 .101 1.824 
20 31 .103 1.848 
59 60 .104 1.875 
35 46 .105 1.891 
1 8 .106 1.900 

21 39 .108 1.939 
22 30 .109 1.971 
15 23 .110 1.973 

3 55 .110 1.977 
27 29 .110 1.981 

6 40 .110 1.984 
45 56 .112 2.015 
13 19 .112 2.023 
16 24 .114 2.046 

4 28 .115 2.063 
21 32 .116 2.090 

6 48 .119 2.139 
35 44 .119 2.140 
21 22 .123 2.205 

45c:m 

95c:m 

145c:m 

195c:m 

245c:m 

295c:m 



18 54 .123 2.222 
6 51 .129 2.317 
4 21 .130 2.346 
1 2 .132 2.381 

15 27 .132 2.385 
4 18 .135 2.424 
3 5 .136 2.440 
6 35 .136 2.452 
4 20 .136 2.453 

14 33 .139 2.495 
13 16 .141 2.542 
4 14 .146 2.637 
6 43 .149 2.674 
1 13 .149 2.686 
1 3 .155 2.788 
4 15 .157 2.826 
6 45 .158 2.852 
1 9 .162 2.911 

58 59 .164 2.954 
4 6 .164 2.955 
1 4 .170 3.058 
1 47 .195 3.501 
1 11 .198 3.558 
1 58 .254 4.565 

----------------------------------------------------
C'OPHENEI'IC C'ORRfilATI& C'OEFFICIENI' = .616978 
----------------------------------



***** DENDRCGRAM ***** 
DERIVED FRCM BRAY-cuRI'IS 

CASE IABEL 
1 7an 
8 40an 

10 50an 
2 lOan 

13 65an 
19 95an 
16 80an 
17 85an 
24 120an 

3 15an 
55 275an 

5 25an 
7 35an 

12 60an 
9 45an 
4 20an 

42 210an 
28 140an 
21 105an 
34 170an 
37 185an 
41 205an 
26 130an 
39 195an 
32 160an 
22 llOan 
30 150an 
36 180an 
38 190an 
18 90an 
25 125an 
54 270an 
20 lOOan 
31 155an 
14 70an 
33 165an 
15 75an 
23 115an 
27 135an 
29 145an 

6 30an 
50 250an 
49 245an 
40 200an 
52 260an 
48 240an 
57 285an 
51 255an 
53 265an 
35 175an 
46 230an 
44 220an 
43 215an 
45 225an 
56 280an 
47 235an 
11 55an 
58 290an 
59 295an 
60 300an 

/ 

-----------------------------------------I---------I ' 
----------------,--------------------I----I I------I 
----------------C.-------------------I I I 
---------------------------------------------------! I-I 
-------------------------------------------!-----------! I I 
-------------------------------------------I I--I I 
------------------------------------!-------! I I--I 
------------------------------------I I----------I I I 
--------------------------------------------! I I 
------------------------------------------I ---------I I I 
------------------------------------------I 
--------------------------------I----I 

I-------I I--I 
I I I 

--------------------------------I I-------------I 
-------------------------------------! 

I I 
I I 

---------------------------------------------------------------! I 
------------------------------------I-------I 
------------------------------------I I-----I 
--------------------------------------------! I 
--------------------------!--------! I 
--------------------------I I--I I 
-----------------------------------! I--I I-I 
-----------------------------------! I I---I I I 
--------------------------------------I I I-I I I 
-----------------------------------------I I I I I 
---------------------------------------------! I--I I 
------------------------------------------! I II 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

------------------------------I-----I I----I II I---------I 
------------------------------I I-----I II 

II---I 
I I 

------------------------------------I I I 
------------------------------------!-----------! II I I I 
------------------------------------I I---II I I I 
------------------------------------------------I I 
---------------------------------------I-------------I 
---------------------------------------! 

I---I 
I I 
I I 

I 
I 
I 

------------------------------------------------------I--I I --I I 
------------------------------------------------------! I I I 
------------------------------------------!--------I I I I 
------------------------------------------I I---------I I I 
------------------------------------------I--------I 
------------------------------------------I 
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Abundance (%) and distribution of species in GC29 



Sample 
Species 
Chaetoceros spores 
Dactyltosolen antarct1cus 
Dtstephanus speculum 
Eucampta antarct1ca 
Frag1lartops1s angulata 
Frag1/anops1s curta 
Frag1lartops1s cylmdrus 
Frag1/artops1s kerguelensts 
Frag1/anops1s obltquecostata 
Frag1lanops1s separanda 
Pentalamma corona 
Poros1ra g/acta/Js 
Thalass10s1ra antarcbca spores 
Thalass1os1ra gracJ/1s 
Thalass1os1ra /enllgmosa 

Sample 
Species 
Chaetoceros spores 
Dactyllosolen anlarct1cus 
D1stephanus speculum 
Eucamp1a antarct1ca 
Frag1larlops1s angulata 
Frag1/anops1s curta 
Frag1lar1opsls cylmdrus 
Fragllanops1s kerguelens1s 
Frag1lanops1s ob/tquecostata 
Frag1/anops1s separanda 
Penta/amma corona 
Poros1ra glac1alls 
Thalass10s1ra antarcfJca spores 
Thalass1os1Ta gracJ11s 
Thalass1os1ra /entJgmosa 

Ocm 

3 48 
0 so 
1 82 
0 00 
3 48 

S6 79 
4 80 
0,83 
s 46 
0 66 
1 32 
2 15 

12 42 
0 66 
0 50 

90cm 

11 17 
0 67 
1 so 
0 83 
2 50 

30 83 
11 83 

2 00 
5 00 
0 17 
s so 
0 so 

20 00 
1 00 
0 17 

Scm 

2 00 
0 00 
1 33 
0 33 
3 so 

6S 17 
4 so 
1 67 
2 so 
0 so 
s 33 
1 83 
7 so 
0 67 
0 17 

95cm 

9 17 
1 00 
s 00 
0 83 
0 67 

32 00 
4 so 
2 17 
4 83 
0 00 
4 67 
0 67 

28 50 
1 67 
0 17 

10cm 

3 so 
0 17 
0 67 
0 so 
3 00 

S4 33 
8 00 
1 17 
3 so 
0 33 
5 17 
3 00 

11 83 
1 00 
0 33 

1oocm 

9 1S 
0 so 
1 83 
0 67 
0 67 

3S 27 
5 99 
3 83 
4 49 
0 17 
2 83 
0 33 

27 12 
1 so 
0 so 

15cm 

s 66 
0 00 
1 00 
0 17 
s 16 

44 43 
7 1S 
0 67 
3 99 
0 50 
4 99 
2 16 

18 97 
0 83 
0 50 

105cm 

4 33 
1 00 
2 67 
0 67 
0 50 

26 83 
1 50 
7 33 
3 67 
0 33 
0 so 
0 83 

42 00 
0 67 
0 33 

20cm 

5 67 
0 33 
1 17 
0 50 
3 00 

41 33 
7 00 

1 33 
4 so 
0 83 
4 67 
1 33 

23 67 
0 67 
0 67 

110cm 

6 83 
1 33 
1 67 
1 33 
1 00 

28 00 
5 00 
5 00 
5 17 
0 17 
1 50 
0 17 

35 67 
1 67 
0 83 

25cm 

7 67 
0 17 
1 50 
0 67 
3 83 

36 83 
12 67 

0 17 
2 50 
0 50 
6 33 
1 17 

20 00 
0 67 
0 83 

115cm 

3 50 
0 67 
1 67 
1 50 
1 67 

32 50 
3 17 
4 67 
4 so 
0 83 
0 67 
0 33 

36 67 
0 67 
0 50 

30cm 

11 50 
0 83 
2 83 
1 33 
5 00 

29 so 
7 33 
1 33 
2 00 
2 00 
3 67 
1 17 

26 67 
1 so 
0 83 

35cm 

12 17 
1 67 
1 17 
0 00 
2 00 

27 33 
10 83 

1 00 
2 83 
2 17 
5 00 
1 00 

27 83 
1 17 
0 33 

12Dcm - 125cm 

4 33 
1 00 
0 67 
0 33 
1 50 

29 95 
5 66 
6 32 
7 65 
0 83 
1 50 
0 00 

34 78 
1 00 
0 33 

13 16 
0 82 
1 15 
0 82 
1 32 

29 11 
1 64 
4 93 
3 13 
0 49 
0 66 
0 16 

36 18 
0 33 
0 33 

4Dcm 

13 67 
0 50 
1 67 
0 67 
4 50 

26 83 
7 50 
1 50 
3 17 
1 33 
8 67 
1 33 

24 50 
0 50 
0 83 

130cm 

9 1S 
0 67 
1 16 
0 67 
0 83 

2S 12 
2 16 
6 82 
3 33 
0 33 
0 so 
0 17 

43 76 
0 83 
0 33 

45cm 

9 17 
0 67 
1 33 
0 67 
3 83 

23 00 
14 67 

1 83 
s 00 
1 67 
2 00 
2 33 

27 00 
0 83 
1 67 

135cm 

22 SS 
0 66 
0 83 
1 00 
1 16 

29 02 
0 66 
6 97 
s 31 
0 66 
0 33 
0 00 

2S 37 
1.16 
0 33 

50cm 

9 00 
0 33 
0 33 
0 67 
6 17 

29 67 
9 50 
1 83 
4 17 
0 so 
2 33 
1 00 

28 33 
1 so 
1 17 

55cm 

12 81 
0 82 
0 33 
0 99 
3 4S 

22 82 
6 S7 
1 31 
4 27 
1 15 
4 76 
1 31 

33 99 
0 49 
0 99 

GO cm 

9 9S 
0 so 
1 16 
1 00 
3 32 

24 S4 
7 30 
1 33 
s 14 
0 33 
1 49 
0 83 

36 98 
1 99 
0 66 

65cm 

12 83 
0 so 
2 17 
0 33 
3 17 

29 33 
10 50 

2 17 
6 33 
0 17 
2 83 
0 33 

2S 33 
0 so 
0 33 

70cm 

11 90 
0 83 
1 49 
0 99 
2 98 

24 63 
12 07 

1 65 
4 63 
0 66 
2 64 
0 so 

31 S7 
1 32 
0 00 

75cm 

19 so 
0 33 
2 67 
0 so 
0 so 

17 17 
8 83 
2 33 
s 33 
0 33 
1 so 
1 00 

34 so 
1 17 
0 00 

BOcm 

19 17 
0 so 
1 67 
1 00 
1 00 

2S so 
4 17 
2 00 
s 33 
0 00 
4 17 
0 67 

31 00 
1 00 
0 17 

85cm 

12 83 
1 17 
2 67 
0 67 
0 67 

26 00 
6 so 
2 17 
2 so 
0 17 
4 so 
0 67 

32 so 
1 so 
0 17 
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Abundance (%) and distribution of species in AAl 49 



Species 
Chaetoceros spores 
Dacty/1osolen anlarcl1cus 
Eucamp1a antarct1ca 
Fraglfanops1s angulata 
Frag1/anops1s curta 
Frag1lanops1s cyfindrus 
Frag1/anops1s kerguelens1s 
Frag1/anops1s obl!quecoslata 
Frag1/anops1s separanda 
Pentafamma corona 

Sample 

Stef/anma m1crolnas 
Thafass1os1ra antarctJca spores 
Tha/ass1os1ra gracll1s 
Thalass1os1ra fenllgmosa 
Tha/ass1os1ra torokma 
Thafass1othnx antarct1ca 

Species 
Chaetoceros spores 
Dacty/1oso/en antarct1cus 
Eucamp1a antarctJca 
FragtlanopSJs angu!ata 
Frag1fanops1s curta 
Frag1fanops1s cylmdrus 
Frag17anops1s kergue/ens1s 
Frag1/anops1s ob/1quecoslata 
Frag1/anops1s separanda 
Pentalamma corona 

Sample 

Stelfanma m1crotnas 
Tha/ass1os/ra antarct1ca spores 
Thalass1os1ra grac171S 
Thalass1oslfa lenllgmosa 
Thalass1os1ra torokma 
ThalasSJothrlX anlarctrca 

Ocm 

6 98 
1 17 
0 00 
3 32 

42 86 
11 13 

6 31 
1 00 
1 33 
4 6S 
0 83 
8 97 
4 49 
1 33 
0 00 
0 so 

90cm 

9 17 
1 17 
1 17 
0 50 

22 83 
1 50 

36 33 
1 83 
2 17 
0 00 
0 17 

10 50 
2 83 
1 33 
0 00 
1 00 

Scm 

4 67 
1 33 
2 67 
3 83 

2S 67 
6 83 
7 so 
2 so 
2 33 
2 83 
0 so 

23 so 
3 17 
3 33 
0 00 
0 so 

95cm• 

46 00 
0 33 
6 33 
0 67 
7 67 
0 33 

22 00 
0 00 
3 67 
0 00 
0 00 
3 00 
1 67 
2 00 
1 00 
1 67 

10cm 

33 89 
0 67 
0 so 
0 83 

22 04 
1 67 

24 37 
1 00 
1 00 
0 00 
0 17 
5 18 
1 50 
1 17 
0 00 
0 17 

100cm• 

32 47 
0 65 
5 52 
2 60 

11 36 
1 62 

28 25 
0 00 
5 19 
0 00 
0 65 
2 92 
0 97 
2 60 
0 00 
0 97 

15cm 

22 20 
2 34 
1 84 
1 67 

22 04 
4 84 

26 88 
1 00 
1 00 
0 17 
0 00 
6 34 
1 67 
1 34 
0 00 
0 50 

105cm• 

11 00 
1 17 
6 67 
1 33 

20 17 
1 67 

35 33 
0 33 
4 17 
0 00 
1 33 
3 17 
1 67 
3 33 
3 33 
1 00 

• denotes samples from which only 300 valves were counted 

20cm 

16 00 
2 33 
1 83 
2 50 

26 00 
4 33 

21 83 
2 00 
2 00 
0 33 
0 50 
8 00 
2 33 
1 67 
0 00 
1 00 

110cm• 

17 67 
2 67 
5 67 
0 67 

12 67 
2 00 

27 67 
0 67 
4 67 
0 33 
2 00 
7 33 
3 33 
2 33 
4 33 
2 00 

25cm 

8 83 
4 00 
1 17 
1 83 

25 33 
1 33 

29 67 
3 33 
2 50 
0 so 
0 33 

10 83 
1 50 
2 67 
0 00 
0 67 

115cm• 

22 33 
0 33 
7 00 
0 67 
9 00 
2 00 

33 67 
0 00 
5 33 
0 67 
0 67 
4 33 
1 00 
3 67 
2 67 
0 67 

30cm 

12 so 
3 so 
0 67 
2 33 

28 17 
0 67 

34 33 
1 50 
1 67 
0 00 
0 00 
6 00 
1 33 
2 17 
0 00 
0 so 

120cm 

21 S9 
2 33 
5 98 
1 33 

17 61 
1 33 

28 90 
0 33 
4 32 
1 00 
0 00 
0 00 
3 99 
1 66 
4 98 
0 33 

35cm 

16 33 
1 so 
0 83 
1 50 

34 00 
3 33 

20 83 
2 50 
0 67 
0 50 
0 00 
8 33 
1 67 
1 67 
0 00 
0 33 

125cm• 

13 62 
2 66 
2 99 
2 66 
8 31 
0 66 

47 84 
0 00 
5 98 
0 00 
0 33 
6 31 
1 33 
1 99 
0 66 
0 33 

40cm 

14 67 
1 67 
1 00 
2 17 

20 67 
1 67 

28 33 
2 83 
1 00 
0 17 
0 67 

10 67 
2 50 
2 00 
0 00 
0 so 

130cm• 

13 67 
2 so 
0 33 
1 17 

28 67 
2 33 

28 00 
1 00 
0 50 
0 00 
0 00 
9 17 
2 83 
0 67 
0 00 
0 33 

45cm 

20 17 
0 so 
1 83 
0 67 

14 83 
0 33 

38 00 
2 00 
0 83 
0 00 
0 00 
8 17 
2 33 
2 67 
0 00 
0 so 

135cm 

8 33 
2 so 
2 17 
1 so 

21 17 
0 33 

38 67 
2 00 
2 17 
0 00 
0 17 

10 so 
1 50 
3 17 
0 00 
0 50 

seem 

22 50 
3 50 
1 50 
2 00 

21 83 
2 00 

23 00 
1 67 
2 67 
0 00 
0 00 
8 SO 

1 17 
1 so 
0 00 
0 17 

140cm 

14 00 
0 83 
0 67 
1 17 

20 83 
3 00 

35 so 
2 00 
1 00 
0 17 
0 33 
9 67 
1 33 
2 33 
0 00 
0 50 

55cm 

10 17 
1 67 
1 33 
2 67 

24 67 
0 83 

32 50 
2 50 
1 67 
0 17 
0 00 
8 50 
2 50 
3 17 
0 00 
0 17 

145cm 

8 33 
1 17 
2 17 
1 50 

32 33 
1 83 

25 33 
2 50 
0 17 
0 00 
0 00 

11 17 
1 so 
3 50 
0 00 
0 50 

GOcm 

7 33 
2 00 
1 33 
2 17 

26 00 
0 83 

32 17 
2 67 
2 50 
0 17 
0 50 
8 50 
2 33 
1 83 
0 33 
0 33 

150cm 

12 00 
2 83 
2 00 
2 17 

30 83 
0 83 

25 83 
2 83 
1 83 
0 17 
1 00 
8 00 
0 67 
2 33 
0 00 
0 33 

65cm 

11 17 
1 83 
0 50 
1 33 

18 17 
1 33 

37 33 
2 33 
1 50 
0 33 
0 00 

12 00 
2 67 
1 17 
0 17 
1 00 

70cm• 

20 33 
1 67 
4 00 
2 33 

11 00 
1 33 

32 33 
0 00 
5 33 
0 00 
1 00 
6 67 
2 00 
1 00 
2 67 
2 00 

75cm 

11 83 
1 67 
1 00 
1 33 

31 00 
3 33 

29 00 
0 67 
0 17 
0 33 
0 17 
9 33 
1 83 
2 17 
0 00 
0 17 

eocm 

29 17 
0 67 
0 83 
0 33 

19 00 
4 67 

26 50 
0 83 
0 17 
0 00 
0 33 
8 33 
2 50 
1 67 
0 00 
0 00 

85cm• 

22 00 
0 67 
5 00 
0 83 

11 17 
2 so 

33 83 
0 50 
6 00 
0 17 
2 00 
3 00 
2 33 
3 33 
2 17 
0 67 
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Abundance (%) and distribution of species in AA186 



Sample 
Species 
Chaetoceros spores 
Corethron cnophtfum 
Dacty/Josolen antarctrcus 
D1stephanus speculum 
Eucampra antarct1ca 
Fraglfanops1s angufata 
Frag1/anops1s curia 
Fragtfanops1s cylmdrus 
FragtfanopslS kerguefens/S 
Frag1/anops1s lmeata 
Frag1fanops1s ob/1quecostata 
Frag1/anops1s separanda 
Pentalamma corona 
Ste/farima m1crotnas 
1hafass1osira antarct1ca spores 
Thalass1osira grac1/1S 
Thalass1os1ra /entrgmosa 
1halass1osira torokma 

Sample 
Species 
Chaetoceros spores 
C<Jrethron cnoph1/um 
Dacty/Josolen antarctJcus 
D1Stephanus speculum 
Eucamp1a antarctrca 
Frag1/anopsis angufata 
Frag1/anops1s curia 
Fra91/anops1s cy!indrus 
Fra91/anopsis kerguefens/S 
Fragilanops/S fmeata 
Frag1/ariops1s obl1quecostata 
Frag!fanops1s separanda 
Pentafamma corona 
Ste//anma m1crotnas 
Thafass1os1ra antarctJca spores 
Thafass1os1ra grac17ts 
1hafass/os1ra /entrgmosa 
Tha/ass1os1ra torokma 

ocm 

3 96 
0 17 
1 65 
0 99 
2 64 
2 48 

49 83 
7 76 
6 60 
1 16 
5 28 
1 16 
1 32 
0 33 
5 78 
2 31 
0 99 
0 so 

90cm 

5 74 
0 00 
1 15 
1 31 
6 23 
0 B2 

26 07 
3 44 

16 89 
0 66 
2 30 
2 46 
2 30 
1 15 

17 70 
2 79 
2 46 
1 64 

Scm 

4 71 
0 49 
1 30 
3 57 
3 90 
1 95 

19 16 
3 57 

10 BB 
0 65 
6 66 
1 62 
0 00 
0 65 

35 39 
1 95 
0 65 
0 00 

95cm 

7 99 
0.00 
1 B4 
0 61 

19 05 
0 77 
B 60 
0 77 

26 73 
0 31 
2 00 
3 23 
0 31 
1 38 

12 29 
1 OB 
3 53 
3 69 

10cm 

5 33 
0 00 
0 67 
1 50 
B 50 
0 50 

22 17 
2 67 

13 67 
0 50 
2 67 
2 17 
1 33 
1 B3 

25 50 
2 67 
2 67 
1 67 

100cm 

2 53 
0 00 
1 26 
0 79 
7 27 
0 63 

17 06 
2 21 

21 96 
0 47 
2 37 
1 58 
2 53 
0 32 

30 33 
0 63 
2 69 
1 26 

15cm 

2 67 
0 00 
1 67 
1 17 
3 33 
1 50 

21 33 
1 67 

17 50 
0 67 
2 67 
1 17 
1 17 
0 17 

35 33 
2 67 
1 67 
0 50 

105cm 

7 73 
0 00 
0 93 
0 62 

19 01 
0 46 
7 BB 
0 77 

28 90 
0 31 
1 OB 
2 63 
0 46 
1 24 

13 76 
3 09 
4 33 
3 25 

20cm 

7 83 
0 00 
1 67 
2 50 
2 33 
2 67 

32 33 
11 83 

6 17 
1 00 
5 83 
2 00 
0 67 
0 33 

14 33 
2 17 
1 50 
0 00 

110cm 

6 85 
0 00 
0 62 
1 40 

10 28 
0 47 

17 45 
1 40 

24 77 
0 31 
3 27 
1 25 
1 25 
1 40 

19 78 
2 02 
1 56 
2 18 

25cm 

3 91 
0 00 
0 65 
1 14 
1 14 
3 42 

48 86 
16 29 

3 09 
0 81 
3 09 
0 65 
3 26 
0 33 
4 40 
3 26 
0 65 
0 00 

115cm 

0 00 
10 81 

1 05 
1 05 

13 36 
0 60 

12 76 
0 30 

27 93 
0 00 
1 BO 
2 25 
0 00 
0 45 

12 91 
1 95 
3 45 
4 65 

30cm 

2 14 
0 00 
0 82 
1 15 
0 99 
3 79 

54 70 
7 25 
5 27 
0 66 
4 7B 
1 32 
2 97 
0 49 
5 27 
2 64 
0 82 
0 00 

120cm 

9 11 
0 00 
1 57 
0 31 

13 34 
0 78 
9 SB 
0 31 

27 16 
0 16 
1 10 
2 98 
0 00 
1 73 

14 13 
3 92 
4 71 
5 81 

35cm 

2 00 
0 00 
0 67 
2 00 
3.16 
3 33 

46 42 
2 66 
7 65 
2 16 
4 16 
2 50 
0 83 
1_83 
9 65 
3 49 
2 83 
0 00 

125cm 

6 48 
0 00 
0 63 
1 42 

20 38 
0 47 
8 37 
0 63 

30 81 
0 00 
0 79 
1 58 
0 00 
1 90 

13 11 
1 58 
3 95 
4 27 

40cm 

3 44 
0 16 
0 49 
0 98 
2 46 
1 80 

41 15 
6 39 

12 13 
0 82 
5 25 
1 64 
0 49 
0 33 

12 79 
2 30 
1 64 
0 82 

130cm 

2 32 
0 00 
0 77 
1 24 

21 67 
0 62 
5 26 
0 15 

33 44 
0 46 
2 01 
1 86 
0 00 
1 70 
9 75 
1 70 
5 57 
6 50 

45cm 

5 30 
0 00 
0 96 
2 89 
2 89 
4 01 

25 68 
3 69 

11 56 
2 25 
4 82 
3 69 
2 25 
0 80 

14 61 
5 78 
3 21 
0 16 

135cm 

2 87 
0 00 
0 91 
1 51 

25 08 
0 30 
6 34 
0 15 

23 41 
0 30 
0 91 
0 76 
0 00 
2 42 

12 69 
1 96 
6 95 
7 70 

SOcm 

4 30 
0 00 
1 32 
2 B1 
2 15 
4 30 

43 31 
3 80 
6 12 
1 49 
3 97 
3 14 
2 15 
0 66 
9 92 
2 81 
2 81 
0 00 

140cm 

14 22 
0 00 
0 97 
1 13 

10 99 
1 13 

14 86 
0 32 

27 63 
0 00 
0 97 
4 20 
0 16 
1 13 

10 34 
1 45 
2 42 
2 75 

55cm 

2 17 
0 17 
1 50 
2 00 
1 67 
3 67 

50 83 
6 50 
5 00 
1 17 
5 00 
2 00 
2 83 
0 67 
7 83 
2 17 
1 00 
0 00 

14Scm 

7 06 
0 00 
2 25 
2 73 

10 59 
1 77 

18 94 
1 28 

18 30 
0 64 
2 09 
1 61 
1 28 
0 96 

20 87 
1 77 
3 21 
1 93 

60cm 

2 62 
0 00 
1 96 
0 98 
1 80 
5 89 

48 28 
3 44 
7 36 
1 15 
5 89 
3 60 
1 64 
0 00 
9 33 
1 47 
0 98 
0 16 

150cm 

6 61 
0 00 
1 26 
1 26 

20 47 
0 47 
7 09 
0 63 

28 19 
0 31 
1 42 
2 68 
0 00 
2 20 

12 44 
2 05 
4 88 
2 83 

65cm 

7 08 
0 00 
1 15 
4 45 
4 12 
3 62 

26 36 
4 28 
6 59 
0 82 
7 74 
1 98 
3 46 
1 32 

15 98 
2 97 
2 47 
0 33 

155cm 

10 74 
0 00 
2 56 
1 92 

15 87 
0 16 
8 97 
0 48 

26 28 
0 48 
1 12 
1 60 
0 00 
1 12 

16 19 
1 60 
2 56 
3 37 

70cm 

2 99 
0 17 
0 66 
2 16 
2 82 
2 49 

37 65 
5 64 
8 46 
1 16 
6 97 
1 16 
2 82 
0 33 

15 92 
2 32 
0 83 
0 00 

160cm 

54 73 
0 00 
0 33 
0 66 
2 82 
0 00 

1111 
0 33 

16 42 
0 17 
0 66 
0 17 
0 17 
0 33 
4 31 
1 33 
2 32 
0 83 

75cm 

2 66 
0 33 
1 66 
1 83 
1 83 
2 B3 

34 44 
7 B2 

10 32 
2 66 
7 32 
1 16 
3 49 
0 50 

13 B1 
1 66 
1 33 
0 33 

165cm 

17 03 
0 00 
0 79 
1 26 

12 46 
0 79 
9 15 
0 95 

26 97 
0 00 
1 10 
3 79 
0 16 
0 79 

11 51 
2 68 
3 79 
2 84 

BO cm 

3 63 
0 00 
1 32 
0 66 
3 80 
1 9B 

39 93 
2 97 

14 52 
0 33 
5 94 
0 99 
3 30 
0 33 

12 71 
1 49 
1 49 
0 66 

170cm 

10 63 
0 00 
1 77 
1 29 
5 64 
0 64 

16 43 
2 90 

20 77 
0 64 
0 97 
2 58 
2 09 
0 81 

23 35 
1 93 
2 58 
1 93 

BS cm 

5 16 
0 00 
0 67 
2 16 
5 49 
1 16 

25 46 
1 B3 

20 63 
0 33 
3 33 
1 00 
0 33 
0 33 

24 63 
1 66 
1 83 
1 00 

175cm 

6 B9 
0 31 
0 94 
1 56 
7 51 
1 56 

23 16 
1 88 

15 96 
1 10 
2 35 
1 72 
0 78 
0 78 

24 41 
2 35 
2 03 
1 25 
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Preliminary cluster analysis of AAl 86 



AA186.01 

BIOSThT II: HIERAR.am:::AL CWSI'ER ANALYSIS (VER. 3.5) 

SIMDK PROVIDED THE ASSOCIATION Ml\TR]]{ FROM DATA IN FILE aa186.dek 
AS.SOCIATION MATRIX IS A DISSIMTIARITY MATRIX FROM BRAY-aJRTIS 

NUMBER OF INDIVIIXJAIS 36 
NUMBER OF VARIABLES 18 

AS.SOCIATION MATRIX IS FROM SIMDK 
METHOD: GROUP AVERAGE (UNWEIGHI'ED PAIR GROUP MEIHOD USIN3 ARI'IllMEI'IC AVERAGE'S} 

LABELS: Oan San lOan 15an 20an 25an 30an 35an 
50an 55an 60an 65an 70an 75an 80an 85an 
lOOan 105an llOan 115an 120an 125an 130an 135an 
150an 155an 160an 165an 170an 175an 

FORMAT: (5E14.7} 

ACRONYM FOR ASSOCIATION MATRIX USED = BRAY--OJRTIS 

PAIRIN3 SEJJ()ENCE: AT DISIT\NCE X 
ITEM JOINS ITEM AT DISIT\NCE INDIVI!lJAIS 

----------------------------------------------------
22 31 .051 .924 
3 19 .056 1.008 

29 34 .059 1.062 
20 22 .059 1.064 

7 12 .060 1.088 
20 26 .069 1.233 
10 11 .069 1.236 
27 28 .072 1.291 
15 16 .073 1.308 
30 36 .074 1.332 
3 35 .076 1.373 

20 25 .079 1.428 
23 30 .085 1.526 
1 9 .085 1.537 
3 23 .087 1.570 
8 10 .089 1.609 

20 32 .090 1.617 
4 18 .098 1. 759 

20 29 .098 1. 761 
1 15 .098 1. 769 
6 7 .100 1.800 
1 5 .102 1.839 
8 14 .104 1.863 
3 21 .109 1.967 
3 4 .112 2.011 
1 17 .113 2.033 
1 13 .124 2.225 

20 27 .126 2.263 
1 6 .132 2.367 
1 8 .139 2.502 
2 3 .164 2.953 

20 24 .181 3.256 
1 2 .194 3.495 
1 20 .269 4.839 
1 33 .308 5.550 

----------------------------------------------------
QJPHENEI'IC QJRRELATION QJEFFICIENI' = .676325 

40an 
90an 
140an 

45an 
95an 

145an 



***** D~ ***** 
DERIVED IBCM BRAY-cuRI'IS 

CA.SE L1IBEL 
1 Oan 
9 40an 

15 70an 
16 75an 

5 20an 
17 BOan 
13 60an 

6 25an 
7 30an 

12 55an 
8 35an 

10 45an 
11 50an 
14 65an 

2 San 
3 lOan 

19 90an 
35 170an 
23 110an 
30 145an 
36 175an 
21 lOOan 
4 15an 

18 85an 
20 95an 
22 105an 
31150an 
26 125an 
25 120an 
32 155an 
29 140an 
34 165an 
27 130an 
28 135an 
24 115an 
33 160an 

---------------------------!---! 
---------------------------! II 
-----------------------I-------II---I 
-----------------------I I I --I 
--------------------------------! I I--I 
------------------------------------! I I-I 
---------------------------------------! I I 
-------------------------------!----------! I 
-------------------!-----------! !-----------------! 
-------------------! 
----------------------------!----! 

I 
I 

-----------------:;----I------I !----------! 
---------------------I I 
---------------------------------I 
----------------------------------------------------I 
-----------------! - -----I 
-----------------! I--I 

I 
I 

I 
I 
I 
I-----------------------I 
I I 
I 
I 
I 

I 
I 
I 

------------------------I I------I I---------! I 
---------------------------I I 
-----------------------!---! II 

I 
I 

-----------------------I II----------------! 
----------------------------------II 
-------------------------------I---I 
-------------------------------I 
------------------I--I 
----------------!-! I---I 
----------------! I I--I 

---------------------! I I--I 
-------------------------I I I--------I 
----------------------------! I I 
------------------!------------I I-----------------I 
------------------I I I 

I 
I 
I 
I 
I----I 
I I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I---------- I 
I 
I 
I 

----------------------I-----------------I I---------------------------I I 
----------------------I I I 
----------------------------------------------------------I I 
-------------------------------------------------------------------------------------------I 
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Abundance (%) and distribution of species in GC33 



Sample Ocm Scm 10cm 15cm 20cm 25cm 30cm 35cm 40cm 45cm SO cm 55cm 60cm 65cm 70cm 75cm BOcm 
Species 
Chaetoceros spores 1 00 6 50 3 32 3 80 4 16 40 76 63 67 90 50 63 80 63 50 84 83 79 83 64 83 36 93 21 13 25 12 30 00 
Corethron cT1oph1/um 0 00 0 33 0 17 0 00 0 33 0 00 0 17 0 00 0 33 7 17 0 00 0 00 0 17 0 16 0 33 0 17 0 00 
D1stephanus speculum 0 67 0 33 0 66 0 66 0 33 0 66 0 17 0 17 0 83 0 50 0 83 0 33 0 83 1 14 1 00 2 64 1 50 
Eucamp1a antarct1ca 1 17 0 67 1 83 0 50 1 16 4 62 0 67 0 00 0 17 0 67 0 33 0 33 0 50 1 47 1 33 1 32 2 17 
Frag1laT1ops1s angulata 6 50 5 67 7 14 4 95 4 33 0 66 0 67 0 00 0 33 0 00 0 33 0 00 0 50 1 63 1 83 4 30 2.33 
FragJ/anops1s curia 67 17 65 33 59 30 65 51 55 24 18 48 16 67 3 17 7 93 14 17 2 50 5 50 8 50 18 30 24 13 13 88 21 67 
Frag1faT1ops1s cy/indrus 4 50 6 83 5 65 7 43 10 65 4 62 8 00 0 83 18 02 5 83 1 17 7 17 4 67 8 33 10 82 9 09 3 50 
Frag1/ar1ops1s kerguelensts 0 50 1 33 0 66 0 33 1 33 1 32 1 00 2 17 1 82 1 00 2 17 1 17 6 50 4 74 8 99 9 59 6 17 
Frag1/artops1s obliquecostata 2 83 3 17 4 15 2 64 3 49 0 99 0 83 0 50 1 32 1 67 0 50 0 67 0 33 1 63 1 33 2 15 1 33 
Frag1/anops1s separanda 1 17 0 67 1 83 1 49 1 16 0 66 0 00 0 00 0 00 0 17 0 00 0 00 0 17 0 00 0 33 0 33 0 50 
Pentalamma corona 1 00 1 00 0 33 1 82 2 50 1 65 0 50 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 17 0 00 
Poroslra glac1a/1s 0 83 0 67 1 16 1 16 3 00 0 33 0 33 0 17 0 00 0 00 0 33 0 17 0 17 2 45 0 67 2 15 3 17 
Pseudomtzsch1a turg1du/01des 0 00 0 00 0 17 0 17 0 00 0 17 0 17 0 00 1 82 1 33 0 67 0 33 0 00 0 49 2 50 0 83 0 00 
Thalass1ostra antarctJca spores 4 67 3 17 6 48 2 64 3 33 21 62 4 83 1 33 2 31 1 33 4 33 2 33 0 03 16 18 16 81 18 35 17 33 
Tha/ass10s1ra grac1//s 1 83 1 00 2 33 0 99 2 16 1 49 1 00 0 33 0 00 0 17 0 00 0 00 0 67 1 14 1 16 1 65 0 50 
Thalass1os1ra Jentlgrnosa 0 67 0 33 0 83 0 17 0 50 0 17 0 33 0 17 0 17 0 17 0 17 0 00 0 33 1 14 1 00 2 48 3 67 
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Taxonomy and species plates 



Only those species with an abundance >2% are described and illustrated below. All 

taxonomic characters are based on published accounts, unless where stated "herein", and 

selected synonyms (cited). 

Actinocyclus actinochilus (Ehrenberg) Simonsen 

Plate 1, Fig. 1. 

Basionym: Coscinodiscus actinochilus Ehrenberg 1844 

Synonym: Anisodiscus apollinis Brown 1920, Charcotia actinochilus (Ehrenberg) 

Peragallo 1921 

Jouse et al. 1962: Plate 5, Figs. 8-11 

Kozlova 1966: Plate 2, Fig. 7 

Friddle and Fryxell 1985: p. 102, 103 

Villareal and Fryxell 1983b: Figs. 20-21 

Everitt and Thomas 1986: Fig. 2B 

Kim et al. 1991: Plate 1, Figs. 14-15 

Kozlova 1966, Pichon et al. 1987, Medlin and Friddle 1990 

Description: Cell solitary and disc-shaped; diameter 20-112 µm (30-73 µm, 

herein). Areolae pattern radial; areolae 5-11 in 10 µm ( 4-10, herein). Complete 

radial rows extend from near each marginal labiate process to the valve centre, 

dividing valve into fascicles. Areolae rows generally parallel to the central row 

within each fascicle. Mantle striae 13-21in10 µm (4-11, herein); separated from 

radial areolae by hyaline band. Single row of large, laterally expanded labiate 

processes evident around margin, 9.5-15 µm apart. (Description based on 

Villareal and Fryxell, 1983b; Medlin and Friddle, 1990). 

Distribution: Antarctic, limited to the vicinity of the ice edge (Villareal and 

Fryxell, 1983b). 



Chaetoceros (vegetative cells and resting spores) 

Plate 1, Figs. 2-5 (vegetative cells) 

Plate 2, Figs. 1-4 (resting spores) 

Leventer et al. 1993: Fig. SC 

Priddle and Fryxell 19S5: pp. 15-53 

, I 

Description: cells bear long setae' at the ends of both valves. Solitary or chain 

forming, linked by setae arising from the valves. Both heterovalvate and · 

isovalvate species are present. Terminal cells in chains may differ from the others. 

Resting spores are known from several species and associated valves, usually have 

modified setae. (Description from Priddle and Fryxell, 19S5.). 

Distribution: Widespread and abundant in Antarctic phytoplankton. 

Corethron criophilum Castracane 

Plate 2, Figs. 5-6 

Jouse et al. 1962: Plate 2, Fig. 16 

Kozlova 1966: Plate 5, Fig. 1 

Priddle a.nd Fryxell 19S5: p. 54-55 

Leventer et al. 1993: Fig. SB 

Description: Valves heteropolar and cylindrical, diameter' 11-4 7 µm herein; 

cingulum of numerous elements joining upper and lower domed valves. Cells 

· solitary and robust. Two types of spines on urper valves: one type long and 

barbed, the other short and terminating with a heavily silicified hook (visible by 

LM) fitting into chambers along the valve margin. Hook has a thickened, finger­

like projection at the distal extreme of the spine and at 90° to the spine, and a 

second parallel to the first. (Description based on Medlin and Priddle, 1990). 



Distribution: Marine planktonic, with greatest abundance south of the Antarctic 

Polar Front. 

Dactyliosolen antarcticus Castracane 

Plate 3, Fig. 1 

Kozlova 1966: Plate 5, Fig. 2 

Priddle and Fryxell 1985: p. 58-59 

Description: Valve diameter 16-72 µm (15-50 µm, herein). Girdle band costae 

prominent in more heavily silicified specimens. Junctions of individual bands 

arranged spirally on the guide. Valve with branching or reticulate irregular 

ornamentation. Single labiate process at or near margin. (Description based on 

Priddle and Fryxell, 1985). 

Distephanus speculum (Ehrenberg) Haeckel 

Plate 3, Fig. 2 

Synonyms: D. rotundus StOhn 1880 

Jouse et al. 1962: Plate 6, Fig. 19 

Perch-Nielsen 1985: Figs. 18-20 

Description: Diameter 15-25 µm (herein). System of long crests with ridge-like 
' 

knots approximately 90° to the axis of the long crest. 6-sided basal and apical 

ring, covered by net-like ornamentation of short crests and depressions. Crests are 

almost of equal length on the basal ring. (Description based on Perch-Nielsen, 

1985). 



Eucampia antarctica (Castracane) Manguin 

Plate 3, Figs. 3-4 

I 

Synonyms: Hemiaulus antarcticus Ehrenber& 1844; Moelleria antarctica 

Castracane 1886; Eucampia balaustium Castracane 1886; E. balaustium var. minor 

Castracane 1886; E. balaustium f. hibema Heiden in Heiden and Koble 1928; E. 

balaustium f. aestiva Heiden in Heiden and Koble 1928. 

Jouse et al. 1962: Plate 5, Figs. 14-17 

Kozlova 1966: Plate 2, Figs. 8-10 

Syvertsen and Hasle 1983: Fig. 4, Plates 10-14. 

Burckle 1984b: Plate 1, Figs. 1-7 

Priddle and Fryxell 1985: p. 66-67 

Description: Girdle of numerous very thin open bands, numbering 10-20 per 

epitheca. Bands perforated by transverse row of elongate pores, approximately 10 

pores per row, and separated by a narrow rib 2-4 pores from the advalvar edge of 

the band. 28-32 pores in 10 µm. Valve outline elliptical, with 2 horns 0.5-0.75x 

the length of the apical axis. Valve mantle curved smoothly downwards in broad 

girdle view and rounded upwards towards the apices. Apical axis 18-92 µm; 

transapical axis 15-20 µm. Valve consists of very large areolae decreasing in size 

on the horns and valve margins. Single marginal labiate process. Striae start at the 

labiate process and consist of 3-10 poroid areolae in 10 µm. Hom top plates do 

not occupy the whole top area of the horn. (Description based on Syvertsen and 

Hasle, 1983). 

Distribution: Antarctic to subantarctic (Syvertsen and Hasle, 1983). Although 

widely distributed throughout the Southern Ocean, it forms only a minor part of 

the oceanic plankton. In the vicinity of sea ice, icebergs and the Antarctic 

coastline, however, this species becomes a more abundant, but not dominant, 

component of the plankton. Burckle (1984b) considers E. antarctica a neritic 



species. 

Fragilariopsis angulata Hustedt 

Plate 3, Figs. 5-7 

Synonym: Nitz~chia angulata, N. rhombica, F. rhombica 

Jouse et al. 1962: Plate 6, Figs. 7, 8 

Kozlova 1966: Plate 3, Fig. 9 

Medlin and Priddle 1990: Plate 24.1, Fig. 6; Plate 24.2, Fig. 19, Plate 24.4, Figs. 1-

6 

Kim et al. 1991: Plate 1, Figs. 6-8 

Description: Valves broadly lanceolate, larger specimens with straight middle 

part. Apical axis 8-53 µm (6 - 43 µm, herein); transapical axis 7-13 µm (4-12 µm, 

herein). Central nodule absent. Striae with 2 rows of areolae, clearly visible by 

SEM but may not be discernable by LM; 8-16 striae in 10 µm (7-13 striae, herein); 

8-16 fibulae in 10 µm. (Description based on Medlin and Priddle, 1990). 

Distribution: Antarctic plankton (Medlin and Priddle, 1990). 

Fragilariopsis curta (Van Heurck) Hasle 

Plate 4, Figs. 1,3, 6 

Plate 5, Fig. 6 

Basionym: Fragilaria curta Van Heurck 1909 

Synonym: Nitzschia curta (Van Heurck 1909) Hasle 1972 

Jouse et al. 1962: Plate 6, Figs. 4, 5 

Kozlova 1966: Plate 3, Figs. 13-15 

Everitt and Thomas 1986: Fig. 2E 



Medlin and Priddle 1990: Plate 24.6, Figs. 2-5 

Kim et al. 1991: Plate 1, Figs. 2-3 

Burckle et al. 1987, Leventer and Dunbar 1988, Ligowski et al. 1988 

Description: Valves linear, apices heteropolar. Apical axis 14-52 µm,(10-42 µm, 

Medlin and Priddle, 1990); transapical axis 5-6 µm (3.5-6 µm, Medlin and Priddle, 

1990). Central nodule absent. Striae with 2 rows of areolae (clearly visible by 

SEM), 9-13 striae in 10 µm; 9-12 fibulae in 10 µm (Medlin and Priddle, 1990). 

Distribution: Antarctic plankton and ice (Medlin and Priddle, 1990). A dominant 

member of pack ice and fast ice assemblages (Stockwell et al, 1985; Scott et al., 

1994). 

Fragilariopsis cylindrus (Grunow?) Hasle 

Plate 4, Fig. 2 

Basionym: Fragilaria cylindrus Grunow 

Synonym: Nitzschia cylindrus 

Jouse et al. 1962: Plate 6, Fig. 4 

Kozlova 1966: Plate 3, Figs. 18-19 

Medlin and Priddle 1990: Plate 24.6, Figs. 6-12 

Kim et al. 1991: Plate 1, Fig. 1 (= N. cylindra) 

Kang and Fryxell 1992: Figs. 5-12 

Burckle et al. 1987, Leventer et al. 1992, Leventer 1993, Scott et al. 1994 

Description: Valves linear isopolar, with rounded apices. Apical axis 3-48 µm ~ 

(5-23 µm, herein); transapical axis 2-4 µm (2-3 µm, herein). Central nodule 

absent. Striae with 2-4 rows of areolae (clearly visible by SEM); 13-17 striae in 

10 µm (10-17, herein); 13-17 fibulae in 10 µm. (Description based on Medlin and 

Priddle, 1990). 



Distribution: Bipolar, plankton and ice (Medlin and Priddle, 1990). A dominant 

member of pack ice and fast ice assemblages (Stockwell et al, 1985; Scott et al., 

1994). 

Fragilariopsis kerguelensis (O'Meara) Hasle 

Plate 4, Fig. 3 

Basionym: Terebraria kerguelensis O'Meara 1877 

Synqnym: Nitzschia kerguelensis, Fragilariopsis antarctica (Castracane) Hustedt 

Jouse et al. 1962: Plate 3, Figs. 4-7 
- '\_' 

Kozlova 1966: Plate 5, Figs. 9-11 

) Medlin and Priddle 1990: Plate 24.2, Figs. 11-18, Plate 24.3, Fig. 9 

Kim et al. 1991: Plate 1, Figs, 4-5 

Hendley 1937, Fenner et al. 1976, Burckle and Cirilli 1987, Burckle et al. 1987 

Description: Valves lanceolate, with rounded apices. Larger specimens may be 

heteropolar. Apical axis 10-76 µm (14-50 µm, herein); transapical axis 5-11 µm 

(6-10 µm, herein). Central nodule absent. Valve structure coarse. Striae with 2 

rows of areolae clearly visible by LM. 4-7 striae in 10 µm ( 4-8 striae, herein); 4-7 

fibulae in 10 µm (Description based on Medlin and Priddle, 1990). 

Distribution: Antarctic plankton (Medlin and Priddle, 1990). Typically 

dominating summer surface waters between 52-63°S (Burckle and Cirilli, 1987; 

Burckle et al. 1987) where water temperatures >0°C (Krebs et al.1987). 

Fragilariopsis lineata (Castracane) Hasle 

Plate 4, Fig. 4 

Synonym: F. linearis, Nitzschia lineata 



Medlin and Priddle 1990: Plate 24.6, Fig. 17; Plate 24.7, Figs. 9-11 

Description: Valves linear, isopolar and with rounded apices. Apical axis 40-

72 µm (36-54 µm, herein); transapical axis 7-9 µm (4-5 µm, herein); 7.5-9 striae in 

10 µm (7-12 striae in 10 µm, herein), striae with 2 rows of areolae clearly visible 

by SEM. Central nodule absent. (Description based on Medlin and Priddle, 1990). 

Distribution: ice, Antarctic (Medlin and Priddle, 1990) 

Fragilariopsis obliquecostata Heiden 

Plate 4, Figs. 5-6 

Basionym: Fragilariopsis obliquecostata Van Heurck 1909 

Synonym: Nitzschia obliquecostata (Van Heurck) Hasle 1972 

Jouse et al. 1962: Plate 6, Figs. 10-16 (Fragilariopsis sublinearis) 

Kozlova 1966: Plate 6, Fig. 16 

Medlin and Priddle 1990: Plate 24.3, Figs. 2-7 

Description: Valves narrowly elliptical and often slightly heteropolar. Apical 

axis 57-110 µm (36-101 µm, herein); transapical axis 8-10 µm (5-8 µm, herein). 

Central nodule absent. Interstriae oblique and often most evident towards one 

apex. Striae with 2 rows of areolae (often visible by LM in larger specimens). 6-8 

striae in 10 µm (5-10 striae in 10 µm, herein); 6.5-8 fibulae in 10 µm. 

(Description based on Medlin and Priddle, 1990). 

Distribution: Antarctic, plankton (Medlin and Priddle, 1990). 



Fragilariopsis pseudonana Hasle 

Not illustrated 

Medlin and Priddle 1990: Plate 24.1, Figs. 7-14, Plate 24.2, Figs. 20-21 

Description: Valves lanceolate to narrowly linear. Apical axis 4-20 µm; 

transapical axis 3.5-5 µm. Central nodule absent. Valve structure fine; 18-22 

striae in 10 µm; 18-22 fibulae in 10 µm. 2 rows of areolae (visible by SEM). 

(Description based on Medlin and Priddle, 1990). 

Distribution: Antarctic, plankton (Medlin and Priddle, 1990). 

Fragilariopsis ritscheri (Hustedt) Hasle 

Plate 4, Fig. 7 

Synonym: Nitzschia ritscheri Castracane 

Jouse et al. 1962: Plate 6, Fig. 9 

Kozlova 1966: Plate 3, Fig. 20 

Medlin and Priddle 1990: Plate 24.1, Fig. 20; Plate 24.2, Figs. 1-10; Plate 24.3, 

Fig. 8 

Description: Valves broadly elliptical, middle part almost straight, tapering part 

short. Larger specimens often slightly heteropolar. Apical axis 22-57 µm (32-

59 µm, herein); transapical axis 8-9 µm (6-10 µm, herein). Central nodule absent. 

Striae with 2-3 rows of areolae, often clearly visibly by LM. 6-11 striae in 10 µm 

(5-11 striae in 10 µm, herein); 6-11 fibulae in 10 µm. (Description based on 

Medlin and Priddle, 1990). 

Distribution: Antarctic, plankton (Medlin and Priddle, 1990). 



Fragilariopsis separanda (Hustedt) Halse 

Plate 5, Fig. 1 

Synonym: Nitzschia separanda Hustedt 1901 

Jouse et al. 1962: Plate 3, Fig. 8 

Kozlova 1966: Plate 5, Fig. 8 

Medlin and Priddle 1990: Plate 24.4, Figs. 7-10 

Kim et al. 1991: Plate 1, Fig. 9 

Description: Valves broadly lanceolate, larger specimens with straight middle 

part. Apical axis 10-33 µm (10-30 µm, herein);; transapical axis 8-13 µm (7-

11 µm, herein). Central nodule absent. Valve structure coarse. Striae.with single 

row of clearly visible areolae. 10-14 striae in 10 µm; 10-14 fibulae in 10 µm. 

(Description based, Medlin and Priddle, 1990). 

Distribution: Antarctic, plankton (Medlin and Priddle, 1990). 

Fragilariopsis sublineata Hasle 

Plate 5, Fig. 2 

Basionym: Fragilaria sublinearis Van Heurck 1901 

Synonym: Fragilariopsis sublinearis (Van Heurck) Heiden, Nitzschia sublineata 

Hasle 1971 

Medlin and Priddle 1990: Plate 24.3, Fig. 1, Plate 24.5, Figs, 1-10, Plate 24.6, Fig. 

1 

Description: Valves sunlinear, tapering towards narrowly rounded apices. 

Central nodule absent. Apical axis 30-92 µm (35-45 µm, herein); transapical axis 

5.5-6.5 µm (6-8 µm, herein). Striae with 2 rows of areolae, clearly visible by 



SEM. 7.5-9 striae in 10 µm (6-9, herein); 7.5-9 fibulae in 10 µm. (Description 

based on Medlin and Priddle, 1990). 

Distribution: Antarctic, ice (Medlin and Priddle, 1990). 

Pentalamina corona Marchant 

Plate 5, Figs. 3-4 

Silver et al. 1980: Figs. l, 2 

Marchant and McEldowney 1986: Plate 1, Figs. 2, 4 

Booth and Marchant 1987: Figs. 6-7 

Franklin and Marchant 1995: Plate 1, Fig. a; Plate 2, Figs. a, c, e 

Zielinski 1997: Plate 1, Figs. 1-16,_ Plate 2, Figs, 1-9, lL 

Description: Planktonic, solitary spheroid cell, diameter 5-5.8 µm. Cell wall 

composed ?f 5 round and triradiate plat~s, with or without oblong girdle plates, all 

fitting edge to edge. Central area of round plates slightly raised; processes may or 

may not arise from the rim of this area. Processes may be rounded, spatula-shaped 

or branched (Description based on Booth and Marchant, 1987). 

Distribution: occurs widely in Antarcticrwaters, and has b_een reported from the 
' ' . 

Weddell Sea, Kita-no-seto Strait, and Prydz Bay (Booth and Marchant, 1987) 

r· 

Porosira glacialis (Grunow) J!ZSrgensen 

Plate 5, Fig. 5 

Priddle and Fryxell 1985: p. 142~143 

Medlin and Priddle 1990: Plate 11.1, Fig. 9 

Description: Valve diameter 23-70 µm (20-52 µm, herein). Weakly silicified. 

Wavy striae of mainly rectangular areolae (25-25 in 10 µm) and an irregular 



annulus. Single labiate process near valve ~argin. Strutted processes distributed 

unevenly over valve face, visible as small spots and more densely concentrated at 

the margin. (Description based on Priddle and Fryxell, 1985; Medlin and Priddle, 

1990). 

Distribution: Antarctic, ice-edge .(Medlin and Priddle, 1990). 

Pseudonitzschia turgiduloides (Hasle) Hasle 

Plate 5, Figs. 6-7 

Synonym: Nitzschia turgiduloides Hasle 

Medlin and Priddle 1990: Plate 22.3, Figs. 9-14 

Watanabe 1988, Scott et al. 1994 

Description: Apical axis 63-126 µm (70-110 µm, herein); transapical axis 1.2-2.7 

-µm (1-4 µm, herein). Central nodule present. 10-1'3 fibulae in 10 µm (9-14, 
I 

herein); 17-21 striae in 10 µm. Apices rounded. (Description by Johansen and 
' 

Fryxell, 1985; Medlin and Priddle 1990). 

Distribution: Antarctic, in association with pack and fast ice (Scott et al. 1994). 

Notes: It is very difficult to distinguish this species from Nitzschia lineola 

(barkleyi) Cleve, based on the above description. The size range of both species 

overlap; with the exception of striae per 10 µm (22-28 in N. lineola);· which are 

difficult to quantify under the light microscope. The rounded apic~s 

(P. turgiduloides) and pointed apices (N. lineola) are not always taxonomically 

separable. Whole cells are rarely preserved intact. End pieces are frequently 

observed. 



Rhizosolenia hebetata fo. semispina (Hensen) Gran 

Plate 6, Fig. 1 

Kozlova 1966: Plate 5, Fig. 5 

Priddle and Fryxell 1985: p. 86-87 

Medlin and Priddle (1990) describe R. hebetata fo. semispina as an Arctic species, 

and R. antennata fo. semispina as Antarctic. Priddle and Fryxell (1985) describe 

Rhizosolenia hebetata fo. semispina as an Antarctic species. The latter name is 

used herein. 

Description: Valve acutely conoidal and bilaterally symmetrical, with ventral 

margin prolonged; diameter 4.2-25 µm. Marginal ridge of contiguous area and 

claspers visible in permanent mounts. Process long, but usually broken in 

permanent mounts; wide at the base and tapering into a long, narrow tube. Otaria 

small and pointed. (Description based on Rhizosolenia hebetata fo. semispina , 

Medlin and Priddle, 1990). 

Stellarima microtrias (Ehrenberg) Hasle & Sims 

Plate 6, Fig. 2 

Basionym: Coscinodiscus stellaris Roper 1858z 

Synonyms: Coscinodiscus furcatus Karsten; Symbolophora microtrias Ehrenberg 

1844; S.? tetras Ehrenberg 1844; S.? pentas Ehrenberg; S.? hexas Ehrenberg 1844; 

Coscinodiscus symbolophorus Grunow 1884; C. adumbratus 0strup 1895; C. 

furcatus Karsten 1905; C. pentas (Ehren.) Mann 1907; Coscinosira stellaris 

(Roper) Heiden var. symbolophora (Grun.) Heiden in Heiden and Koble 1928; 

Coscinodiscus (symbolophorus var.?) signatus Mann 1937; Podosira liotadii 

Manguin 1960; Symbolphorafurcata (Karsten) Nikolaev 1983. 

Jouse et al. 1962: Plate 4, Fig. 11 



Hasle and Sims 1986: Figs. 18-27 

Hasle et al. 1988: Figs. 1-25 

Description: Vegetative cell diameter 35-105 µm. Areolae pattern furcate; 11-16 

areolae in 10 µm. 2-8 conspicuous central labiate processes. No marginal 

processes. Resting spore diameter 40-199 µm (35-60 µm, herein). Areolae pattern 

fasciculate; 9-12 areolae in 10 µm (10-14 areolae in 10 µm, herein). 3-5 

conspicuous central labiate processes (2-4 labiate processes, herein). No marginal 

processes. (Description based on Medlin and Priddle, 1990). 

Distribution: Resting spores frequently present in ice-samples and net-samples 

collected in the vicinity of ice (Medlin and Priddle, 1990). 

Thalassiosira antarctica Comber (vegetative cells) 

Not illustrated 

Fryxell et al. 1981: Figs. 1-5, 11, 12 

Johansen and Fryxell 1985: Figs. 37 & 38. 

Description: Valve diameter 16-56 µm. Areolae pattern bifurcating, or 

occasionally fasciculated. 15-24 areolae in 10 µm. 4-14 central strutted processes. 

Marginal strutted processes ~anged in 2::2 rings. Labiate process inside inner 

ring. 0-4 occuled processes in 10 µm. (Description based on Johansen and 

Fryxell, 1985). 

Distribution: Antarctic, near ice (Medlin and Priddle, 1990). 

Thalassiosira antarctica (resting spores) 

Plate 6, Fig. 3 

Fryxell et al. 1981: Figs. 12, 17-20 



Johansen and Fryxell 1985: Fig. 39 

Kim et al. 1991: Plate 1, Fig. 10 

Description: Valve diameter 13-44 µm (8-32 µm, herein). Areolae pattern radial. 

8-12 areolae in 10 µmat centre of valve. 3-6 strutted processes in 10 µm at mantle; 

central cluster of 2-6 strutted processes (1-4 strutted processes, herein). 1 marginal 

labiate process in occluded process ring. 2-5 occluded processes in 10 µm. 

(Description based on Johansen and Fryxell, 1985; Medlin and Priddle 1990). 

Distribution: Antarctic, near ice (Medlin and Priddle, 1990). 

Notes: The marginal labiate process is not always visible with the light 

microscope; the strutted processes around the mantle are rarely observed with the 

light microscope. This species is also referred to as T. margaritae by Kozlova 

(1966). 

Thalassiosira gracilis (Karsten) Hustedt 

Plate 6, Figs. 4-5 

Basionym: Coscinodiscus gracilis Karsten 1905 

Synonyms: Coscinodiscus minimus Karsten 1905; Thalassiosira gracilis var. 

_ gracilis (Karsten) Hustedt 1958; Coscinodiscus anomalus Van Landingham 1968. 

Jouse et al. 1962: Plate 4, Figs. 4-10 

Kozlova 1966: Plate 6, Figs. 2-5 

Fryxell and Hasle 1979b: Figs. 12-22 

Rivera 1981: Figs. 415-420 

Johansen and Fryxell 1985: Figs. 8, 58, 59 

Kim et al. 1991: Plate 1, Figs. 11-12 

Hustedt 1958, Kozlova 1966, Johansen and Fryxell 1985, Burckle 1987, Medlin 

and Priddle 1990 



Description: Valve diameter 5-28 µm (7-20 µm, herein). Areolae distinctly 

coarse in centre, 8-12 in 10 µm (7-14 µm, herein), becoming finer towards margin 

(16-20 in 10 µm). 1 central strutted process. Margin~ strutted processes 3-4 in 10 

µm. 1 labiate process located away from margin. (Description based on Johansen 

and Fryxell, 1985). 

Distributi<~n: Antarctic, subantarctic (Medlin and Priddle, 1990), 

characteristically south of S8°S (Fryxell and Hasle, 1979b)." 

Thalassios~ra gracilis var. expecta (Van Landingham) Fryxell & Hasle 

Not illustrated 

' 
Basionym: Thalassiosira expecta Van Landingham 1978 

Synonym: Thalassiosira· delicatula Hustedt 1958 

Fryxell and Hasle 1979b: Figs. 23-28 

Johansen and Fryxell 1985: Figs. 8, 60-63 

\ 

Description: Valve diameter 7-26 µm (7-12 µm, herein). Areolae pattern radial, 

14-1~ in 10 µm (12-16 in 10 µm, herein), becoming finer t~wards margin (16-20 

in ·10 µm). 1 central strutted process. Marginal strutted processes 3-4 in 10 µm (4-

5 in 10 µm, herein). 1 fabiate process located away from margin. (Descriptibn 

based on Johansen and Fryxell, 1985). 

Distribution: Antarctic, subantarctic (Medlin and Priddle, 1990), usually in 

association with, but less abundant than, T. gracilis (Fryxell and Hasle, 1979b; 

Johansen and Fryxell, 1985). 

Notes: This species may be easily confused with T. gracilis, although it is most 

often smaller in diameter. 



Thalassiosira gravida Cleve 

Plate 6, Fig. 6 

Synonym: Thalassiosira tchemiai l\.fanguin 1957 

Johansen and Fryxell 1985: Figs. 27, 43 

Fryxell and Kendrick 1988, Medlin and Priddle 1990 

Description: Valve diameter 13-63 µm. Areolae pattern radial, often 

fasciculated; 20 in 10 µm. Small cluster of strutted processes located in centre. 

Strutted processes with external extensions scattered eve!J-lY over valve face; 

denser towards margin. Approximately 6 strutted process~s in 10 µm in marginal 

ring. 1 margin~ labiate process. (Description-based on Johansen and Fryxell, 

1985). 

Distribution: Antatctic, subantarctic (Medlin and Priddle, 1990). 

Thalassiosira lentiginosa (Janisch) Fryxell 

Plate 6, Fig. 7 

Basionym: Cosconidiscus lentiginosus Janisch 1878 

Jouse et al. 1962: Plate l, Figs. 13-18 

Kozlova 1966: Plate 4, Fig. 6, 7 

Fryxell 1977; Figs. 13, 14 

Fenner et.al. 1976, Burckle 1987 

Description: Valve diameter 29-120 µm (25-60 µm, herein). Areolae pattern 

fasciculated, 7-9 in 10 µm (7-10, herein). Strutted processes scattered -evenly 

across valve face, resembling small areolae. Marginal strutted processes arranged 

in a single ring, 3-4 in 10 µm. _1 distinct marginal labiate process, radially aligned. 



(Description based on Johansen and Fryxell, 19~5). 

Distribution: Antarctic plankton (Medlin and Priddle, 1990). Widespread south 

of the Antarctic Convergence Zone '(Johansen and Fryxell, 1985). 

Thalassiosira torokina Brady 

Plate 7, Fig. 1 , 

Synonyms: Coscinodiscus denarius Schmidt var. Van Heurck 1909, 

T. cf. burckliana Gomt?os 

Brady 1977: Figs. 1-4 

Baldauf and Barron 1991: Plate 6, Fig. 1 

McMinn and Harwood 1995: Figs. le-g, lj 

Description: Valve diameter 50-60 µm. Valves surface varies from slightly 

convex to convex-concave. Areolae hexagonal in shape and evenly sized over 

valve face; 3-4 in 10 µm. A variable number of pores (12-30) characterise the 

central area. Margin very distinct and of 2-3 rows of smaller areolae. (Description 

based on Brady, 1977). 

Distribution: An extinct species from Antarctic marine sediment . First 

appearance datum 8.2-8.6 Ma; last appearance datum 1.8 Ma (Harwood and 

Maruyama, 1992). 

Thalassiothrix antarctica Fryxell 

Plate 7, Fig. 2 

Synonyms: Thalassiothrix longissma Cleve & Grunow var. antarctica. Grunow ex 

Van Heurck, Thalassiothrix antarctica Schimper ex Karsten, Thalassiothrix 

antarctica var. echinata Karsten 



Jouse et al. 1962: Plate 3, Fig. 10 

Hallegraeff 1986: Figs. 15-22 

Hasle and Semina 1987: Figs. 26-59 

Medlin and Priddle 1990: Plate 17.1, Figs. 4-6 

Hart 1934, Kozlova 1966, Gombos 1977, Ligowski 1983 

Description: Valve length 420-5680 µm, width 1.5-6 µm. Cells mostly solitary, 

but may be united in bundles or tangled masses. Narrow, linear valves usually 
I 

slightly heteropolar. Foot-pole rounded and smooth; head-pole with 2 winged 

spines. Delicate marginal spines turned towards head-apex; 2-3 in 10 µm near the 

middle, fewer towards the poles, arising from the central part of the areolae. 

Quadrangular areolae in one row along each edge of the valve (10-16 in 10 µm). 

Externally, areolae alternate with narrow marginal ribs. Striae 12-17 in 10 µm. 

Labiate process present internally on each valve pole. (Description based on 

Hallegraeff, 1986; Medlin and Priddle, 1990). 

Distribution: Antarctic, planktonic (Medlin and Priddle, 1990). 

Notes: Thalassiothrix frustules are rarely preserved intact in sediment. End 

pieces are frequently observed. 

Trichotoxin reinboldii (Van Heurck) Reid & Round 

Plate 7, Fig. 3 

Basionym: Synedra reinboldii Van Heurck 

Synonym: Synedra spathula 

Medlin and Priddle 1990: Plate 17.1, Figs. 7-9 

Boden and Reid (1989) 



Description: Valves curved. Apical axis 904-3600 µm; transapical axis 3-10 µm. 

Marginal spines absent. Spineless rounded cell apices. Striae 8-10 in 10 µm. 

Labiate process close to each apex and low mantle. (Description based on Medlin 

and Priddle, 1990). 

Distribution: Antarctic, plankton (Medlin and Priddle, 1990). 

Notes: Trichotoxin frustules are rarely preserved intact in sediment. End pieces 

are frequently observed. 

Unknown Genus A 

Plate 7, Fig. 4 

Description: Centric frustule, diameter 3~5 µm. 9-15 distinct areolae in centr(f of 

valve. Valve face otherwise smooth. No visible marginal striae or processes. 



Plate 1 

Fig. 1 Actincyclus actinochilus (Ehrenberg) Simonsen 

Figs. 2 - 5 Chaetoceros vegetative cells 

Fig. 2 C. bulbosum (Ehrenberg), broad girdle view of cells in "atlanticum" phase 

Fig. 3 C. dichaeta Ehrenberg, broad girdle view of cells 

Fig. 4 C. dichaeta Ehrenberg, broad girdle view of terminal valve 

Fig. 5 C. bulbosum (Ehrenberg) Heiden, solitary cell in "bulbosum" phase 

Fig. 1 scale bars = 10 µm 

Fig. 2,3,5 scale bars = 35 µm 

Fig. 4 scale bar = 50 µm 
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Plate 2 

Figs. 1-4 Chaetoceros resting spores 

Fig. 5 Corethron criophilum Castracane, girdle view 

Fig. 6 C. criophilum, interval view of valve 

Figs. 1-2 scale bar= 15 µm 

Fig. 3 scale bar= 4 µm 

Fig. 4 scale bar = 5 µm 

Fig. 5 scale bar = 100 µm 

Fig. 6 scale bar = 30 µm 
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Plate 3 

Fig. 1 Dactyliosolen antarcticus Castracane, girdle band 

Fig. 2 Distephanus speculum (Ehrenberg) Haeckel 

Figs. 3-4 Eucampia antarctica (Castracane) Manguin, broad girdle view of "winter 

stage" 

Fig. 5-7 Fragilariopsis angulata Hustedt 

Figs. 1, 7 scale bar= 15 µm 

Figs. 2, 4 scale bar = 45 µm 

Fig. 3 scale bar= 50 mm 

Figs. 5, 6 scale bars = 10 µm 
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Plate 4 

Figs. 1, 3, 6 Fragilariopsis curta (Van Heurck) Hasle 

Fig. 3 (with F. kerguelensis) 

Fig. 6 (with F. obliquecostata) 

Fig. 2 F. cylindrus (Grunow?) Hasle 

Fig. 3 F. kerguelensis (O'Meara) Hasle 

Fig. 4 F. lineata (Castracane) Hasle 

Figs. 5-6 F. obliquecostata Heiden 

Fig. 7 F. ritscheri (Hustedt) Hasle 

Figs. 1, 3-7 scale bars= 10 µm 

Fig. 2 scale bar= 15 µm 
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Plate 5 

Fig. 1 Fragilariopsis separanda (Hustedt) Hasle 

Fig. 2 F. sublineata tiasle 

Figs. 3-4 Pentalamina corona Marchant 

Fig. 3 Light micrograph, illustrating size compared to F .. curta 

Fig. 4 Scanning electron micrograph of shield plate 

Fig. 5 Porosira glacialis (Grunow) Jprgensen 

Figs. 6-7 Pseudonitzschia turgiduloide~ (Hasle) Hasle 

Fig. 6 Complete frus~ule, with F. curta 

Fig. 7 Close-up illustrating central nodule 

Figs. 1, 3 x1400 

Fig. 2 scale bar = 30 µm 

Figs. 4, 7 scale bar = 4 µm 

Fig. 5 scale bars= 10 µm 

Fig. 6 scale bar.= 40 µm 

------ -- ----·- ---- - -- -- -- _, ___ .... --- '----- - ---
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Plate 6 

Fig. i Rhizosolenia hebetata fo. semispina (Hensen) Gran 

Fig. 2 Stellarima microtrias (Ehrenberg) Hasle & Sims 
I 

Fig. 3 Thalassiosira antarctica Comber (resting spore) 

Figs. 4-5 T. gr,acilis (Karsten) Hustedt 

Fig. 6 T. gravida Cleve 

Fig. 7 T. lentiginosa (Janisch) Fryxell 

Fig. 1 x1400 

Fig. 2 scale bar = 30 µm 

Fig. 3 scale bar = 20 µm 

Figs. 4-5 scale bar= 10 µm 

Fig. 6 scale bar = 25 µm 

Fig. 7 scale ]?ar = 40 µm 
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Plate 7 

Fig. 1 Thalassiosira torokina Brady 

Fig. 2 Thalassiothrix antarctica Fryxell 

Fig. 3 Trichotoxin reinboldii (Van Heurck) Reid & Round 

Fig. 4 Unknown Genus A 

Fig. 1 scale bar = 30 µm 

Fig. 2 x1400 

Fig. 3 x630 

Fig. 4 x630 
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