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Abstract

The use of diatoms as palacoecological 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 Anta}rctic Peninsula.

- In-comparison, relatively little research has been conducted in East Antarctica, which is the
focus of this study. Here, diatom assemblages 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 Holocene 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 assemblages 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 centrev of the bay, and extending west along Mac.Robertson
Shelf, the “éhelf * 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 periods
during which the depositional regime and palaeocological conditions on the contir;ental
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.



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
___laminated core intervals are characterised by Chaetoceros resting 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 increased primary production.
Chaetoceros resting spores may also be a useful proxy to record changes in the position of
maximuin sumimer ice retreat.
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Introduction

— Chapter 1 -
Introduction

Knowledge of palaeoclimates is particularly iﬁlportant 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 evidence
from marine sedimentary records from the Southern Ocean, due to tﬁe 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 palacoenvironment and relative
palaeotemperatures in Antarctica (Barron, 1993). Differences in temperature, nutrients,
salinity, and other physical and chemical parameters influence the distribution of living
species. They can also be used fo 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 for 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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can then be used as the basis for a model to interpret down core changes in the diatom
.assemblage, as a response to the palacoclimate. 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 palacoenvironment.
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~ Chapter 2 -
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 fro;n I pm- -
1000 um (Barron, 1985). The frustule is comprised of hydrated, amorphous silica that is
deposited in a regular pattern to create a highly ornamented cell surface wtth, 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
poolé 'on the ice surface, or consist of large strands floating directly beneath’,hor attached
 to, the underside of the ice (Horner, 1990) (Fig. 2.2). In Antarctica, the dominant ice- |
associated species are usually from the genera Amphiprora, Pleurosigma, Nitzschia
(Fragilariopsis), Navicula and Pinnularia (Leventer and Harwood, 1993). 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 frustule
limits diatoms. In the open marine environment, these nutr1ents are typically
concentrated below the euphotic zone, but become available in areas where deep water
upwelhng 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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therimocline, constantly replenishes the euphotic zone with nutrients (Jousé 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 useﬂ 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 (thénatocoenose), however. This
is due to tﬁe effects of recycling; during sedimentation, and silica dissolution, prior to

burial at the sediment-water interface.
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CENTRALES
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v
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o
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" Fig. 2.1. Orders of diatoms ( C"entrales and Pennales), upon which taxonomy is based.

(From Medlin and Priddle, 1990).



Biology of Diatoms
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Fig. 2.2. Habitats in sea ice occupied by diatoms. (From Leventer and Harwood, 1993).
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~ Chapter 3 -

Sedimentation and Dissolution of Diatoms

3.1 Sedimentation

Most siliceous material in suspension settles at a rate equivalent to that of 1 pm — 5 pm
quaﬁz spheres (Lisitzin, 1971) (Fig. 3.1). It takes the heaviest and coarsest diatom
frustules frorﬁ 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
biocoenose can still be recorded in the underlying sediment (Kozlova, 1966; Kozlova

and Mukhina, 1967; Leventer and Dunbar, 1986, 1987a, 1988).

time Yy

Fig. 3.1 Settling rates for unaggregated silica particles, with a radius of 25 um, through
waters of the Antarctic Divergence. Circles: ideal conditions; squares: non-ideal
conditions. Continuous line: upwelling rate (rate = 0.00016 cm s*). Dashed line: no

upwelling (rate = 0 cm s*). (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 Tslands). 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 rapi&ly transport silica
from the active zone of dissolution, in the water’s surface layer, to a relatively more

passive zone (Hurd, 1972).

Gr.azing 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-r_epresented 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™ 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 (Tréguer 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 (Tréguer 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 Prydz
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
diversity withi‘n 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 surface
temperature, water mass distribution and sea ice distribution (e.g. Jousé et al., 1963;
Burckle, 1972, 1984; Kellogg and Truesdale, 1979; Defelice and Wise, 1981; Pichon et
al., 1987; Leventer and Dunbar, 1988; Leventer, 1992; Leventer et al., 1993, 1996;

Cunningham et al., in press).

. [ \\ o
) T \ ~ 0o
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Fig. 3.2. Effect of temperature on the dissolution of silica frustules. Rate (K,) versus
temperature (°C). Continuous line: delimits the domain of variations of the rate
constant, for different spec{es. 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 Interface

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
(Jousé 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

11
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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).
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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).

12



Sedimentation and Dissolution

The rate at which diatomaceous oozes are deposited around Antarctica locally exceed
2.2 cm/ 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% to 46%, 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
] <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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— Chapter 4 -
Diatom Assemblage Studies in Antarctica

4.1 Assemblage Studies in the 19" Century
Antarctic diatoms have been studied since the 19" 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 Horn and the Ross Sea during these expeditions were returned to the
German diatomist Ehrenberg, and resulted in the first published account of diatoms from
' Aﬂtafética. Following expeditions to Antarctica were concerried primarily with -
geographic exploration, but some planktonic diatom samples were collected and
systematic descriptions published (Table 4.1). ‘
‘4.2 Modern Assemblage Studies” = Cie e
Tt was not until the work of Jousé et al. (1963) that diatoms in Antarctic marine -
sediments were investigated extensively, and their value as indicators of climate c.hangé
in the Southern Ocean recognised. Investigating diatoms from both the water column
and sediment — water interface, Jousé 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. rhombica (= 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.
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Table 4.1. Diatom publications resulting from early Antarctic expeditions.

Expedition Duration Diatom Publication
Erebus and Terror Expeditions 1839 - 1843 Ehrenberg, 1844
H.M.S. Challenger 1873 - 1876 Castracane, 1886
Belagica Expedition 1897 - 1899 " Van Heurck, 1909
German Deep Sea Expedition 189/8 - 1899 Karsten, 1905 - 1907
German South Pole Expedition 1901 - 1903 Heiden and Kolbe, 1928
Scottish National Antarctic 1902 - 1904 Manguin, 1922
Expedition .

2nd French Antarctic Expedition 1908 - 1910 Manguin, 1915

Discovery Expedition . 1929 - 1931 Hart, 1934

'i'he use of diatoms as palaeoclimatictindicators has since become well established. This
is particularly so in the Southern Ocean, where diatoms form a major component of both
the planktpn (Fenner etal, 1976) and sediment (Kozlova, 1966). Numerous studies -
have used the environmental toiérdnce-ranges of extant species ’as models for the past
(DeFelice and Wisé, 1981). The work of Burckle (1972), Truesdale and Kellogg (1979),
DeFelice and Wise (1981), Kellogg and Kellogg (1987), Pichon ez 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 gla;:ial
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 thi§ 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 Jousé et al. (1963) and Kozlova (1966). All are
do'rﬁinated 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 Jousé et al. (1963). Burckle (1972) further
identified the Pleistocene / Holocene boundary in deep-sea cores from the South
Atlantic, based on the upward change from predominantly shelf and meroplanktonic

diatoms to holoplanktonic forms.

. Investigating marine diatoms from supfacé sediments of the Ross Sea, Truesdale and
Kellogg (1979) used factor analysis to define four significant diatom' assemblages.
Assemblagé.I consisting of epontic species dominated by F. curta, formed the most
1mportant assemblage (explaining 52.5% of the assemblage vanance) with high factor
loadmgs on the continental shelf in locatlons where sediments are undisturbed. .
Assemblage 2 (explaining 25 O%), dommated by E. antarctica, is cons1dered to indicate
" winnowed sediments from which the ﬁne ‘material and fragile, hghtly silicified specxes ‘
have been removed selectively by bottom currents. Eucampia is found normally only in
small numbers in the plankton, but is more 1mportant 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 number-of 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 oceanic assemblage

characteristic of Antarctic waters north of the Antarctic Divergence.

16



Assemblage Studies

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,
phosphate concentration and sea ice di(Stribution. 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 aséemblage characterised as a “dissolution

assemblage”.

'Most recently, principal component analysis has been 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
taxa associated with a wind-mixed, open water cblumn; in the western Ross Sea they are 3
" dominated by sea ice taxa. A south-central assemblage, characterised by. extinct and /. -
or heavily silicified taxa, is interpreted to have been current rewofked, 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 / interglacial 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 modern 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 the most.common species to be identified (Fig. 4.2). In the littoral
and central zones of the bay, tﬁe most abundant species observed were Chaetoceros
dicheata, Nitzschia curta (= F. curta) and Thalassiothrix antarctica. To the north,

C. criophilum, Rhizosolenia alata and T. antarctica dominated. A study by Stockwell et
al.-(1991), compared planktonic diatom assemblages, from 14 stations, 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. curta in all but one site (site T11),
near the seaward end of Prydz Channel; here, N. kerguelensis (= F. kerguelensis) '
dominated. The abundance of N. kerguelensis at site T11 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 ez al. (in press)
identified five lithofacies on the continentai shelf. The abundance and distribution of

_ two, key indicator diatom species, F: cur:tc:zf and F. ‘ke'rguelensis, among other parameters. )
.defined the lithofacigs. The distribution,‘ and sigpificanbe of the lithofacies js discussed - :

in Chapter 5.
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Fig. 4.3. Distribution of diatom assemblages in Prydz Bay surface sediments. (From
Franklin, 1993).
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Detaile&, qualitative and quantitative analyses of down-core, sedimeritary 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 Expeditidns, to interpret the Holocene, palaeoecological
environment of Prydz Bay. Rathburn ez al. (1997) incorporated the diatom and
foraminiferal 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 today.

* 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, pafticularly
that concerning the response of the high latitude Southern Ocean during the Late - :
Quaternary (Leventer et al., 1993)."Given that the success of palacoecological studies
on the West Antarctic continental she;lf, 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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— Chapter 5 -
Prydz Bay and Mac.Robertson Shelf

5.1 Physical Setting

5.1.1 Prydz Bay

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 east 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 km? (Stagg, 1985).

Morphologically, the continental shelf of Prydz Bay is typical of other Antarctic
continental shelves (O’Brien, 1994). The 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 Tréguer, 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 Tréguer, 1994).
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Fig. 5.1. Location of Prydz Bay and Mac.Robertson Shelf, East Antarctica.
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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 / 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 shel_f (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 parté 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.

D (g)sM facies
Siliceous muddy ooze (SMO) facies

. F. Curta gmS Facies
F. Kerguelensis rich pelagic ooze facies

[D] Calcareous gravel facies

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 Shelf lies adjacent to ll\/Iac.Robértson 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 ef al., 1994). Compared to Prydz Bay, it is much
narrower and more rugged, with an average shelf width of 90 km (Harris et al., 1996). It
is otherwise similar to most other Antarctic continental shelves, 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
Fram Bank (O’Brien et al., 1994). The banks separate three, steep-sided valleys that are
joined to the shelf break by arcuate shelf valleys (Harris and O’Brien, 1996). All are
typically fjordal, béing‘steep-sided (up to 70°), flat-floored and U-shaped (O’Brién,
1994; Harris and O’Brien, 1996). The deepest, Nielsen Basin, has a nia)gimum depth 6f
~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 |
aiso locally exceed 1206 m.

Mac.Robertson Shelf is largely an erosional environﬁent, compared to Prydz Bay .
(Stagg, 1985; O’Brien, 1994). This is due to a strong, westward flowing shelf current

F associated with the East Wind Drift, which resuspends sediment as it is settling. Asa

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

sand and gra\}el content, in comparison to the’ice-‘rafted, fine sand and diatoms that

accumulate within the deep shelf basins (Harris ez al., 1997a).

Four geomorphological zones are described on Mac.Robertson Shelf (Hérris 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 topograpily.

2. Smooth sea-floors 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).

Y ] High-relief Depositional
mg: & U-shaped
valley valleys

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

5.2 Sea Ice Distribution

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

5.3.1 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.

! 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 Smith
et al. (1984), Middleton and Humphries (1989), Smith and Tréguer (1994), and Nunes
Vaz and Lennon (1996).

Table 5.1. ANARE marine science oceanographic surveys conducted between 1981 —
1987.

Voyage Year Publication

FIBEX-13 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-23 Jan 1985 Kerry et al., 1987b

ADBEX-3 Sep - Dec 1985 '

AAMBERS Feb - Mar 1987 Woehler and Williams,
1988

Eastward Zonal Flow

The eastward zonal flow is characterised by waters from the broad, deep Antarctic
Circumpolar Current (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 upweiling

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

8 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 Tréguer,
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 Icé 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 represents 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 Tréguer, 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 Prydz Bay, the bhenomenon 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 feéture 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 Tréguer, 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 ez 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.
. Circumpolar deep water.
. Winter water.
. High salinity shelf water.

2
3
4
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.
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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%o to ~34.0%o)
with a temperature > 0°C. These characters are dependent on the distribution and
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 Tréguer, 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 continer_ltal 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 m at 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 Tréguer, 1994): a
deep layer, identified by a salinity maximum (34.70%o - 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) possesses distinct properties, with
temperature < -1.5°C and salinity 34.2% - 34.56%o (Smith et al., 1984; Smith and
Tréguer, 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 etal., 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%.
(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
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mixes with CDW, forming modified Prydz Bay Bottom Water (PBBW) (Middleton and
Humpbhries, 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 Tréguer, 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 line (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 < -1.6°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%o),
but a cooler temperature (0.0° — 1.0°C) ‘and with a slightly higher dissolved O, 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%o - 34.7%o (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%o0 (Jacobs and Georgi, 1977; Mantyla and Reid, 1983).

The high dissolved oxygen values (>5.57 ml I'!) and low silicate values (<120 um 1-1)
indicate that the water was formed locally (Nunes Vaz and Lennon, 1996), possibly
arisen from a continual process of mixing between Enderby Land / Prydz Bay coastal
waters and dense, deep water (Smith and Tréguer, 1994). A similar penetration of cold

water over the continental slope at 62° E has been observed by Smith e 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 s_helf 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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— Chapter 6 —
Materials and Methods

6.1 Sediment Preparation

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%
H,0,, to remove organic matter. They were then centrifuged three times at 2500 revs

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 wate’r,), 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 1000x 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 pum), fine sand (>63 um) and course sand (>125 um). 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 Year . Acronym
ANARE Geoscience Survey 1982 . Geo -
ANARE Kiill and Rock Survey 1993 KROCK*
ANARE Field Season 1993/94 . 1993 - 1994 DCF -

- (Davis Station) | e
2™ ANARE / Antarctic CRC/AGSO . 1995 . .. BANGTT

Geoscience Program . ‘ :

Soviet Antarctic Expeditions Vﬁrious , SAEttT

T KROCK core and grab samples have the prefix “KRGC” (core) and “KRGR” (grab)
herein. 1 The 2" ANARE / Antarctic CRC /AGSO Geoscience Program is designated
“AGSO Survey 149 (AA149) in AGSO records, and “BANGSS” (Big Antarctic

Geological and Seismic Survey) in Antarctic Division records. 111 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
°S ‘W m

KROCK 6/GR1t 66 43.45 77 31.18 803 ..
KROCK 6/GR2AT 68 25.87 77 48.38 179
KROCK 12/GR47 68 42.20 77 30.70 707
KROCK 13/GR5% 68 40.34 77 16.31 538
KROCK 14/GR6t 68 49.00 77 10.00 760
KROCK 15/GR77 68 54.72 - 76 53.61 700
KROCK 17/GR8% 68 46.92 76 48.25 798
KROCK 18/GR9¥ 68 42.61 76 44.66 820
KROCK 19/GR10t 683932 . 7643.00 775
: KROCK 21/GR11¥ . 6800.74 76 32.83 460
"KROCK 23/GR12¥ - 672127 - .7635.28 318
KROCK - 24/GR13% 66 58.16 76 18.63 330
KROCK 37/GR147 68 58.00 75 11.10 740
KROCK 38/GR157 68 36.87 74 31.29 667
KROCK 39/GR167 68 27.10 74 12.52 665
KROCK 41/GR17% 68 56.66 73 34.43 792
KROCK 42/GR18t 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/GR24+ 68 30.58 70 29.96 1060
KROCK 63/GR25% 66 52.79 72 16.12 532
KROCK 73/GR26% 66 36.85 69 23.80 1435
KROCK 74/GR27% 66 49.42 69 17.77 907
KROCK 75/GR287 66 54.89 91323 512
KROCK 76/GR29% 67 02.79 68 50.82 200
KROCK 77/GR30t 67 30.91 68 11.74 460

Methods
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Table 6.2. (Cont.)

Expedition  Station Latitude  Longitude Water Depth
‘S ‘W m
KROCK 93/GR31% 67 16.17 65 25.38 110
KROCK 93/GR32 67 25.18 65 06.14 1057
KROCK 105/GR347 66 33.58 62 44.40 1882
KROCK 106/GR35% 66 52.03 63 09.60 434
KROCK 125/GC1t 66 53.95 63 09.26 478
KROCK 128/GC2¥ 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 7029.04 430
KROCK 144/GC15% 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/GC33+ 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 66 43 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

Methods
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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 7531.28 409
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 7624.72 417
BANGS 7 66 55.9 64 56.3 376
BANGS 8 67 05.1 65 13.6 130
BANGS 10 67 05.1 6527.9 627
BANGS 11 67 05.2 65 38.9 587
BANGS 12 67 06.7 65 46.7 626

Methods
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Fig. 6.1. Location of surface sediment samples analysed for diatom abundance and grain size
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Statistical Analyses

— Chapter 7-
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 celis counted per sample,
and arranged in a species by sample mz;trix. 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).

L

The remaining data was logarithmically transformed using the equation:
Yjj=log(Xjj +1)

where Xjj = raw data score of the ith species in the jth sample; Yjj = 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 analglsed using
the cluster analysis option of BioZtat IT (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
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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
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 (SN K 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 (ANOVA),
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 BioXtat II (Pimental and Smith, 1985).

SNK calculates a g (“studentised range”) using the equation:

q =(Xp-Xa)/SE
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where the g value, which is based on the pairwise differences between ranked means of
increasing magnitude, is divided by the standard error (Zar, 1984). If g is equal to or

greater than the critical value, o,v,k, (where o = significance level, v = error DF 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 between 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-fit
| 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 BioXtat 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 respectilve
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”(R*adj) (Jongman et al., 1987), defined by the equation:
Rladj = 1 - (residual variance / total variance)

where R%adj is a measure of the strength of the straight-line relationship; R*adj = 1.00

demonstrates a perfect relationship and R’adj = 0.00 demonstrates no relationship.

R’adj is suggested by Shroeder et al. (1986) and Jongman et al. (1987) to provide a more
accurate relationship than unadjusted coefficient of determination values (R?) (Schroeder
et al., 1986; Jongman et al., 1987). The simple R %yalue 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, R? 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), c;, of that
angle is derived from Kruskal and Wish’s (1978) formula:

¢y =by /N b2] +b2 +..b2%,

where b2;, b2 etc are the regression coefficients from the multiple regression
a+ byx) + byxa + ...bmxm, where m is the number of independent variables x; (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 (%o) and density (kg-3) were determined from data
collected by ANARE 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 euphotlc zone, the depth to which 1% of the incident
photosynthetlc 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 m in 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. Environmental data used i 1egression analysis. T Data not avatlable Value based on next closest location (1 . pixel, not sediment sample). Rank scale values for water properties tabulated in Table 8.2

Station Lat. (CS) Long. (CE) Water ~ % Ice Cover (1978-1991)

Depth (m) Temp. Salinity Density October November December January February
KRGR1 66 43.45 773118 803 4 3 2 75 57 40 19 14
KRGR2A 68 25.87 77 48 38 179 4 1 1 68 54 42 42 39
KRGR4 68 42.20 77 30.70 707 4 1 1 69 53 37 33 30
KRGRS5 68 40.34 77 16.31 538 4 1 1 69 53 37 32 30
KRGR6 68 49 00 77 1000 760 4 1 1 72 59 45 38 36
KRGR?7 68 5472 76 53 61 700 3 1 2 75 66 55 47 45
KRGRS 68 46 92 76 48 25 798 3 1 2 74 57 34 23 22
KRGR9 68 42.61 76 44 66 820 3 1 2 74 57 34 23 22
KRGRI10 68 39 32 76 43.00 775 4 { 2 71 49 21 14 16
KRGRI1 68 00.74 76 32.83 460 4 3 2 70 37 5 3 6
KRGRI12 67 21.27 76 3528 318 4 3 2 72 43 22 11 6
KRGR13 66 58.16 76 18.63 330 4 3 3 75 53 34 15 8
KRGR14 68 58 00 751110 740 3 3 2 81 66 31 14 7
KRGR15 68 36.87 74 31.29 667 3 3 2 81 64 19 4 2
KRGRI16 68 27.10 74 12.52 665 3 3 2 82 61 12 1 1
KRGR17 68 56.66 733443 792 2 1 3 78% 74% 49t 21% 4%
KRGRI18 68 11.08 - 75 53.53 695 4 3 3 76 44 5 1 4
KRGRI19 69 13.68 76 05.95 548 3 1 1 79 72 58 49 12
KRGR23 68 06.16 72 15.03 788 3 3 3 76 75 45 13 1
KRGR24 68 30.58 70 29.96 1060 1 1 1 641 671 641 48+ 27%
KRGR25 ‘ 66 5279 7216 12 532 3 3 3 84 82 43 8 0
KRGR26 66 36.85 69 23 80 1435 3 4 4 72 67 43 10 1
KRGR27 66 49.42 69 17.77 907 3 4 4 64 58 41 14 2
KRGR28 66 54.89 91323 512 3 4 4 58 49 35 15 4
KRGR29 67 02.79 68 50 82 200 3 4 3 57 78 26 11 3
KRGR30 67 3091 68 11.74 460 3 4 2 60 46 32 25 21
KRGR32 67 25.18 65 06.14 1057 3 4 2 75 68 60 43 30
KRGR34 66 33.58 62 44.40 1882 3 4 3 84 71 37 7 24
KRGR35 66 52 03 63 09.60 434 3 4 3 85 77 59 2 4
KRGC1 66 53.95 63 09.26 478 3 4 3 85 77 59 24 4
KRGC2 67 28.46 64 58.36 1091 3 4 1 75 68 60 43 30
KRGCS8 66 56.38 69 40.94 433 3 4 3 58 49 35 15 4
KRGC9 66 20.16 715859 1879 3 4 3 85 83 42 4 0




Table 8.1. Cont.

Station Lat. (S) Long. (E) Water % lIce Cover (1978-1991)

Depth (m) Temp. Salinity Density October November December January February
KRGC14 66 50.13 70 29.04 430 3 4 4 72 70 52 22 3
KRGC15 67 00.50 71 00.24 480 3 4 4 78 78 54 23 2
KRGC16 67 0023 71 00.03 480 3 -4 3 78 ) 69 54 ; 23 2
KRGC20 67 14.15 76 33.31 318 4 3 ' 2 73 48 28 13 7
KRGC24 68 05.63 73 11.36 705 4 3 4 81 71 25 3 0
KRGC28 68 54.92 76 35.36 710 3 1 2 74 57 34 23 22
KRGC32 67 10.28 69 50.87 279 3 3 2 62 55 42 21 5
KRGC33 67 10.88 68 32.30 376 3 4 3 57 40 26 11 3
GEO2 6651 7706 ' 1050 4 3 2 75 57 70 19 14
GEOS5 67 56 7217 730 3 4 3 80 78 4?2 13 0
GEOI15 66 36 7119 1506 3 4 4 83 T8 46 9 0
GEOl16 66 39.50 7120 1128 3 4 4 83 82 46 - 9 0
GEO19 68 23 7111 784 2 1 2 62 64 T 58 38 19
GEO022 6720 7121 553 4 3 3 80 81 57 25 2
GEO25 66 43 7118 - 855916 4 4 4 81 79 63 16 1
RC3116 67 38.20 72 23.90 624 4 4 3 83 79 40 12 1
RC3305 69 00.77 75 58.71 805 3 1 2 79 65 37 23 18
RC3606 66 59.86 75 00.03 396 4 3 3 85 79 35 5 0
RC3607 67 21.46 74 55.37 433 4 3 2 81 55 20 5
RC3616 68 37.11 72 30.49 440 2 3 -2 77t 70+ 33+ 107 2t
RG3109 67 58.60 72 15.50 696 3 3 3 76 75 45 13 1
RG3111 67 37.30 71 32.70 560 4 3 3 79 ' 80 45 13 3
RG3117 67 48.80 72 44.20 634 4 4 4 82 75 31 7 0
RG3119 67 51.90 73 44.00 534 4 4 4 83 70 21 7 0
RG3121 67 33.90 73 00.50 595 4 4 3 84 74 29 6 1
RG3203 69 3030 | 74 01.50 664 1 1 1 7% 78+ 85t 92t 3%
RG3207 69 20.02 75 3091 218 2 1 1 801 76+ 64+ 41% 30t
RG3218 66 56.67 75 28.48 357 4 3 3 82 61 28 7 2
RG3219 67 24.94 7531.28 409 4 3 2 78 48 18 7 3
RG3222 66 57.94 76 13.42 336.5 4 3 3 79 59 32 12 4
RG3314 67 43.09 77 56.19 240 4 3 2 62 37 17 15 16
RG3315 67 42.10 78 00.90 220 4 3 2 63 39 20 17 17
RG3318 67 12.87 78 03.73 267 4 3 2 66 44 29 22 20




Table 8.1 Cont

Station Lat. ('S) Long. (E) Water % lce Cover (1978-1991)

Depth (m) Temp. Salinity Density October November December Januvary February
RG3321 66 54.00 773773 235 4 3 2 74 56 43 25 19
RG3324 67 06 08 77 08.13 292 4 3 2 68 41 27 15 11
RG3328 67 24 96 772170 322 4 3 2 63 34 27 14 14
RG3329 67 33.26 771763 310 4 3 2 63 34 18 14 14
RG3331 6742 10 7718 18 340 4 3 2 63 32 11 10 11
RG3333 67 50.20 77 16.75 395 4 3 2 64 33 9 8 10
RG3335 67 57 01 77 17 00 430 4 3 2 63 38 19 17 19
RG3346 69 1100 762472 417 3 1 1 79 72 58 49 49
BANG7 66 55.9 64563 376 3 4 3 77 62 43 14 4
BANGS 67 05.1 65136 130 3 4 3 77 62 43 14 4
BANGI0 67 05 1 65279 627 3 4 3 73 ’ 57 37 11 4
BANG!1 67 05.2 65 38.9 587 3 4 3 73 57 37 11 4
BANG12 67 06.7 65467 626 3 4 3 73 57 37 11 4
BANGI3 67053 65590 413 3 4 3 71 53 33 11 6
BANGI14 66 38.4 71 44.0 849 3 4 4 83 82 46 9 0
BANGIS 66 152 73 20.4 2250 3 4 3 87 80 33 1 0
BANGI16 66 23.1 73 11.1 1960 3 4 3 87 82 35 1 0
BANG|7 66 30.2 73 05.5 1540 3 3 3 86 82 37 2 0
BANGI8 66 36.0 73 00.5 1174 3 3 2 86 82 37 2 0
BANG20 66 37.1 72 18.3 697 3 3 2 84 83 44 7 0
BANG21 66 37.1 72 17.6 1060 3 3 2 86 83 40 3 0
BANG22 66 27.4 7217.8 1450 3 3 3 86 83 40 3 0
BANG23 66 19.2 72 17.6 1884 3 4 3 87 83 37 1 0
BANG31 66 50.3 7149.0 512 3 4 3 83 83 48 13 1
BANG32 66 55.6 71 50.8 502 3 4 3 83 83 48 13 1
BANG37 67 04.8 66 42.1 168 3 4 3 69 48 27 7 4
BANG?38 67 09.4 65451 722-620 3 4 3 73 57 37 11 4
BANG42 67 04.8 64 35.7 345 3 4 3 81 72 59 27 8
DCF93019 68 04 78 05 122 4 1 1 68 54 42 42 39
DCF93032 68 07 78 04 124 4 1 1 68 54 42 42 39
DCF93047 68 07 78 15 104 4 1 1 68 54 R 42 42 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) >0.0 1
-0.1to0 -0.5 2
-0.6 to -1.0 3
<1.1 4
Salinity (%o) <33.59 1
33.60to 33.79 2
33.80 to 33.99 3
>34.00 4
Density (kg-3) <27.02 1
27.21 10 27.30 2
27.31 to0 27.40 3
>27.41 4
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Fig. 8.1. Mean Antarctic sea ice concentration for the months Oct — Feb, averaged over the SMMR lifetime (1978-1987). From
Gloersen et al., 1992).
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Results*

9.1 Cluster Analysis

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 corner 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
4? 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.

! Published as Taylor et al., 1997.
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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 ANOVA
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%?), 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) Jgrgensen, 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 1. gracilis var. expecta (Van Landingham) Fryxell

2The highest a\bundance of P. turgiduloides (4.0%) occurred in KRGR32. This sample was identified as
an outlier in the initial cluster analysis (Appendix 1), and removed from further analyses.
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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.

9.3 NMDS

NMDS was carried out using the same similarity matrix as for cluster analysis, based on
log,,(x+1) 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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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 / 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 wm)
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 s
characterised by a significantly greater abundance of mud (<63 wm), 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
distributed throughout the centre of Prydz Bay and in Nielsen Basin. ‘ The sedimeﬁts
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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Table 9.1 Mean arithmetic abundance (%) analysis of variance (F) and SNK multiple range tests of dommant (>2%) species i cluster groups.

Species Cluster Group F - P
Coastal Shelf Cape Oceanic
A. actinchilus 0.1 02 05 07 22.06 s
Chaetoceros spp. 04 02 0.0 0.1 372 *
Chaetoceros (spores) 5.3 79 1.1 126 32.63 ot %
D. antarcticus 0.2 05 0.9 08 8.46 s
D. speculum 0.3 0.5 0.6 0.8 3.86 *
E. antarctica 01 04 23 12 17.03 Fkok
F. angulata 4.2 39 5.6 21 22.32 ok
F. curta 54.7 48.5 62.8 28.6 37.47 wHE
F. cylindrus 223 15.6 2.6 13.1 16.06 ok
F. kerguelensis 0.5 10 20 137 77.88 Hkk
F. lineata 0.7 0.9 11 11 1.79 N.S.
F. obliquecostata 1.8 2.5 2.7 1.8 4.73 *%
F. separanda 0.2 08 17 17 28.78 *okk
F. sublineata 0.4 0.7 0.6 04 2.79 *
P. corona M 1.6 " 38 i.l 3.1 14.94 : Hokk
P. glacialis 0.2 0.9 0.6 02 24.25 ok
P. turgiduloides 0.4 0.1 0.1 00 8.49 *okE
S. microtrias 0.2 0.3 09 06 7.97 *kok
T. antarctica (spores) 1.3 6.7 85 6.1 17.81 Hkok
T. antarctica (vegetative) 0.2 0.0 0.0 0.0 2.36 N.S.
T. gracilis 08 13 21 3.8 42.26 *hx
T. gracilis var. expecta 0.2 0.2 0.0 07 11.87 *kk
T. lentiginosa 0.2 04 0.8 22 51.02 Hokx
T. reinboldii 0.1 0.3 0.2 0.9 1695 ok

Analyses were carried out on log10(x+1) transformed abundance. Degrees of freedom = 3, 97. ANOVA P values: * <0.05, ** <0.005, *** <0.0005, N.S. not significant. Bold: species with

significant differences in mean abundance. Underlined: species with significantly higher abundance in a cluster group.



Results

0.3
L
0.25

0.2

stress

0.15

0.1

0.05 , I

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
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Table 9.2. Multiple regression analysis between environmental variables and NMDS scores for two-

axis ordination of comparison samples.

Variable Direction Cosine R’ F P
X y
Latitude 0.723 0.312 0.56 64.754 Hokok
Longitude 0.213 0.447 -0.016 0.221 N.S.
Depth -273.678 -91.906 0.253 17.931 Hok
Temperature -0.097 -0.164 0.009 1.470 *
Salinity -0.716 -0.181 0.296 22.015 ok
Density -0.409 0.082 0.153 10.052 ok
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.
Tce (Jan) 9.328 4,389 0.271 19.580 ok
Ice (Feb) 8.647 1.159 0.218 14.936 Haok

Degrees of freedom: 2, 98. ANOVA P values: *** <0.0005, ** <0.005, ** <0.05, N.S. not significant.
R’,,, = 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 1 Coeff 2 C1 Cos C2 Cos C1 Acos C2 Acos
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 R 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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Fig. 9.4. Ordination plot of sample sites, based on species abundance (>2% log10). Cluster groups
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significant multiple regressions between ordination scores and environmental variables.
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Table 9.4. Mean abundance (%), analysis of variance (F) and SNK multiple range

tests of dominant sediment types in cluster groups.

Sediment Type Cluster Group F

1 2A 2B
Gravel 1.87 0.04 1.68 8.95 Hk
Sand 63.70 3.39 26.49 137.31 *okk
Mud 28.43 96.63 71.83 188.49 Hokok

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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Fig. 9.6. Geographic distribution of grain size cluster groups in Prydz Bay and Mac.Robertson Shelf. 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 significant 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 assemblage. High abundance of thié 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, 1967; 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 km? (September — October) to ~1 x 100 km?2 (February) (Jacka,
1983; Gloersen et al., 1992). The sg:a 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 ez 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 04 Sea ice

Eighty percent of the winter sea ice does not survive the summer (Parkinson ef 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%o to 34.0%o), 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 (~100-m) that is only mixed to the full depth of the

halocline after the ice breaks out.

Although water salinity and density are correlatable (R* = 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%o to 31.5%0 (Vargo et al., 1986). As salinity and
density co-vary with latitude and ice 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 ef 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 Liitzow-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 (19885 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 Jousé 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 bioturbétion and selective predation, these processes alter 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 tFryxell et al.,.1988; Buck
et al.: 1990). The grazing of diatoms by zoc;plankton incorporates the frustﬁles into
faeczlll 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 temperatures 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, P. 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 ez 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 Mean Abundance (%) Habitat

F. angulata 39 Sea ice and open water?
F. curta - 48.5 Sea ice and open water
F. cylindrus 15.6 Sea ice and open water
P. corona 3.8 Open water

P. glacialis 0.9 Ice edge / open water
T. antarctica resting spores 6.7 Neritic / 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 um), 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 4 useful biostratigraphic marker of cold-water

deposition.
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The shelf assemblage is suggested to represent a near-shore / 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 / 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 (Levénter, 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%o0, 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 (Jousé 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 (%) Habitat

A. actinochilus 0.7 Neritic
Chaetoceros resting spores 12.6 Open water

D. antarcticus 0.8 Open water
Distephanus 0.8 Open water

E. antarctica 1.2 Seaice

F. cylindrus 13.3 Sea ice / Open water
F. kerguelensis 13.8 Open water

F. separanda 1.7 Open water

P. corona 3.1 Open water

S. microtrias 0.6 Sea ice / Open water
T. antarctica resting spores 6.1 Neritic / Open water
T. gracilis 3.7 'Open water

T. gracilis var. expecta 0.7 Open \;vater

T. lentiginosa - 2.2 Open water

T. reinboldii 0.9 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. Jousé

et al., 1962; Kozlova, 1966; Burckle, 1984). Jousé 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% to 0.9%. 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 / 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 Lilso
been noted in sediments from George V Coast, where their highest concentrations are
associated with the maximum summer 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 / 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 / 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 b}; 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 abundance, low diversity and low
planktonic number (Quilty, 1985). Where 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 Neritic

D. antarcticus r 0.9 | Open water
Distephanus 0.6 Open water

E. antarctica 2.3 ~ Seaice

F. angulata 5.6 Sea ice

F. curta 62.8 Sea ice

F. separanda i 1.7 Open water

P. glacialis 0.6 Ice Edge / Open water
S. microtrias 0.9 Sea ice / Open water
T. antarctica resting spores 8.5 Neritic / 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 convergés with a narrow, westward 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 surface sediment of
Prydz Bay and Mac.Robertson Shely.

1. Coastal assemblage

2. Shelf assemblage

3. Oceanic assemblage

4. Cape (reworked) assemblage
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100

Gravel Mud

% Sediment

Cape Shelf Coastal

Diatom Assemblage

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 pm)
and gravel (>2mm), and significantly less mud (< 63 um) sized particles, compared to

the coastal assemblage. No samples from the oceanic assemblage were available for

comparison.
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— Chapter 11 -

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-vary 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 / 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

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 / 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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— Chapter 13 —
Methods for Down Core Analysis

13.1 Gravity cores
Six gravity cores from Prydz Bay and Mac.Robertson Shelf (Table 13.1; Fig. 13.1) were

sub-sampled at 5.0 cm intervals to compare diatom assemblages with those in the

surface 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 bags and stored

horizontally in refrigerators.

Table 13.1 Gravity cores analysed for diatom assemblages.

Core Station No. Name " Latitude  Longitude Water Core length

°S °E  Depth (m) (cm)
KROCK/125/GC1 KROCK GC1 66 53.95 63 09.26 478 375
KROCK/128/GC2 KROCK GC2 67 28.46 64 58.26 1091 200
KROCK/159/GC29 KROCK GC29 68 39.78 76 41.73 789 300
KROCK/163/GC33  KROCK GC33 67 10.88 68 32.30 376 240
AA149/28/GC28 AA149 66 43.69 7146.47 527 152
AA186//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 log,, (x+1) transformed data,

following the same methods as outlined in Chapter 7.

13.3 Radiocarbon Analysis

Radiocarbon dates from core samples were determined by accelerator maés 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 "C (Stuiver ez 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 *C activity between atmospheric CO, 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 CO, reservoir from upwelling. Anomalously old
Antarctic marine radiocarbon ages may also reflect the depletion of *C in surface
waters. This is due to CO, 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 GC1 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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— Chapter 14 —
KROCK GC1

14.1 Site Description

Core KROCK/125/GC1 (GCl1, 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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Fig. 14.1. GCI core log, radiocarbon dates and diatom assemblages when compared to surface

sediment.
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14.4 GC1 - 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 “C age. This estimate is based on the
measured age of a surface sample recovered from Nielsen Basin, less than 90 km away.
Using this, GC1 has a corrected, core top AMS age of 900 yBP. The absence of
unsupported *°Pb 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 GC1 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 (R? = 0.98; Figl14.2). Below 273 cm, the sedimentation rate decreases. There is no
evidence to suggest the presence of unconformities or sediment reworking. As a result,
GC1 provides a continuous, Holocene, sedimentary depositional history for northern

Iceberg Alley.
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Table 14.1. AMS radiocarbon dates obtained from GCI.

Interval (cm) 14C Date (y BP) Deposition Ratef
(cm yr)

Uncorrected Corrected

0-1 2 630 895
1007 3 838 +/-84 2 105 0.083
181 -182 5940 4207 0.039
272 -273 ) 7200 5467 0.073
356.5 - 357.5 13 390 +/-150 11 657 0.014

1 The top section of GCI 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

11 Deposition rates determined between 0-100 cm, 100-181 cm, 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 GC1.
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14.4.2 Diatom Assemblages

Members of the pennate genus Fragilariopsis dominate the biosiliceous ooze between
0 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

GClI

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 (Appeﬁdix 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.
Subséquent 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 log,, data. Values in the following

discussion are based on arithmetic mean abundance.

Cluster group 1 is the largest group in GC1. It dominates the upper-most sections of the
core, from 0-55 cm, 70-125¢m, 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. The 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 GC1, 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
Unidéntified 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 GClI and Surface Samples

A dendrogram illustrating the affinity between GCland 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 BANG12, BANG37, BANG42, KRGR35, KRGC2, and
KRGCI1 (=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

Pseudonitzschia 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 GC1 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

102



GC1

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 GC1
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 GC1 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 numerically 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 (GC1,
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 >1.0%.
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Table 14 .2. Arithmetic mean abundance (%), analysis of variance (F) and SNK multiple range test of species in cluster

groups of GCI.

Species Cluster Group F P
1 2 3 4
Chaetoceros spp. 14 0.6 0.8 0.2 4.64 *
Chaetoceros spores 6.5 10.8 4.6 84.6 54.86 Hokeok
C. criophilum 2.6 0.7 4.7 02 12.65 ok
D. antarcticus 0.7 1.6 0.1 0.03 28.98 ook
D. speculum 0.6 1.0 0.1 0.3 5.99 ok
E. antarctica 04 0.9 0.1 0.1 10.14 okok
F. angulata 4.6 3.5 18 0.2 28.17 Hkok
F. curta 317 35.1 253 5.0 72.71 Hokk
F. cylindrus 364 237 539 56 73.76 sokok
F. kerguelensis 0.6 18 0.2 0.8 28.82 Hokok
F. obliquecostata 2.3 4.2 1.2 0.6 2342 Rk
F. pseudonana 1.8 0.4 17 0.1 18.87 ot
F. ritscheri 04 0.3 04 0.0 1.61 -
F. separanda 0.4 09 0.1 0.0 13.42 koK
P. corona 1.6 1.8 0.6 0.1 9.95 Hiok
P. turgiduloides 0.8 0.5 04 0.3 1.97 -
R. hebetata 0.1 0.0 0.2 0.0 1.30 -
T. antarctica spores 0.6 11 0.2 0.7 6.21 e
T. gracilis 1.0 2.5 04 0.0 32.83 oAk
T. gracilis var. expecta 04 0.7 0.3 0.1 4.38 wok
T. lentiginosa 03 0.6 0.1 0.0 6.96 et
Unknown sp. At 0.6 0.1 1.0 0.0 10.35 Hokok

Analyses were carried out on log,(x+1) transformed abundance. Degrees of freedom 3, 60. 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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Table 14.3 Arithmetic mean abundance (%), analysis of variance (F), and SNK multiple range test of species in cluster groups of GCI and surface sediment samples

Species Cluster Group F P
1 2 3 4 5 6 7
A. actinochilus 01 03 0.1 05 0.8 01 0.0 21.96 ok
Chaetoceros spp. 08 02 0.2 00 00 15 02 21.58 Hk
Chaetoceros spores 96 89 38 1.5 131 4.8 846 45.95 hkk
C. criophilum 08 01 0.0 00 00 45 02 111.16 Hokok
D. antarcticus 11 0.5 0.1 09 1.0 05 00 13.01 ok
D. speculum 07 0.6 04 07 0.8 0.6 03 135 -
E. antarctica 0.5 04 01 22 16 04 01 14.07 Hekok
F. angulata 4.9 34 41 54 20 37 0.2 19 87 xk
F. curta 35.6 450 573 613 243 285 50 6952 Hokk
F. cylindrus 284 169 22.0 4.0 80 414 5.6 5169 Hoksk
F. kerguelensis 1.2 22 0.5 18 193 04 08 60.30 wkx
F. lineata 06 10 0.8 12 11 04 0.1 942 *kk
F. obliquecostata 32 23 1.6 29 14 22 0.6 1147 ok
F. pseudonana 0.7 0.2 0.1 0.0 01 24 0.1 37.67 Fkk
F ruscher: 0.3 0.2 0.3 04 01 04 00 240 *
F. separanda 0.7 09 02 15 21 03 00 30.20 Fokok
F. sublineata 07 07 05 0.6 03 07 0.0 587 sk
Pe. ciorona 20 39 17 12 26 10 0.1 2715 Hkk
P. glacialis 02 08 01 0.8 0.2 01 0.0 15.88 ook
P. turgiduloides g5 01 0.2 01 0.0 0.9 0.3 25.32 dokk
R. hebetata 0.0 0.0 00 0.0 0.0 02 00 6.33 ok
S. microtrias 0.1 04 07 09 0.7 00 0.0 1856 Hokesk
T antarctica (veg) 0.1 0.0 0.0 0.0 0.0 00 0.0 040 -
T. antarctica (spores) 1.0 64 14 84 72 04 0.7 72.57 ki
T. gracilis 17 17 0.9 19 45 0.8 00 27 88 ok
T. gracilis var. expecta 05 03 0.2 00 0.7 03 0.1 506 skl
T. lentiginosa 05 0.5 0.2 0.7 30 0.3 00 47 61 Hokk
Tr. reinboldii 0.2 04 01 01 1.1 0.1 00 2432 Hokk
Unknown sp. A 0. 01 01 0.0 00 0.9 0.0 26 57 kK

Analyses were carried out on log,(x+1) transformed abundance. Degrees of freedom 1, 157. ANOVA P values: * <0.05, ¥* <0.005, *** <0.0005, — not significant.
Bold type: species with significant differences in mean abundance. Underlined type: species with significant higher abundance in a cluster group. Cluster group (diatom assemblage) names: 1 = Basin,
2 = Shelf, 3 = Coastal, 4 = Cape; 5 = Oceanic, 6 = Corethron; 7 = Chaetoceros.
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14.5 Diatom Assemblages in GC1

14.5.1 Chaetoceros Assemblage
The diatom assemblage in GC1, between 363 cm and 335 cm, is characterised by
Chaetoceros resting spores (Figs. 14.5 and 14.6). There is no modern analogue for this

assemblage in the surface sediments of Prydz Bay and Mac.Robertson Shelf.

Depth (cm)

200

350

0.0 25.0 . 50.0 75.0 100.0
% Abundance

Fig. 14.5. Distribution of Chaetoceros resting spores in GC1. 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 GCI.
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 / water interface 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 épring,
receding pack ice creates a tempofarily 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 in the ice edge
zone of Prydz Bay (Fukai et al., 1986) and the Ross Sea (Nelson and Tréguer, 1992). To
demonstrate nutrient depletion in the Antarctic Circumpolar Current, Mitchell ez 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 / or conditions associated
with an adjacent stationary summer ice edge, could induce resting spbre formatioﬁ. 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 elevated phytoplankton biomass in this zone can persist
(Nelson ez 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 GC1, above 320 cm. It
is described as a subgroup of the modern coastal assemblage, which forms in near-shore
and / 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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in abundance in sediments, however. Such species include Chaetoceros spp.,

C. criophilum and P. turgiduloides.

The basin assemblage is described as a subgroup of the coastal assemblage because,
when GC1 and the surface samples are compared statistically, it includes the samples
recovered from the inner-shelf basins on Mac.Robertson Shelf. Itis 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, Prydz 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 GC1, 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 abundaﬁce 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 m in 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).
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Fig. 14.7. Photograph illustrating the “fluffy”, lighter-coloured appearance of
Corethron-rich sediment layers, interbedded between the darker diatom ooze in GCI,

between 100 cm — 120 cm.
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Fig. 14.8. Distribution of C. criophilum in GC1. 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 GC1). 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 ef 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 / 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 obser{/ed 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 reproductioﬁ, 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 as
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 Corefhron 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 GC1. 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

119



GCl1

recovered are arguably better preserved than those deposited during the Holocene in

Iceberg Alley.

Circumstantial evidence suggests that a plume 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 / 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) g

Based on reservoir-corrected radiocarbon dates, the Chaetoceros assemblage in GC1
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
ﬁresence in GC1 to be speculated upon. They are interpreted to indicate the presence of
a stabilised water column associated with a stationary ice edge. In GC1, 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 diatom
.analyses from 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 marine conditions and siliceous ooze deposits commenced
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~10.7 Ka in Prydz 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 baéins today commenced. In
GCl, 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 GC1 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 appiied 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 ;)VhiCh Antarctica underwent a period of climatic warming (Burckle, 1972;
Truesdale and Kellogg, 1979; Domack et al., 1991b; Cunningharh 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 GC1. 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 O cm to 273.5 cm, this assemblage was deposited from 1.9 Kato 1.8 Ka. Asa
high abundance of Corethron in the sedimentary record is associated with periods of
unusual warmth and early ice break out, it could be suggested that the layer in GC1 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. Lamb, 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 speleotherm 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 Gél, 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 actu"ally deposited during the
LCO, or if they record a previous, undocumenfed, warming event in East Antarctica. If
the Corethron layers were deéposited 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 GC1 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 '*C dated material

(Bjork et al., 1991).

14.7 250-Year High-Productivity Events?

Enhanced cycles of pal%eoproductivity 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, “C-dated palaecoenvironmental 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 GC1, 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 GC1 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 GC1 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 GC1 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
interpreted 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 where seasonal summer ice breakout
may be restricted due to the presence of icebergs grounded in shallow areas. In GCl1,
appearance of the assemblage suggests warming 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 contaﬁns 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 modern 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 / 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 Kato 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”.

126



Table. 14.4. Summary of Holocene palaeoclimate on Mac.Robertson Shelf (Iceberg Alley), as inferred from GCI.

Corrected Lithology Diatom Assemblage Major Species Climate Interpretation
radiocarbon years
(Ka)
0.0 -10.0* Biosiliceous ooze Basin F. curta Early to mid Holocene warming; seasonal
(*see below) F. cylindrus sea ice persists is some areas; preferential
preservation of fragile diatoms in
sedimentary basins
*1.8-1.9and Corethron layers Corethron F. curta Climatic optimum?
6.5-69 F. cyvlindrus
C. criophilum
Chaetoceros spores
2100 Biosiliceous ooze Chaetoceros Chaetoceros spores End of LGM; warming with increased

meltwater and water stratification; OR

indicative of maximum summer ice retreat
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— Chapter 15 -
KROCK GC2

15.1 Site Description

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

1091 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 (10Y 4/2), biosiliceous ooze between O 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.
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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 '“C ages, as recommended by Sedwick e 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 *'°Pb 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 (R*> = 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') is
seven times lower than at the top (0.179 cm yr'). 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 274.8%. 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 1C Date Deposition
Depth* (cm) (y BP) Ratet
(cm yr™)

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 -1283 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 em, 147-219 cm, and 21-275 cm.

y = 0.043x + 34.895
50 12 =0.928

1004 O

150

Depth (cm)

200 O

250

300 T T T T T
0 1000 2000 3000 4000 5000 6000

Corrected Age (yBP)

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 samplés
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 log,, 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
log,, valﬁes, 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
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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 (31.9%) 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 of less 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 Surface 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

log,, 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 log,, 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, 7. 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 tI:e
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 foﬁns a subdominant species. The
diversity of less abunciant (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 antarctica, 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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Fig. 15.3. Dendrogram of cluster analysis, comparing GC2 samples. Analysis based on species
abundance (>2% log10).

137



GC2

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. 17 0.7 0.5 8.16 *okok
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 HoAk
Di. speculum 0.7 0.8 L1 0.63 _
E. antarctica 0.8 0.8 2.1 3.03 *
F. angulata 3.6 5.6 9.7 13.29 Rk
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 Hokok
F. obliquecostata | 4.2 5.1 7.3 0.97 —
F. separanda 0.2 04 2.3 6.34 wAk
P. corona 0.9 1.6 1.3 7.22 rokok
P. glacialis 0.2 0.5 0.3 1.30 -
Ps. turgiduloides 1.7 0.9 0.1 15.79 kK
T. antarctica spores 1.8 1.6 4.7 8.65 Ak
T. gracilis 0.6 09 3.6 26.98 ol
T. lentiginosa 0.2 0.2 14 17.52 ook

Analyses were carried out on log,|(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 0.1 02 04 0.8 50.24 Hokok
Chaetoceros spp. 0.9 0.2 0.2 0.1 26.77 Hokok
Chaetoceros spores 5.8 8.6 2.3 12.6 31.21 ook
C. criophilum 04 0.1 0.1 0.1 20.78 ook
D. antarcticus 0.7 0.5 12 0.8 5.89 *ok
D. speculum 0.7 0.5 0.9 0.8 4.38 *
E. antarctica 0.7 04 2.3 1.2 17.99 ook
F. angulata 4.9 39 6.9 2.1 34.26 ok
F. curta 56.93 47.6 55.2 28.8 71.81 Hpok
F. cylindrus 147 15.9 49 13.6 14.10 Hkok
F. kerguelensis 04 1.0 24 12.9 158.91 Hokeok
F. lineata 0.7 0.9 1.1 1.1 6.46 eokok
F. obliquecostata 4.4 2.5 4.0 1.8 28.60 Fkk
F. separanda 03 0.8 1.8 17 60.32 Hokok
F. sublineata 0.2 0.7 0.5 04 15.60 Hokok
Pentalamina 1.5 39 1.2 3.1 42.52 Hkok
P. glacialis 0.4 0.9 0.7 0.2 20.71 Hokk
P. turgiduloides 1.0 0.1 0.1 0.1 66.28 Hodk
S. microtrias 0.1 0.3 0.8 0.6 31.93 Rk
T. antarctica spores 1.6 6.7 19 6.3 65.60 Hekok
T. antarctica (veg) 0.1 0.0 0.0 0.0 0.59 -
T. gracilis 0.8 14 222 3.8 70.89 *kck
T. gracilis var.expecta 0.2 0.2 0.1 0.7 20.44 wkk
T. gravida 0.1 0.1 0.0 0.1 1.82 -
T. lentiginosa 0.2 0.4 0.9 2.2 §8.01 Hokx
Trichotoxin reinboldii 0.1 0.3 0.2 0.9 47.22 ks

Analyses were carried out on log,(x+1) transformed abundance. Degrees of freedom 3, 156. ANOVA P values: *
<0.03, ** <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 / 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 Chapter 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 / 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 c¢m, 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 ef 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 Liitzow-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'' (between 5.9 Ka and 3.3 Ka), compared to
0.179 cm yr'! (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 / 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

from GC2.

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 Shelf, 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
palacoecological 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 C Age (Ka) Core Lithology Diatom Assemblage - Major Spécies Climate Interoperation
<5.5 Biosiliceous ooze Coastal F. curta Mid to Late Holocene
F. cylindrus cooling, following Mid
Holocene climatic
optimum
55-5.17 Biosiliceous ooze Shelf F. curta Open marine deposition
F. cylindrus
Chaetoceros spores

>5.7Ka Fine, sandy clay Cape F. cylindrus Floating ice shelf
F. curta ’

F. kerguelensis
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— Chapter 16 —
KROCK GC29

16.1 Site Description

Core KROCK/15/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 ~50 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 km?
(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 352 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 (5Y 4/4) in colour at the top, grading to moderate, olive grey (5Y 4/2) at the base.
Below unit 1, the ooze grades into diamicton (Unit 2; 130 cm to 305 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 5/1). Unit 3 is characterised by a gradual
increase in compaction and colour change to dark, greenish grey (5GY 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 135 cm. They are present
between 135 cm and 145 cm, but are poorly preserved and not quantifiable. Diatoms are
rare to absent below 145 cm. Fragilariopsis curta is the most abundant species in the

150



GC29

upper 25 cm, forming >50% of the frustules observed. Below this, F. curta and

T. antarctica 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 "“C 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
'to the corrected ages obtained from the surface of cores GC1 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 info the late Pleistocene, with a corrected age of 22 060 yBP obtained between

350 cm and 352 cm.

Table 16.1. Uncorrected AMS radiocarbon dates obtained from bulk organic carbon for
GC29.

Interval (cm) _ 1C Date (yBP) Deposition Rate
(em yr')t
Uncorrected Corrected
0-2 \ 2493 1 67 43
134 - 135 14 140 + 120 12 390 0.012
350 - 352 23 810 + 230 ) 22 060 0.022

1 Deposition rates determined between 2-135 cm and 135-352 cm.

Simple linear regression indicates a good age v depth correlation (R?= 0.965; Fig. 16.2).
Sediment accumulation rates in the core are relatively constant throughout, from 0.012
cm yr' (between O cm and 135¢m) to 0.022 cm yr? (between 135 cm and 352 cm).

Average sediment accumulation rate over the entire core is 0.017 cm yr'. 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''. 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 —i1
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r2 = 0.965
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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 O 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 7. 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 log,, values; all values in

the following discussion are based on arithmetic mean percent values.

Cluster group 1 occurs in the upper 25 cm 6f 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
log,, 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

(1.9%).

Cluster group 2 is the largest cluster group, occurring uninterrupted between 30 cm and
100 cm, and at 110 cm. Thalassiosira antarctica resting spores (29.5%) and F. curta
(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 Surface 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 log,, 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 7. 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 *okx
D, antarcticus 0.2 0.8 0.8 11.44 koK
D. speculum 1.3 1.8 14 0.92 -
E. antarctica 04 0.8 0.8 4.05 *
F. angulata 3.1 2.6 1.2 4.95 Tk
F. curta 49.8 27.0 28.8 30.51 *oHk
F. cylindrus 74 8.3 2.5 18.52 HHK
F. kerguelensis 1.0 2.1 6.2 36.92 HkK
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 ot
P. glacialis 1.9 0.9 0.6 18.31 Rk
T. antarctica spores 15.7 29.5 36.5 24.14 Rk
T. gracilis 0.8 1.2 0.8 4.50 *
T. lentiginosa 0.5 0.6 04 0.40 -

Analysis was carried out on log,(x+1) 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 i cluster groups of

GC29 and surface sediment samples.

Species Cluster Group F 4
1 2 3 4 5
A. actinochilus 0.1 0.2 0.2 08 05 20.97 HRA
Chaetoceros spp. 0.1 0.1 0.3 01 0.0 3.34 *
Chaetoceros spores 53 7.8 1o 126 11 2351 H
D. antarcticus 0.2 0.4 0.8 08 09 8.57 HE
D. speculum 0.4 0.6 1.7 0.8 06 15.21 jaisie
E. antarcfica 0.1 04 08 12 2.3 13.74 HH
F. angulata 42 39 22 2.1 56 1775 ok
F. curta 547 48.4 28.1 28.8 628 50.05 o
F. cylindrus 223 151 6.7 136 26 17 14 ook
F. kerguelensis 0.5 1.0 31 129 2.0 69.72 Hiese
F. lineata 0.70 0.9 0.6 1.1 1.1 3.92 w3
F. obligquecostata 18 26 4.5 1.8 2.7 19 69 e
F. separanda 02 07 07 17 17 23 44 o
F. sublineata 04 0.7 0.4 04 06 2.21 *
P, corona 1.6 4.0 29 31 1.1 9.44 falala
P. glacialis 02 1.1 07 0.2 06 19.13 ki
P. turgiduloides 04 0.1 01 1.8 01 6 04 loie
S. microtrias 02 0.3 0.3 0.6 0.9 829 Hk
T antarctica 0.1 0.0 0.0 0.0 0.0 23 -
T. antarctica spores 13 75 310 63 85 ‘ 74.30 Honk
T. gracilis 0.8 1.2 11 38 21 40.53 Hk
T. gracilis var. expecta 0.2 0.2 02 017 0.0 9.90 Hk
T. lentiginosa 0.2 0.4 0.5 22 0.8 44.60 faiale
T. reinboldii 0.1 0.3 0.2 09 02 1893 ko

Analysis was carried out on log,(x+1) transformed abundance. Degrees of freedom 4, 121. ANOVA P values* * <0.05, ** <0.005, ***
<0.0005, — not significant. Bold: species with significant differences in mean abundance. Underlined: species with significantly different

abundance in a cluster group. Cluster group (diatom assemblage) names. 1 = Coastal, 2 = shelf; 3 = Open shelf; 4 = Oceanic; 5 = Cape.
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16.5 Diatom Assemblages in GC29

16.5.1 Shelf Assemblage

A diatom assemblage analogous to the modern shelf assemblage in Prydz Bay and
Mac.Robertson Shelf occurs at the top of GC29. F ragziariopsis curta is the dominant
species, and F. cylindrus is subdominant. In surface sediments, the shelf assemblage
represents continental shelf and ice eage waters where summer sea ice has recently

retreated, but a stationary ice edge may persist nearby.

The shelf assemblage differs 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., Thalassiosifa antarctica has been reported to occur.in
maximum abundance in Antarctic inshore and ice-edge waters (Hasle and Heimdal, '
1968; Fryxell, 1977; Johansen and Fryxell, 1985; Medlin and Priddle, 1990). This is in
contrast to many Fragilariopsis species that occur under 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
dpes not occur v;/ithin ice algal communities (Watanabe, 1988; Garrison and Buck, 1989;
Scott et al., 1994). The known ecology of the Chrysophtyt_é order Parmales, and their
distribution in sediment, is limited. They are discussed in preceding ch;ipter. 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 modern analogue for the open shelf assemblage 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).

i
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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 offshore of
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).

Abundant T. antarctica resting spores, comparable to that in the open shelf assemblage,
does not occur in the surface sedimenis of Prydz Bay or Mac.Robertson Shelf. But
before the palacoenvironmental 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 a}nd Gersonde, 1997), with maximum a abundance

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 7. 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 ef al., 1987), and
in the platelet ice that gathers under coastal pack and fast ice (Villareal and Fryxell,
1983a; Horner, i985; 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 in Ross Sea surface sediment may be due to the increased
significance of an autumn 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. antarctica 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. adecrease 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 / 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 7. 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 7. 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 Tréguer,
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

16.6.1 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. curta (Fig. 16.5). A negative correlation (R* = 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 ef 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 document 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 GC1 from

1.9 Kato 1.8 Ka.

Deposition of the shelf assemblage recommenced 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 palaecoecological 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 modern 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.
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Table 16.5 Summary of Holocene palaeoclimate in inner Prydz Bay, inferred from GC29.

¥]

Corrected *C 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
. 2.8-32 Siliceous, muddy ooze Shelf As for above As for above

32-124 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

end of LGM
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— Chapter 17 -
AA149

17.1 Site Description

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 AAI49 — 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 e
date of 3 220 yBP, the age is considerably older than the top of cores GC1 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 GC1 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,
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 / 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 BC Date ' Deposition rate
(cm) (yBP) (em yr')T
Uncorrected Corrected
0-2 4970 (+ 89) 3200
68 - 69 21130 (+ 230) 19380 0.006

T Deposition rate determined between 2 - 69 cm.

Strong bottom currents and / or iceberg gouging can rework sediment and contaminate the
surface with older carbon from lower intervals. In Prydz Bay, the 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 efféct
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 / 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 CO, in the surface waters, as mixing distributes the meltwater
beneath the ice. If an upward component to circulation is present, sea ice can effectively
limit the mixing and dilution of the old CO, with modern (atmospheric) CO, 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 CO, 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 (<1.6°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 O 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 -

AAI49

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
ANOVA was therefore substituted to determine the significantly abundant and indicator
species for each cluster group (Table 17.2). Analyses were carried out on log,, species
abundance values. Values in the following discussion are based on arithmetic mean

percent, unless otherwise indicated.

Cluster group 1 contains two samples: O 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 ANOVA as unique indicators of the
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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 ANOVA 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. forokina was also recorded in cluster group 2, where it has a

maximum abundance of 0.3%.

AA149 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).
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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.

AA149 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
BANG?24 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 taxa, but common at
>2%, are Chaetoceros resting spores, I. antarctica resting spores, 1. 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 significantly 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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Fig. 17.2. Dendrogram of cluster analysis comparing AA149 samples. Analysis
based on species abundance (>2% logl0).
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Table 17.2. Arithmetic mean abundance (%), analysis of variance (F) and one way

ANOVA of species in cluster groups from core AAI49. -
Species Cluster Group F P
1 2 -3
Chaetoceros spores 5.8 15.1 23.0 8.154 *
D. antdrcticus ' 1.3 1.9 1.4 1.400 -
E. antarctica 1.3 1.2 5.5 40.803 *oAk
F. angulata 3.6 1.6 1.5 4417 *
F. curta 34.3 24.5 12.1°  26.655 Aeokok
F, cylindrus ) 9.0 2.1 1.5 9430 *k
F. kerguelensis \ 6.9 29.7 322 49.794 Hakk
F. obliquecostata 1.8 2.0 0.2 35.248 Fokok
F. separanda . 1.8 1.4 5.0 29.137 Aokk
P. corona 3.8 0.2 0.2 50.431 * ok
S. microtrias ‘ 0.7 0.2 0.9 6.327 Hk
T. antarctic;a spores 16.3 8.9 41  15.792 Fkk
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 24 36.338 Hkk
Thalassiothrix 0.5 0.46 1.1 5911 *

Analyses were carried out on log,(x+1) 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 abundance. 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 AA149 and surface samples..

Species Cluster Group F P
1 2 3 4
A. actinochilus 0.1 0.2 0.5 0.6 19.80 wER
Chaetoceros spp. 04 0.2 0.0 0.1 5.89 ok
Chaetoceros spores 53 8.3 15 14.6 41.44 Fxk
D. antarcticus 0.2 0.5 0.9 12 17.24 Fdk
D. speculum 0.3 0.5 0.7 0.7 3.35 *
E. antarctica 0.1 0.4 2.2 1.8 22.96 Fokok
F. angulata 4.2 3.8 54 1.9 36.54 ok
F. curta 54.7 47.7 613 25.0 57.73 ok
F. cylindrus 22.3 159 4.0 8.2 21.59 Kk
F. kerguelensis 0.5 1.1 1.8 211 137.41 dkk
F. lineata 0.7 0.9 1.2 0.8 1.61 -
F. obliquecostata 1.8 24 29 1.6 8.11 ok
F. separanda 0.2 0.8 15 2.1 27.46 Kok
F. sublineata 04 0.8 0.6 04 4.25 *
P. corona 1.6 3.9 1.2 1.8 19.52 ook
P. glacilis 0.2 0.9 0.8 0.2 28.82 ok ok
P. turgiduloides 0.4 0.1 0.1 0.1 10.66 kK
S. microtrias 0.2 04 0.9 0.5 5.28 #k
T. antarctica (spores) 13 6.7 84 6.9 18.01 Fkok
T. antarctica (veg) 0.2 0.0 0.0 0.0 325 *
T. gracilis 0.8 13 1.9 3.0 27.88 Hkk
T. gracilis var. expecta 0.2 0.3 0.0 0.5 4.80 wE
T. lentiginosa 0.2 04 0.7 2.2 78.18 ok ok
T. torokina 0.0 0.0 0.0 04 3.19 *
Thalassiothrix 0.0 0.1 0.0 0.6 34.22 Hokok
T. reinboldii 0.1 0.3 0.1 0.6 7.73 koK

[.

Analyses were carried out on log (x+1) transformed abundance. Degrees of freedom 3, 127. 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

185



Oceanic “A” (1)

Oceanic “B” (2)

Reworked (3)

—T T ]

L

‘|__

Dissimilarity

24.5% 29.4%
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Table 17.4. Arithmetic mean abundance (%), analysis of variance (F) and one way ANOVAT of species

in cluster groups from AA149 and surface “oceanic” assemblage.

Species Cluster Group F P
1 2 3
A. actinochilus 0.7 0.5 0.8 2.1 -
Chaetoceros spp. 0.1 0.1 0.3 0.46 -
Chaetoceros spores 12.0 15.4 46.0 8.44 ok
D. antarcticus 0.8 1.9 2.7 14.48 kol
D. speculum . 0.7 1.0 03 18.74 ko
E. antarctica 1.2 1.3 1.0 32.18 okok
F. angulata 2.2 1.5 2.7 4.82 Fkk
F. curta 29.4 23.1 20.2 23.63 Hodok
F. cylindrus 13.6 2.1 2.5 64.23 hokok
F. kerguelensis 12.1 31.2 47.8 35.46 ddeok
F. lineata 1.1 0.5 1.0 18.67 Hokk
P. turgiduloides 0.0 0.1 0.0 2.14 -
F. obliquecostata 1.8 1.8 0.7 27.62 Hkk
F. separanda 1.7 1.4 6.0 31.57 wkk
F. sublineata 0.5 0.5 0.3 3.35 *
P. corona 32 0.2 1.0 90.73 Fokk
P. glacialis 0.2 0.2 1.0 0.25 -
S. microtrias 0.6 0.2 2.0 10.06 HAK
T. antarctica (spores) 6.7 84 7.3 6.06 *k
T. antarctica (veg) 0.0 0.0 0.0 ~ -
T. gracilis 3.8 2.1 4.0 15.24 Fokk
T. gracilis var. expecta 0.7 0.3 0.3 - 12.29 ok k
T. lentiginosa 2.2 2.2 3.7 0.49 -
T. torokina 0.0 0.0 5.0 88.63 *ikok
Thalassiothrix 0.5 0.5 2.0 6.17 ek
T. reinboldii 09 02 0.7 16.89 Rk

Analyses were carried out on log (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 AAI49

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 Map.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. reinboldi.
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”

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
modern oceanic assemblage samples BANG22 and BANG?24. 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 Tréguer, 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 Revs"orked 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.

5.0 1
—{— T torokina e A. ingens

4.0+ ===-Or==" N. reinholdii ====A~-=" Rouxia spp.
==g == Denticulasp. A = =*®-°* Paraha spp

% Abundance

Depth (cm)

Fig. 17.6. Distribution of extinct diatom taxa in AAI49. Note the abundance of

- T. torokina and Rouxia spp. between 70 cm and 120 cm.

17.6 Upper Pleistocene / 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 transport

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. §"°O data values from a Vostok (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 indicated 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 further 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 1.0°C and slightly
higher dissolved O, 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
taxa, 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 Jow 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 water 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 of reworked diatom ooze (SMO-2), similar to that described in AA149 and
containing the extinct taxa A. 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 (SMO-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. SMO-2 can be traced across
more than 15 000 km? of the Prydz Channel (Domack ez 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/Si,, ratio in the SMO-2 unit and differing

diatom flora compared to the modern (SMO-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 Prydz
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 icé 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). Colhoun (1991) summarises much |
of what is available in a review of geological evidence for changes in the East Antarctic
ice sheet during the last glaciation. For the ice sheets to have e;cpanded 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 (Colhoun, 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 (Colhoun, 1991).

The last glacial advance in West Antarctica (Ross Sea / 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 Gaussberg
(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 (Colhoun, 1991).
Sedimentalogical evidence from Domack et al. (1998) suggests that during the LGM, ice
advanced in Prydz Bay via drainage of the Lambert Glacier / 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 §'%0 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 / 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 Ka)

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 GC1, 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 palacoecological 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 extens:ion 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 modern 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 AA149.

Corrected radiocarbon Lithology Diatom Assemblage Major Species Climate Interpretation
years (Ka)
<2.5 Biosiliceous ooze Oceanic “A” F. curta Modern conditions
F. cylindrus
Chaetoceros spores
F. kerguelensis
2.5-16.5 Medium, silty sand Oceanic “B” F. kerguelensis Late Holocene cooling;
F. curta decrease in F. kerguelensis
Chaetoceros spores
16.5-225 Alternating between Alternating between As for above Retreat of ice shelf prior to
clayey diamict and sandy ~ Oceanic “B” and LGM, followed by advance
silt Reworked during the LGM, and
subsequent retreat. Ice
maxima 22.5-21.4 Ka and
18.0-16.5 Ka
22.5-30.0 Clayey diamict with IRD  Reworked As for above Ice shelf grounded and / or
current reworking
>30.0 Fine, sandy silt Oceanic “B” F. kerguelensis Interstadial; warmer (>2° C?)

F. curta
Chaetoceros spores

T. antarctica
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— Chapter 18 -
AAI86

18.1 Site Description

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 ef al., 1997). AA186 was recovered from a water
depth of 338 m, which bathymetric surveys indicate to be a depression 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 (5Y 4/4) in colour, grading to dark, greenish grey (SGY 4/1). One
small, greyish olive (10Y 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 (10Y 4/2), diamicton
matrix. At 100 cm a distinct boundary is present , and the muddy diamicton 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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Foraminifera fragments and broken bryozoans are present between O 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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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 core 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 '“C date of 5 425 yBP, this is considerably
older than other cores discussed herein (e.g. GC1, 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., 1991a).

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 1C Date (yBP) Deposition rate

(cm) (em yr)t
Uncorrected Corrected

0.0-2.0 7175+ 70 5425

80.0 - 82.0 14 452 + 89 12702 0.01

T Deposition rates determined between 2-82 cm.

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 (GC1 and GC2), from which only the upper 200 years of
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sediment was lost, the sediment in AA186 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 / or input of reservoir organic carbon material are therefore

the most likely factors for the old age.

To compensate for the anomolous *C 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 anomolously 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

AAI86

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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log,, 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 taxa, 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 taxa (25.7%); F. curta (20.7%) and F. kerguelensis (18.1%) 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 7. 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 7. torokina. The latter, is association with 7. lentiginosa and Stellarima

microtrias, is a unique indicator of the cluster group 3.
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AA186 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 (11.4%) 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: 7. gracilis var. expecta and Trichotoxin reinboldii.

Neither is present at >3.0%, and both have a mean abundance <1.0%.

Cluster group 5 contains surface samples BANG22 and BANG24, and AA186 samples
5-15cmand 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 taxa are 7. antarctica resting spores (18.9%), F. curta (14.6%) and

E. antarctica (12.4%). Less abundant taxa 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 AA186.

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 33 1.1 0.6 61.69 Hokx
F. curta 414 20.7 9.0 130.88 Hokk
F. cylindrus 6.5 2.3 0.5 64.53 ok
F. kerguelensis 1.9 18.1 28.0 72.25 Hokk
F. lineata 13 0.6 0.2 24.65 Hodk
F. obliqyecostata 5.4 2.9 1.3 53.58 Hokk
F. separanda 1.9 1.7 2.5 1.99 n.s.
P. corona 2.3 1.3 0.1 29.38 ol
S. microtrias 0.6 0.8 15 8.81 ok
T. antarctica spores 10.9 25.7 12.7 27.81 Hokk
T. gracilis 2.6 2.0 2.1 1.72 n.s.
T. lentiginosa 1.6 2.1 4.1 20.21 Hokk
T. torokina 0.2 1.3 4.3 81.45 ok

Analyses were carried out on log,,(x+1) 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 02 07 0.5 0.7 24.83 shokok
Chaetoceros spp. 04 0.2 0.1 0.0 0.0 572 Aok
Chaetoceros spores 53 8.0 10.0 1.1 6.8 11.62 o
C. criophilum 0.1 0.1 0.1 0.0 0.6 0.64 -
D. antarcticus 0.2 04 0.9 0.9 1.2 18.50 kok
D. speculum 0.3 0.5 11 0.6 14 12.38 okok
E. antarctica 0.1 04 1.5 2.3 124 87.03 Hkok
F. angulata 4.2 39 2.5 5.6 0.8 50.15 Hok
F. curta 54.7 48.3 327 62.8 14.6 84.83 otk
F. cylindrus 223 16.1 11.5 2.6 1.3 68.12 Hkk
F. kerguelensis 0.5 1.0 109 2.0 23.3 153.54 Fokox
F. lineata 0.7 0.9 12 11 04 11.72 Hokok
F. obliguecostata 1.8 25 2.8 2.7 2.0 2.38 -
F. separanda 0.2 0.7 1.8 1.7 2.1 37.55 Fokk
F. sublineata 04 0.7 0.5 0.6 0.0 10.99 Aok
P, corona 1.6 39 2.9 1.1 0.7 36.92 Hokesk
P, glacialis 02 09 0.2 0.6 0.5 18.94 okok
P. turgiduloides 04 0.1 0.1 0.1 0.0 8.48 ok
S. microtrias 0.2 0.3 0.6 09 12 13.03 ekok
T. antarctica spores 1.3 6.5 1.8 8.5 18.9 29.17 Hakx
T. antarctica (veg) 0.2 0.0 0.0- 0.0 0.0 2.53 *
T. gracilis 0.8 1.3 34 2.1 2.1 31.50 ok
T. gracilis var. 0.2 0.2 0.6 0.0 0.1 12.51 *okk
T. lentiginosa 0.2 04 20 0.8 3.2 65.22 Hok
T. torokina 0.0 0.0 0.1 0.0 29 8333 Hokk
T. reinboldii 0.1 03 0.8 0.2 0.2 13.90 Hokok

Analyses were carried out on log,(x+1) transformed abundance. Degrees of freedom 4, 131. 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. 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 AAI86

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 Prydz Bay today, oceanic assemblage “A” is located primarily offshore of the
continental shelf break, but extends as a “tongue” soufhwards 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 taxa 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 (R = 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 taxa (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 (R*>=0.679). A similar diversity of extinct taxa were
noted in the reworked assemblage described in AA149, and both may be correlatable with
the SMO-2 and SMO-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 AA186. Datums based on Harwood and
Maruyama (1992). FAD: first appearance datum; LAD: last appearance datum.

Species FAD (My) LAD (My)
“Denticula sp. A ? ?
Hemidiscus 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 AA186. Note the relatively high
abundance of F. kerguelensis in oceanic assemblage “B” (5-15 cm, 85-175 cm) compared to F.
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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 / or ice edge

conditions, but does not occur within-ice communities.

18.6 Upper Pleistocene / 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 AA186 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 175 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 / 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 palacoenvironment 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 abundgnce are lower than in open water conditions (Kellogg and
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 (Jousé et al., 1962; Burckle, 1984a), and in fossil assemblages is often
related to glacial events (Jousé 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, 8'®0 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 / 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 Sgrsdal Glacier, which
today borders the south of the Vestfold Hills and is the closest glacial outlet to Four Ladies
Bank. For the Sgrsdal 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 Sgrsdal 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 ez 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 modern 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 Kato 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 / 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
1s inferred that the hypothesised increase in strength of bottom water currents and / 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 / 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

7.2 Ka.

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

221



AA186

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 / 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 AA186.

Corrected *C Age (Ka) Core Lithology Diatom Assemblage Major Species Climate Interpretation
<0.5 Biosiliceous, muddy ooze Oceanic “A” F. curta Modern conditions; seasonal sea ice &
F. cylindrus open water in summer; gyre-influenced
Chaetoceros spores
T. antarctica spores
05-138 Biosiliceous, muddy ooze Oceanic “B” As for above Increase water current strength & / or
gyre intensification; cooling?
1.8-23 Biosiliceous, muddy ooze Oceanic “A” As for above Brief Late Holocene warming
2.3-27 Biosiliceous, muddy ooze Shelf As for above Late Holocene cooling; seasonally open
water with nearby ice edge
2.7-177 Biosiliceous, muddy ooze Oceanic “A” F. curta Onset of open marine deposition,
F. cylindrus followed by mid Holocene warming;
F. kerguelensis seasonally open water
Chaetoceros spores
7.7-117.0 Compact, sandy diamicton Oceanic “B” F. kerguelensis Deposition beneath, or in close

T. antarctica spores
F. curta

E. antarctica

proximity, to an ice shelf; LGM
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— Chapter 19 —
KROCK GC(C33

19.1 Site Description

Core KROCK/163/GC33 (GC33, hereafter) was recovered from Fram Bank

(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 Tréguer,
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 195 cm long. Two lithological units can be recognised, separated by a
transitional boundary (Fig. 19.1). Unit 1 consists of moderate, olive brown (5Y 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 95 cm the colour grades into olive grey

(5Y 3/2). Unit 2 occurs from 80-195 cm. It consists of olive black (5Y 2/1), 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
modern 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 Rathburn 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 (R* = 0.995; Fig.19.2).
A sedimentation rate of 0.137 cm yr'! is calculated from 0-82 c¢m, and a slightly higher rate
of 0.176 cm yr'' from 82-185 cm. This is similar to the average Holocene sedimentation
rate of 0.166 cm yr, determined from ODP Site 740 in eastern Prydz Bay (Domack et al.,
1991a). Assuming constant deposition rate, Rathburn ez 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 core has therefore most likely been affected by
contamination of older carbon.

Table 19.1. Uncorrected and corrected AMS radiocarbon dates obtained from 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 BC Date Deposition Rate
(cm) Uncorrected Corrected (cm yrY)f
0-1 3 860 +/- 100 2 560
82-83 4 460 +/- 60 3 160 0.137
185-186 5050 +/-70 3750 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 m in 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).
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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 CO, in
upwelled water with modern, atmospheric CO,. 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 log,, 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 7. 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 Surface 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 log,, abundance values. The
following discussion is based on arithmetic mean percent abundance, unless otherwise
indicated.

Cluster group 1 contains all surface 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 log,, 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 log,, values, neither has a significantly
different abundance from that of cluster groups 1 or 3. 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
1s 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, aithough 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 ’7'6_5 75.345 ok
C. criophilum 0.2 0.1 1.5 0.813 -
D. speculum 0.5 1.1 0.5 2.577 -
E. antarctica 1.1 1.7 0.3 6.036 *
F. angulata 5.7 1.7 0.1 38.792 ok
F. curta 65.2 17.4 6.7 43.746 Fokk
F. cylindrus 7.0 7.0 6.6 0.672 -
F. kerguelensis 0.8 5.5 1.7 8.785 ok
F. obliquecostata 33 1.2 0.9 15.835 Hokk
F. separanda 1.3 0.3 0.0 28.456 HoAE
P. corona 1.3 0.3 0.0 8.727 wx
P. glacialis 1.4 1.3 0.1 4.541 *
P. turgiduloides 0.1 0.6 0.8 2.083 -
T. antarctica spores 1 14.5 4.3 24.462 K
T. gracilis 1.7 1.1 0.3 25.746 Hokk
T. lentiginosa 0.5 1.3 0.1 3.866 *

Analyses were carried out on log,(x+1) 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.
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Table 19.3. Arithmetic mean abundance (%), analysis of variance (F) and SNK multiple range test of species in cluster groups

from GC33 and surface sediment samples.

GC33

Species Cluster Group ¥
1 2 3 4 5

A. actinochilus 0.5 0.2 0.1 0.7 0.0 24.98 e
Chaetoceros spp. 0.0 0.2 04 0.1 0.2 2.63 *
Chaetoceros spores 1.1 18 53 14.1 69.0 64.25 sk
D. antarcticus 09 0.5 0.2 0.8 0.2 6.83 sk
D. speculum 0.6 0.5 0.3 0.8 0.5 4.32 *x
E. antarctica 2.3 04 0.1 12 0.9 12.11 e
F. angualata 56 4.0 4.2 21 0.3 43.01 sk
F. curta 62.8 49.2 547 211 9.6 67.00 sk
F. cylindrus 2.6 15.2 223 126 6.3 14.80 seskox
F. kerguelensis 2.0 1.0 0.5 131 21 66.95 s
F. lineata 11 0.9 07 L0 0.0 8.04 s
F. obliquecostata 27 25 1.8 1.8 0.9 9.79 o
F. separanda 17 0.8 0.2 1.6 0.1 21.36 #k%
F. sublineata 0.6 0.7 04 0.4 0.1 4.49 **
P. corona 11 37 1.6 2.8 0.3 17.72 gk
P. glacialis 0.6 10 0.2 0.4 0.2 12.41 ek
P. turgiduloides 0.1 0.1 0.4 0.1 0.6 522 e
S. microtrias 09 04 0.2 0.6 0.1 851 k%
T. antarctica spores 8.5 65 1.3 7.2 59 11.70 EEES
T. antarctica (veg.) 0.0 0.0 0.2 0.0 0.0 2.10 -
T. gracilis 21 13 08 35 0.5 31.24 wrx
T. gracilis var. 0.0 0.2 0.2 0.6 0.0 10.31 et
expecta

T. lentiginosa 0.8 0.4 0.2 2.2 0.2 47.92 ke
T. reinboldii 0.2 0.3 0.1 0.8 0.1 14.07 ke

Analyses were carried out on log,,(x+1) 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 in a 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 Prydz 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 pm x

3.5 um are 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 modern 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™), 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 modern 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 modern
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 (GC1, herein; O’Brien ef
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 e? 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.

237



GC33

100.0
75.0 =
8
g
=
g 50.0 +
E=
<
8
25.0 -
0.0 T T 1 | 1 | 1 T 1 1 1 1 1 ) T T
<) w o wn o w S o " =) " =} v =) v o
— — N ~N o o -t A v vy =4 o ~ ~ =]
Depth (cm)

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

Below 65 cm, the Chaetoceros-dominated assemblage is replaced by one analogous to the
modern 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 ez 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 palacoecology 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 modern 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 Fram Bank for this extended period of time, after it had already commenced
to retreat across éastem 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 modern, 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
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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 GC1 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 Sgrsdal 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 recovered 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 Sgrsdal 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
(Rathburn et al.,1997). Stability of the water column implies an influx of fresh water
(Rathburn 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 shelf 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 ez 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 GC1 (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 modern 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 ez 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 / or extent in the Prydz Bay gyre. Today
waters associated with the gyre exit via Cape Darnley / 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™ (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 (Burckle, 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 '*C 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
G(C33, 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 “C Age (Ka) Core Lithology Diatom Assemblage Major Species Climate Interpretation
<2.6 Biosiliceous ooze Cape F. curta Modern conditions;
T. antarctica spores increased water current
E. antarctica strength & / or gyre
intensification compared to
Mid / Late Holocene
26-2.7 Biosiliceous ooze Shelf F. curta Mid to Late Holocene
F. cylindrus climatic cooling; seasonally
open water in close
proximity to a stable ice
shelf
27-3.0 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
31-38 Sandy mud and muddy sand Absent Grounded ice shelf;

with IRD

hypsithermal?
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General Discussion

Pleistocene / 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 afpine 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 Karlén, 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
éore indicate that the Holocene has been characterisegl 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 (GC1, GC2 and GC33) provide a more detailed
record for Holocene. The records from GC1 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
present in thé 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
H6lbcene, and up to 3° to 4°C warmer thari 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 / 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. "0 versus depth in the Vostok ice core, defining successive stﬁges 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-ﬂdw paths for periods of maximum ice extent in Prydz Bay.
(From O’Brien and Harris, 1996).
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Vostok 9'0 records indicate that warming 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 / T. 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 termination of the L.GM, 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
GC1 (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 / 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 GC1 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 GC1, 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. 20.1. Pleistocene / Holocene palaeoenvironments in Prydz Bay and Mac.Robertson Shelf — summary of results

Corrected radiocarbon Core Palaeoenvironment

years (Ka)

<30.0 Ka AA149 Interstadial; warmer (by ~2°C?). Open marine deposition on Fram Bank (outer shelf),
dominated by F. kerguelensis.

30.0-22.5 AA149 Ice shelf advance over outer shelf (pre LGM glacial maximum). Diatom assemblage
reworked and winnowed due to increased currents and/or iceberg calving.

23.0-124 GC29 Ice grounded over inner bay and persists till 12.4 Ka.

22.5-16.5 AA149 Alternating open water — reworked 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 (I.GM), retreats 21.4-18.0 Ka, and
advances again 18.0-16.5 Ka. Remains grounded over inner bay.

17.0-7.7 AA186 Ice shelf present Four Ladies Bank.

?7-10.0Ka GCl1 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.

16.5-2.5 AA149 Ice shelf retreats from Fram Bank; deposition dominated by F. kerguelensis.

124-3.2 GC29 Grounded ice shelf retreats from inner bay, onset of open water deposition.

V Seasonally open water with lose sea ice (F. curta / T. antarctica).
?7-5.7 GC2 Ice shelf present over Nielsen Basin.




Table 20.1 Cont.

Corrected radiocarbon Core Palaeoenvironment

years (Ka)

100-6.9 GC1 Seasonal sea ice that does not fully break out over the shelf. Preferential preservation
in the deep basin of Iceberg Alley.

7.7-2.7 AA186 - Onset of open marine deposition over Four Ladies Bank; seasonally open water with
oceanic assemblage.

69-6.5 GC1 Climatic optimums recorded by Corethron.

57-55 GC2 Onset of open marine deposition over Nielsen Basin.

<5.5 GC2 Cooling; shelf to coastal deposition; increased persistence of summer ice.

3.8-3.1 GC33 Ice grounded over Fram Bank.

32-28 GC29 Cooling; transition from open shelf to shelf; seasonally open water with nearby
stationary ice edge.

3.1-3.0 GC33 Floating ice shelf.

3.0-2.7 GC33 Influx of fresh water; Chaetoceros deposition.

28-20 GC29 Brief warming in inner bay and/or increased wind? F. curta/T. antarctica.

27-2.6 GC33 Cooling; seasonally open water by nearby stationary ice edge.

<2.6 GC33 Increased current strength and / or gyre intensification around Cape Darnley as water

exits bay. Associated with cooling?




Table 20.1 Cont.

Corrected radiocarbon Core Palaeoenvironment

years (Ka)

27-23 AA186 Cooling; change from oceanic to shelf deposition.

<2.5 AA149 Cooling; transition from oceanic B (most open) to oceanic A (less F. kerguelensis).

23-1.8 AA186 Warming; transition from shelf to oceanic A.

<2.0 GC29 Cooling; transition from open shelf to shelf; modern assemblage.

19-1.8 GCl1 Climatic optimum; Corethron deposition.

1.8-05 AA186 Increased current strength and / or gyre intensification over Four Ladies Bank.
Associated with cooling?

<0.5 AA186 Modern oceanic assemblage.
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~ Chapter 21 —

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, ANOVA, 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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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 palaecoproductivity.
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 / climatic events.

A more extensive coring program from Nielsen Basin, in particular, could yield
comparable, 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 surface samples



Site
Specles
Actinocyclus actinochilus
Chastoceros spp
Chastoceros spores
Dactyhosolen antarcticus
Distephanus speculum
Eucampia antarclica
Fragianiopsis angulata
Fragilanopsis curta
Fragilaropsis cylindrus
Fragilatiopsis kerguelensis
Fraglanopsis lineata
Nitzschia obliquecosiata
Nitschia separanda
Nitzschia sublineata
Pentalamina corona
Porosira glacialis
Pseudonitzschia turgiduloides
Stellanima microtrias
Thalasstosira anlarctica (spores)
Thalasstosira antarctica (veg)
Thalasstosira gracifis
Thalassiostra gracilis var expecta
Thalassiosira lentiginosa
Tnchotoxin reinboldu

Site
Specles
Actinocyclus actinochilus
Chaetoceros spp
Chaetoceros cysts
Dactyhosolen antarcticus
Distephanus speculum
Eucampia antarctica
Fragilaniopsis angulata
Fragilanopsis curta
Fragrianopsis cylindrus
Fragilanopsis kerguelensis
Fragilariopsis Ineata
Nitzscfna obliquscostata
Nitschia separanda
Nitzschia sublineata
Pentalamina corona
Porosira glacialis
Pseudonitzscha turgrduloides
Stellarima microtrias
Thafassiosira antarclica (spores)
Thalasstosira antarchica (veg)
Thalassiosira graciis
Thalassiosira gracilis var expecta
Thalasstosira lentiginosa
Trichotoxn remnboldi

DCF93019 DCF93032 DCF93047

0 00
018
336
035
035
000
707
66 61
1307
088
124
124
018
018
159
018
053
0 00
230
000
018
000
035
018

KRGR17

034
000
556
017
034
0 00
253
59 43
1717
034
017
168
034
034
438
135
000
017
522
000
017
000
0 00
034

0 00
0 36
270
0 54
0 54
0 36
701
76 08
5 40
054
0 54
270
0 00
0 38
0 54
018
000
018
072
0 00
090
0 00
0 36
0 00

KRGR18

0 00
1386
2 90
0 00
017
0 00
324
45 14
38 16
034
068
204
017
119
119
000
034
017
153
000
119
0 00
0 o0
017

052
0 00
087
0 00
035
000
4 36
59 34
29 14
017
087
122
017
017
017
000
017
0 00
0 52
0 00
157
017
017
0 00

KRGR1¢9

000
017
239
0 00
0 51
017
239
60 48
26 06
017
068
170
034
136
136
0 00
0 68
0 00
119
0 00
0 34
0 00
000
000

KRGR1

103
108
328
103
052
0 86
207
34 48
27 78
1278
0 86
172
121
086
155
000
0 00
0 86
155
0 00
397
0 00
0 86
172

KRGR23

000
000
288
068
034
000
372
6159
914
085
051
271
169
102
288
203
000
0 B8
812
000
102
000
0 00
017

KR2A

0 68
102
154
0 00
0 85
051
6 31
56 14
16 21
017
154
375
068
256
188
034
000
017
2 56
0 00
222
0 00
0 51
034

KRGR24

017
0 00
372
017
017
017
440
58 04
17 26
0 51
102
102
0 34
118
321
034
0 00
0 00
7 45
0 00
085
000
000
0 00

KRGR4

034
017
425
051
136
0 00
289
54 59
16 18
017
051
323
000
068
425
238
000
017
714
017
034
0 00
0 34
034

KRGR25

102
034
9 81
203
08§
051
254
3773
914
4 06
186
203
220
118
408
102
000
000
16 07
000
254
0 00
068
034

KRGR5

000
0 00
6 42
0 00
017
017
507
53 38
676
118
051
118
017
169
304
186
000
017
16 39
017
084
0 00
084
000

KRGR26

068
000
8 52
170
068
017
324
33 39
23 00
6 64
136
273
221
017
494
017
0 00
0 68
477
000
2 56
000
170
068

KRGRé

0 51
0 00
4 90
068
0 00
034
358
50 00
28 04
017
034
135
0 00
101
372
051
017
017
338
0 00
068
0 00
034
017

KRGR27

034
000
10 71
068
017
136
459
37 59
39
1122
068
085
238
153
3o
102
0 00
051
13 27
0 00
272
017
153
085

KRGR7

000
000
745
0 00
000
0 00
305
45 85
28 26
051
017
169
034
1562
4 57
085
0 00
0 00
491
0 00
068
0 00
017
000

KRGR28

0 51
0 00
289
017
017
051
408
40 82
3418
204
136
136
0868
119
425
017
034
034
187
0 00
119
034
0 51
102

KRGR8

017
017
6 84
017
017
000
222
47 69
24 10
017
085
085
108
0’68
872
051
017
0 00
498
000

0 00
017
000

KRGR29

034
000
324
136
0 85
0 00
443
53 49
21 47
102
085
051
085
119
256
017
0 00
034
256
000
324
0 00
0 51
102

KRGRS

034
034
337
000
034
017
219
42 09
34 85
0 34
051
236
067
101
370
084
051
0 00
556
0 00
067
0 00
0 00
017

KRGR30

017
0 00
10 46
017
034
069
480
41 34
23 67
051
051
2 40
0 88
137
206
326
0 00
0 o0
515
0 00
137
0 00
017
0 &9

KRGR10

KRGR31

142
0 00
18 66
101
0 00
791
487
34 28
8 32
223
101
162
142
162
081
020
000
101
629
0 00
243
0 00
345
142

KRGR11

017
0 00
5 56
034
084
017
404
54 21
10 61
253
185
320
084
236
387
118
0 00
051
5 05
000
168
0 00
0 67
034

KRGR32

000
11 84
530
0 00
018
0 88
194
35 69
34 63
035
035
177
018
141
000
018
424
0 00
o7
0 00
000
018
0 00
018

KRGR12

0 34
017
968
017
051
017
187
38 03
29 20
407
085
306
136
034
44
000
000
000
255
0 00
221
000
068
034

KRGR34

123
018
15 29
123
035
070
387
3216
19 33
791
123
21
228
123
334
053
018
Q18
21
0 00
2 46
0 00
141
070

KRGR13

068
017
541
0 00
068
017
237
37 39
28 93
71
102
203
186
135
385
000
000
017
220
0 00
27
0 00
135
085

KRGR35

000
000
22 55
172
017
0 00
534
36 83
17 21
138
034
3 44
120
172
413
0 00
017
017
172
000
120
000
0 69
0 00

KRGR14

000
0 51
203
017
119
000
441
49 15
17 63
017
169
339
0 51
102
475
254
051
017
932
000
051
000
000
034

KRGC1

000
0 87
1337
052
000
000
295
35 42
37 50
087
035
278
035
017
1586
000
0 87
0 00
174
0 g0
017
017
017
017

KRGR15

0 00
0 00
3 36
0 50
017
0 00
218
62 75
16 28
0 50
034
151
101
0 84
134
134
000
017
587
000
168
0 00
017
0 o0

KRGC2

035
088
688
053
on
035
564
57 14
19 58
018
1086
123
053
018
088
071
123
035
071
000
053
0 00
035
0 00

KRGR16

017
¢ 00
578
017
017
017
558
43 49
22 00
000
068
220
085
152
558
068
034
017
948
000
0 85
000
000
017

KRGCS

067
000
067
150
100
100
6 84
68 28
150
267
083
301
100
0 87
100
0 50
033
0 50
467
000
217
0 00
083
033



Species

Actinocyclus actinochilus
Chaetocsros spp
Chasloceros spores
Dactyliosolen antarcticus
Distephanus speculum
Eucampia antarctica
Fragilaniopss angulata
Fragilanopsis curta
Fragifariopsis cylindrus
Fragilanopss kerguelensis
Fragilariopsis ineata
Nitzschia obliquecostata
Nitschia separanda
Nitzschia sublineata
Pentalamina corona
Porostra glacials
Pseudonilzschia turgiduloides
Stellanma microtrias

Thalassiosira anlarctica (spores)

Thalasstosira antarchca (veg)
Thalassiosira gracilis

Thalassiosira gracihs var expecta

Thalassiosira lentigmosa
Tnchotoxin remnboldit

Specles

Actinocyclus actinochilus
Chasloceros spp
Chaetoceros spores
Dactyhosolen antarcticus
Distephanus speculum
Eucampia antarctica
Fragilanopsis angulata
Fragilanopsis curta
Fragianiopsis cylindrus
Fragilariopsis kerguslensis
Fragilanopsis Ineala
Nitzschia obhiquecostata
Nitschia separanda
Nitzschia sublineata
Pentalamina corona
Porosira glacialis

Pseudonitzschia turgiduloides

Stellarima microtrias

Thalassiosira antarctica (speres)
Thalassiosira antarctica (veg)

Thalasstosira gracilis

Thalassiosira gracilis var expecta

Thalassiosira lentiginosa
Tuchotoxin renboldn

Slte KRGC9

036
0 00
733
072
125
394
072
984
268
45 80
- 054
107
2 50
018
072
000
000
072
608
000
501
036
8 59
161

Site RC3606

124
000
174
0 36
1089
124
107
21 85
1119
1279
0 89
107
2 49
0 00
561
018
000
089
9 06
000
7 64
107
213
107

KRGC14

067
000
101
101
0 84
369
586
44 56
101
570
0 84
218
4 36
067
017
084
000
251
2111
0 00
151
0 00
151
0 00

RC3607

086
034
14 38
000
051
086
205
30 48
15 58
325
103
086
103
086
719
017
000
086,
13 87
000
308
068
171
034

KRGC15

051
000
203
034
068
5 58
372
56 01
305
135
237
474
051
068
135
085
0 00
0 85
11 51
0 00
271
0 00
102
017

RC3616

o117
017
7 60
101
0 51
084
4 05
5473
794
101
051
270
0 34
0 00
541
084
0 00
068
845
0 00
169
084
051
0 00

KRGC16

034
0 00
084
034
051
118
489
71 50
202
067
101
118
084
101
287
084
017
051
573
000
304
0 00
017
034

RG3109

051
051
12 69
034
017
017
423
5127
948
034
068
1.86
152
034
4 06
102
0 00
085
812
0 00
034
051
034
068

KRGC20

034
0 00
1473
034
0 86
103
0 51
44 52
12 50
514
137
308
103
051
120
000
0 00
034
788
0 00
257
0 86
120
0 00

RG3111

017
017
917
017
0 51
085
3 40
5127
10 87
170
170
136
0 51
0 51
4 41
102
034
068
883
0 00
153
017
017
051

KRGC24

052
0 00
4 65
034
138
138
4 48
54 22
1274
089
172
4 30
0 52
000
172
155
0 00
0 86
809
000
052
017
017
0 00

RG3117

017
0 00
691
017
034
118
388
50 93
961
135
135
371
135
0 00
6 07
118
000
101
877
0 00
051
101
034
017

KRGC28

000
034
406
034
085
017
4 57
59 90
11868
102
017
186
068
0 00
408
068
000
000
914
0 00
034
017
0 00
0 00

RG3119

034
017
8 46
034
085
034
203
46 53
16 92
017
102
118
068
0 85
4 40
102
0 00
085
11 84
000
102
017
085
0 00

KRGC32

034
0 00
084
135
000
135
6 08
7179
389
135
084
2 36
2 36
017
068
0 00
0 00
068
372
0 00
135
0 00
0868
017

RG3121

034
0 00
960
067
051
017
219
4714
926
135
135
236
051
017
387
135
000
067
13 97
000
219
034
135
067

— KRGC33

034
017
102
119
068
119
6 62
68 59
4 58
051
085
289
119
068
085
085
0 00
051
475
0 00
187
0 00
068
000

RG3203

017
017
1278
0 00
034
0 51
2 56
58 77
6 98
051
017
136
136
034
221
051
0 00
017
8 52
0 00
017
051
068
119

GEO2

053
0 00
13 91
1086
088
106
264
25 88
22 01
12 50
123
106
211
000
299
000
0 00
088
141
000
352
070
352
21

RG3205

017
0 00
508
0 00
051
017
6 09
70 90
10 1§
000
051
118
000
034
186
0 00
000
0 00
169
0 00
068
017
0 34
017

GEOS

017
051
10 46
051
034
103
326
39 62
978
154
086
274

0869
8 06
2 06
0 00
172
13 04
0 00
137
034
0 86
034

RG3207

0 00
0 00
591
0 00
017
017
220
51 86
3193
0 51
017
118
0 00
017
220
000
017
068
152
0 00
034
034
034
017

GEO15

0 69
0 00
18 51
173
017
087
208
17 99
398
25 95
052
0 69
277
017
398
017
000
0 52
9 86
0 00
467
104
260
104

RG3218

052
069
11 34
017
086
086
309
39 35
1598
309
2 06
447
0 34
0 00
326
052
0 00
069
876
000
155
017
172
052

GEO16

117
0 00
2198
101
017
134
218
17 28
470
16 11
034
151
285
0 50
587
034
0 00
o do
17 11
0 00
252
0 50
151
101

RG3219

0 89
0 51
978
069
086
017
240
37 05
27 27
3 60
089
274
0 51
069
360
017
017
017
3 60
0 00
154
154
051
103

GEO19

034
000
589
017
051
051
589
6077
589
101
034
168
067
051
690
051
000
051
707
000
034
017
000
034

RG3222

017
017
19 38
017
017
120
189
2813
24 36
5 49
034
189
120
017
309
017
0 00
0 69
497
000
240
154
103
137

GEO22

017
017
10 20
033
033
0 33
3 51
57 69
11 87
134
033
134
184
017
368
0 67
0 00
033
418
0 00
0 50
033
0 00
067

RG3314

069
0 00
22 81
206
2 06
0 86
0 86
19 55
7 89
10 46
274
154
223
0 00
4 46
017
0 00
137
10 12
000
274
240
274
223

GEO025

051
0 00
1378
085
119
136
255
30 56
8 66
1138
068
034
374
034
628
051
0 00
034
1188
000
221
0 00
153
136

RG3315

052
000
779
000
069
017
104

4377

30 97,
087
225
121
052
035
363
017
000
052
156
000
208
121
052
017

RC3116

017
017
23 01
034
068
068
118
12 01
8 46
118
017
385
051
068
457
051
0 00
034
40 10
000
152
017
0 00
000

RG3318

068
034
19 80
034
085
102
392
36 52
18 60
410
085
137
068
0 51
358
034
0 00
017
205
000
LAl
068
119
068

RC3305

017
0 34
6 95
0 00
102
017
288
57 97
1102
068
136
339
017
034
407
136
0 00
0 00
6 61
0 00
085
0 00
051
017

RG3321

034
0 00
594
017
0 51
0 00
221
37 35
2105
11 04
170
187
204
051
119
0 00
0 00
119
187
000
7 30
136
1.53
085



Specles N
Actinocyclus actinochilus
Chaetoceros spp
Chastoceros spores
Dactylosolen antarcticus
Distephanus speculum
Eucampia anlarctica
Fragilanops:s angulata
Fragilaniopsis curta
Fragilanopsis cylndrus
Fragilaniopsis kerguelensis
Fragilariopsis lineata

Nitzschia obhiquecostata
Nitschia separanda

Nitzschia sublineata
Pentalamina corona

Porosira glacialis
Pseudonitzschia turgidulordes
Stellanma microtnias
Thalassiosira antarclica (spores)
Thalasstiosira anlarchica (veg)
Thalassiosira gracihis
Thalassiosira gracilis var expecla
Thalassiosira lentiginosa
Trchotoxin reinboldit

Specles

Actinocyclus actinochilus
Chaelcceros spp
Chaatoceros spores
Dactyhosolen antarciicus
Distephanus speculum
Eucampia antarctica
Fragilanopsis angulata
Fragilanopsis curta
Fragilanopsis cylindrus
Fragilanopsis kerguslensis
Fragilanops:s lineata
Nitzschia obhiquecostata
Nitschia separanda

Nitzschia sublineata
Pentalamna corona

Porosira glacials
Pseudoniizschia turgidulotdes
Stellanma microtrias
Thalassiosira antarctica (spores)
Thalassiosira aptarctica (veg)
Thalasstosira gracilis
Thalassiosira graciis var expecta
Thalassiosira lentiginosa
Trichotoxin remboldi

Site RG3324

068
000
13 36
086
154
034
034
28 94
2723
822
17
103
086
034
223
0 00
017
086
394
000
514
103
120
0 00

Site BANG18

105
0 00
6 67
088
070
105
263
29 82
9 82
2123
140
175
175
053
193
018
000
088
368
0 00
6 84
070
333
316

RG3326

104
000
15 03
035
0 69
035
276
3523
8 46
812
173
276
173
035
207
017
017
0 86
777
000
570
155
259
052

BANG20

000
000
909
069
051
034
189
3877
1218
995
051
103
172
0 00
4 46
0 00
0 00
024
8 58
0 00
583
034
257
120

RG3328

274
0 00
14 87
034
154
222
188
22 05
530
1128
239
239
205
085
239
0 51
000
188
15 21
0 00
547
0 61
342
068

BANG23

086
000
1102
052
034
155
207
28 06
12 74
15 49
138
24
052
017
189
017
0 00
069
895
0 00
585
0 86
310
138

RG3329

051
0 00
16 38
068
068
137
274
3145
872
735
239
291
239
0 00
376
034
000
0 68
1077
0 00
513
120
154
0 00

BANG22

103
0 00
25 99
120
0 52
086
017
10 67
534
3976
034
017
172
017
086
017
017
0 00
327
0 00
413
017
310
017

RG3331

120
0 00
14 70
08§
274
068
222
37 95
11 862
359
208
291
068
085
393
051
017
154
735
000
222
137
085
000

BANG23

122
0 00
14 24
19
122
017
087
20 66
6 42
34 03
104
139
243
035
122
017
0 00
0 00
174
0 00
382
087
451
174

RG3333

068
017
8 46
034
0 85
034
203
4129
24 20
135
068
288
135
068
5285
034
0 00
0 51
541
0 00
152
068
068
0 34

BANG24

104
0 00
1113
209
122
226
104
7 48
017
54 96
0 00
052
313
03§
035
0 00
0 00
035
383
0 00
365
035
504
104

RG3335

0 00
017
14 29
000
187
017
272
3810
1871
119
187
3 40
000
085
374
085
0 00
051
935
0 00
119
051
051
0 00

BANG25

104
0 00
6 60
0 00
017
226
122
417
017
7118
052
104
313
0 87
0 00
0 00
000
087
0 87
0 00
017
0 00
503
069

RG3346

0 00
000
405
017
0 34
0 00
523
60 20
19 06
118
017
253
017
017
304
017
000
0 00
202
000
101
000
017
034

BANG28

0 00
0 00
712
119
102
0 00
339
4373
11 36
6 44
169
102
1386
017
475
0 34
000
085
915
0 00
458
017
136
034

BANG7

0 00
0 00
1818
034
017
0 00
4 80
44 77
10 81
0869
120
343
069
051
5§15
0 86
0 00
0 69
360
000
326
034
017
034

BANG31

034
0 00
594
085
034
102
424
51 61
968
238
136
238
119
017
3as
017
000
0 51
1019
0 00
306
068
017
0 51

BANG8

000
053
1327
035
0 00
035
743
4478
16 81
159
159
336
053
035
265
035
018
0 00
319
000
195
035
018
018

BANG32

034
000
713
119
017
034
272
46 01
16 64
187
119
374
187
017
526
0 68
017
017
6 96
0 00
187
085
0 51
017

BANG10

036
036
1279
036
036
089
568
44 58
15 45
0 36
124
320
o7n
071
337
018
089
0 00
444
0 00
365
036
018
0 00

BANG37

0 00
0 00
9 64
017
0 00
034
551
42 34
28 74
017
069
310
0 86
017
258
034
017
0 69
189
0 00
172
034
052
0 00

BANG11

0 00
069
2138
052
052
052
345
36 38
18 97
034
103
448
034
000
276
103
034
017
500
0 00
121
069
0 00
017

BANG38

017
052
1138
121
0 00
0 86
6 55
39 14
18 28
155
138
345
121
103
448
138
052
017
345
0 00
190
0 52
069
017

BANG12

017
0 85
10 09
085
000
034
4 62
54 36
15 66
068
017
291
017
068
2 05
103
154
017
0 00
256
085
034
000
0 00

BANG42

000
0.00
10 95
018
0 00
0 00
4 42
42 05
27 39
o7
018
3N
035
053
353
018
071
018
300
0 00
177
0 00
018
0 00

BANG13

018
000
12 54
124
0 88
0388
512
48 06
989
247
106
265
159
053
389
108
0 00
018
442
0 00
212
0583
018
053

BANG44

018
018
13 27
o7
018
035
389
45 66
11 50
407
230
2 65
124
053
478
018
000
018
177
0 00
425
124
088
0 00

BANG14

017
052
12 94
087
000
035
175
37 06
2325
385
070
402
035
017
472
035
070
017
472
000
262
0 00
070
0 00

BANG15

053
018
1228
070
018
105
070
17 19
421
40 18
070
140
193
000
140
0 00
0 00
070
544
000
579
070
368
105

BANG16

087
000
10 63
2 09
167
557
2 44
18 47
5 57
30 66
052
348
192
000
108
000
000
070
453
000
401
087
383
122

BANG17

157
0 00
923
105
122
244
226
27 87
697
23 69
157
174
279
035
087
0 00
000
070
226
0 00
592
122
4 88
1.39



Specles

Actinocyclus actinochilus
Chaetoceros spp
Chastoceros spores
Dactyliosolan antarclicus
Distephanus speculum
Eucampia antarctica
Fragilaniopsis angufata
Fragilanopsis curta
Fragilariopsis cylindrus
Fragilanopsts kerguelensis
Fragilanopsis Ineata

Nitzschia obliquecastala
Nitschia separanda

Nitzschia sublineata
Pentalamina corona

Porosira glacialis
Pseudonitzschia turgidulordes
Stellanma mucrolrias
Thalasstosira anlarclica (spores)
Thalassiosira antarclica (veg)
Thalassiosira gracilis
Thalassiosira graciis var expecta
Thalassiosira lentiginosa
Tuchotoxin reinboldit

Site BANG18

105
000
6 67
088
070
105
268
29 82
9 82
2123
140
175
175
053
193
018
000
088
368
0 00
6 84
070
333
316

BANG20

000
000
909
069
051
034
189
3877
1218
995
051
103
172
0 00
446
0 00
0 00
034
8 58
0 00
583
034
257
120

BANG21

0 86
0 00
1102
052
0 34
155
207
28 06
1274
15 49
138
241
052
017
189
017
0 00
069
8 95
0 00
585
086
310
138

BANG22

103
0 00
'25 99
120
052
086
017
10 67
534
3976
034
017
172
017
0 86
017
017
0 00
327
0 00
413
017
310
017

BANG23

122
0 00
14 24
191
122
017
087
20 66
642
34 03
104
139
243
035
122
017
0 00
000
174
0 00
382
087
451
174

BANG24

104
0 00
1113
209
122
226
104
7 48
017
54 96
0 00
052
313
035
035
0 00
000
035
383
000
365
038
504
104

BANG25

104
0 00
6 60
000
017
226
122
417
017
7118
052
104
313
087
0 00
0 00
0 00
0 87
087
000
017
0 00
503
0 69

BANG28

0 00
0 00
712
119
102
000
339
4373
11 36
644
169
102
136
017
475
034
0 00
0 85
918
0 00
458
017
136
034

BANG31

034
0 00
504
085
034
102
424
5161
9 68
238
136
238
119
017
323
017
0 00
051
1019
0 00
3086
0 68
017
051

BANG32
034
0 00
713
119
017
034
272

46 01
16 64
187
119
374
187
017
526
0868
017
017
6 96
0 00
187
085
061
017

BANG37

0 00
0 00
9 64
017
000
0 34
551
42 34
28 74
017
069
310
¢ 86
017
258
034
017
0 69
189
0 00
172
034
0 52
0 00

BANG38

017
0 52
1138
121
0 00
0 88
6 55
39 14
18 28
155
138
345
121
103
448
138
0 52
017
345
0 00
190
052
069
017

BANG42

000
0 00
10 95
018
000
000
442
42 05
27 39
071
018
a7
035
053
353
018
071
018
300
000
177
000
018
000

BANG44

018
018
13 27
o7
018
035
389
45 66
1150
407
230
265
124
053
478
018
0 00
018
177
0 00
425
124
088
000
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Preliminary cluster analyses of surface sediment samples



SURFACE 01

BIOSIRT II  HIERARCHICAL CLUSTER ANRLYSIS (VER 3 5)

SIMIX EROVIDED THE ASSOCTATICN MAIRIX FRCM DATA IN FILE surface dek
-CURTIS

ASSOCTATTCON MAIRIX IS A DISSIMITARTTY MATRIX FROM ERAY-

FRET (SE4 7

PATR GROUP METHID USING ARITHMETIC AVERAGES)
KRGR2A KRGR6

DCEF93047 KRR

KRGR4 KRGRS
KRGR12  KRGRIZ  KRGR14  KRGRIS
KRGR25  KRGR26 KRGR27  KRGR28
KRCL KRaC2 KRX8 KRGC9
KRXC32  KROC33 GEO2 GEOS
RC3305  RC3603 RCI607  RCI6LE
RG3205  R3207  R3218 RB219
R33326  R®B328 R®m329  R@3L
EANG11  BANZ12  BANGI3  BANGM
EANG22  BANG23  BANGR24  BANGRS
BANG44

ACRONYM FOR ASSOCIATION MATRTX USED = ERAY-CURTIS

PAIRING SEQUENCE AT DISTANCE X
TTEM JOINS TTEM AT DISTANCE DNDIVIRALS
K 76 079 1902
91 93 089 2139
14 15 091 2 180
86 99 092 2212
67 78 093 2221
82 102 094 2 266
36 45 096 2 309
57 60 097 2324
9 12 097 2339
48 43 099 2388
25 32 100 2403
92 98 101 2431
59 62 102 2437
101 103 102 2455
89 30 102 2458
26 52 104 2 499
51 58 104 2 501
18 23 105 2513
9 1n 105 2518
6 19 105 2 827
47 59 106 2 550
82 a3 106 2552
55 4 11 2 654
86 100 11 2 668
43 50 112 2692
13 54 3 2707
51 63 114 2728
17 22 114 2744
46 91 115 2 765
67 71 116 271
14 25 116 2782
36 44 116 279
89 95 116 2791
20 21 16 279
57 86 117 2812
9 18 118 2 826
37 g8 119 2851
47 61 119 2 855
1 80 121 2902
8l 82 122 2935
8 9 125 2993

KRCR16
KRGR29
KRaC14
GER15

RG3109
RN222
R:3333
BANG1S
BANZ28



55 75 125 2 994

66 79 127 3042
8 10 127 3 050
26 48 127 3 059
41 77 129 3 086
14 67 131 3 150
46 55 132 3175
47 57 134 3214
6 16 134 3218
27 28 134 3227
8l 101 135 3231
1 64 136 3 261
13 66 140 3354
87 104 140 3361
37 89 141 3381
4 72 UL 3385
43 51 143 3 427
46 69 43 3 441
41 56 143 3442
13 47 144 3445
14 68 145 3472
36 40 147 3531
8 29 147 3 535
81 - 147 3 537
14 87 148 3543
46 92 151 3617
6 8 151 3 626
41 n 153 3 681
6 i) 155 3 730
13 42 156 3747
65 70 157 3 759
33 8L 158 379
26 46 158 379
13 24 162 3883
14 41 166 39714
13 43 167 4 010
1 2 170 4 089
37 96 172 4131
5 27 176 4233
20 3 7 4245
36 39 178 4264
37 94 179 4 301
6 7 179 4 302
35 85 180 4319
4 14 183 4391
B 33 185 4432
6 px} 189 4 525
4 26 190 4 565
20 65 201 4 835
1 20 208 4991
36 38 208 4993
5 6 209 5 005
4 30 218 5 242
1 3 221 5301
1 35 230 S 532
1 5 237 5 691
4 37 240 5 760
1 53 262 6294
1 36 277 & 651
1 4 283 6 790
1 31 389 9 336
1 97 475 11 3%

COPHENETIC CORRELATTCN COEFFICIENT = 629366



wanww TENTROGRAM *4#i
DERIVED FRCM BRAY-CURTIS

LAEFL
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73 R3324
26 KRGR27
52 GEO25 -
48 GEO1S
49 G016
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55 RC3603
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SURFACE 01 (outgroups from SURFACE 01 removed - BANGSS and RC3116)

BIOSTAT IT

HIERARCHICAL CLISTER ANALYSIS (VER 3 5)

SIMIK PROVILED THE ASSOCIATTCN MATRIX FROM DATA IN FILE surface dek2

ASSOCIATICN MATRTX IS A DISSIMITARTTY MATRIX FROM ERAY-CURTIS

NMPER OF INDIVIDUALS
NQEER OF VARIAHLES

102
24

ASSOCTATICN MATRIX IS FRM SIMK
METH)D GROUP AVERAGE (IRWEIGHIED
DCF93019 DCF93032 DCF93047 KRGRL

LAEELS

FORMAT

(5E14 7)

KRGR11
KRGR24
KRR35
KRGC28
RC3305
R33205
R33326
BANG11

BANG22

(C AVERAGES)
KRRS KRR6

PATR GROUP METHOD USING ARTTHMETT(
KRGR2A.  KRR4

KRGR12 KRGR13 KRCR14 KRGR1S
KRGR2S  KRGR26  KRR27  KRGR28
KRaCl KRC2 KR8 KRGCS
KRX32  KRGC33 GER2 GEOS
RCI603  RC3607  R3616 RS3109
R3207 RNB218  RB219 R3222
R33328 R®3329  RG3331 Re3333
BANS12  BANGI3 BANGI4  BANGLS
BAN23  BANG24  BANG28  EANG31

ACRCNYM FOR ASSOCIATION MATRIX USED = BRAY-CURTIS

PATRING AT DISTANE X
TTEM JOINS ITEM O AT DISTANCE TNDIVIIXALS
73 75 079 1302
90 92 089 2 139
14 i35 091 2 180
85 97 092 2212
66 77 093 2221
81 100 094 2 266
36 45 036 2 308
56 59 097 2324
9 12 097 2339
48 49 099 2364
25 32 100 2403
81 96 101 2431
58 61 102 2437
99 101 102 2 485
88 89 102 2 458
26 52 104 2 499
51 57 104 2501
18 23 105 2513
9 1 105 2518
6 19 105 2527
47 58 106 2 550
8l 82 106 2 552
54 73 111 2 654
85 98 111 2 668
43 50 112 2692
13 53 113 2707
51 62 114 2728
17 22 114 2744
46 90 115 2 765
66 70 116 2777
4 25 116 2782
36 44 116 2790
88 94 116 2791
20 21 116 2 7%
56 85 117 2812
9 i8 118 2 826
37 87 119 2 851
47 60 119 2 855
1 79 121 2902
80 a1 122 2935



8 9 125
54 74 125
65 78 127

8 10 127
26 48 127
41 76 129
14 &6 131
46 54 132
47 S6 134

6 16 134
27 28 134
80 99 135

1 63 136
13 65 140
86 102 140
37 88 141

4 Y 41
43 51 43
46 68 43
41 55 143
13 47 144
4 67 145
36 40 147

8 29 147
80 83 147
14 86 148
46 91 151

6 8 151
41 72 153

6 17 155
13 42 156
64 69 157
33 80 158
26 46 158
13 24 162
14 41 166
13 43 167

1 2 170
37 95 172

S 27 176
20 34 177
36 39 178
37 93 179

6 7 179
35 84 180

4 14 183
13 33 185

6 13 183

4 26 130
20 64 201

1 20 208
36 38 208

S 6 209

4 30 218

1 3 221

1 35 230

1 5 237

4 37 240

1 36 276

1 4 283

1 31 389

u
i -
REE LR

577295



*kxwe [ENDROGREM *réve
DERIVED FROM ERAY-CURTIS

CASE LAEEL
1 DXF93019 I-—T

79 RE3346 1 T

63 RE3205 1 T- I
2 DXF93032 L I
20 KRGR18 I I I-
21 KRGR19 —————————————e —1 I II
34 KRaC1 I ey
64 RG3207 T- I
69 Ra3317 2

3 DCF93047
35 KRC2 T

O

HH b

FHHHMMHHHHMHHHHHHA

Iz I

————— —~II—-I1I II
11 KRR9 1 I-II——III
TII---—1I
o1
I1
29 KRGE30 11

-
T
i

"

-
o H I H H H H H O H I H G H R

O H R R R O

e L

s
3
o
N
M
HEHHMMHMHHHHHHHHAHHHHRHHHHHHBHHHHEHHHHHHHHH RS HHH RS

5 =

|
i
|
|
|
|

L H R e b

1HHHHHHHHTHHHHHHHH

A O H R H H O HH A




— Appendix 3 -

Abundance (%) and distribution of species in GC1



Sample
Specles
Chaetoceros spp
Chaeloceros spores
Corethron criophtlum
Daclyhosolen anlarchcus
Distephanus speculum
Eucampra antarclica
Fragilaropsis angulata
Fragilariopsis curta
Fragilariopsis cylindrus
Fragilarniopsis kergulensis
Fragilarniopsis obhquecostata
Fragianiopsis pseudonana
Fragilanopsis ntschen
Fragiianopsis separanda
Pentalamina corona

P,
f

Ahi Je hebetata fo
Thalassiosira margantae
Thalassiosira gracilis

gracilis var ta
Thalassiostra lentiginosa
Unknown Genus A

Sample
Specles
Chaetoceros spp
Chaetoceros spores
Corethron criophtlum
Dactyliosolen antarcticus
Distephanus specufum
Eucampia antarciica
Fragilariopsis angulata
Fragiariopsis curta
Fragilariopsis cyhndrus
Fragrlaniopsts Kergulensis
Fragilariopsis obliquecostata
Fragrlanopsis pseudonana
Fragilanopsis nitschen
Fragilariopsis separanda
Pentalamina corona

F tur

Rh D fo

Thalassiosira margarntae
Thalassiosira gracths
Thalassiosira gracilis var expecla
Thalassiosira lentiginosa
Unknown Genus A

Ocm

083
12 83
067
0 50
000
000
283
34 00
36 00
083
267
150
017
033
150
083
000
167
017
017
017
000

105cm

000
517
017
017
017
017
300
36 50
a7 67
0 50
217
117
000
033
483
033
017
033
100
167
033
017

10cm

100
6 50
087
033
050
033
283
5017
22 50
017
117
167
017
017
350
117
000
083
067
0 50
0 00
083

110¢cm

217
1183
267
017
033
087
2 00
21 50
43 50
033
100
300
000
0 50
167
033
000
000
0867
0 00
067
017

18em

067
567
117
100
117
033
317
37 50
30 67
117
400
200
067
067
133
050
000
133
100
050
133
083

115cm

033
483
200
133
067
083
233
38 33
36 33
067
133
117
033
0 67
117
033
000
050
133
033
000
017

20cm

0 00
683
150
033
000
000
383
4183
3017
100
217
117
017
083
233
033
000
083
200
000
000
067

120cm

133
317
183
0383
083
000
183
36 33
39 50
017
067
533
000
017
100
050
017
050
150
050
000
033

25cm

017
417
017
117
000
000
550
3533
37 50
100
167
250
033
033
233
033
000
050
117
083
017
033

125em

133
450
333
033
033
033
200
33 50
4183
033
117
217
017
067
100
133
000
017
067
067
033
050

30cm

167
7 00
533
033
100
033
533
28 50
30 33
0 50
317
517
000
0 50
217
067
000
050
067
000
017
033

130cm

017
467
033
183
0 50
083
683
4183
21 83
083
233
1 00
117
217
133
0 50
000
017
200
100
017
000

35cm

083
500
183
017
100
033
350
34 00
41 00
033
217
250
017
033
233
050
000
033
033
000
017
117

135¢m

050
583
050
117
017
067
6 00
36 00
27 33
183
3 67
100
083
200
183
033
0 00
117
200
083
083
033

40¢cm

017
517
083
067
100
017
450
43 67
26 83
100
217
067
083
033
150
000
000
Q17
133
017
100
000

140¢m

367
6 50
350
050
067
067
183
2233
46 33
067
217
150
033
0 00
087
067
000
017
033
000
0 00
167

45¢cm

4 50
717
2 00
083
083
083
4 67
29 00
3317
100
200
133
083
017
083
033
033
083
200
067
033
017

145¢cm

117
7 00
100
117
017
050
500
43 00
25 50
067
217
067
0 50
067
233
050
0 00
0 50
067
017
017
017

55¢m

250
417
100
067
050
0 00
317
32 50
42 33
100
133
167
050
083
117
083
000
017
067
033
050
0 Q0

150cm

100
4 50
267
117
100
100
6 50
35 67
27 50
033
283
183
0 00
033
083
117
017
100
067
0 50
083
050

60cm

133
117
317
0 00
000
0 00
4 00
55 83
23 50
017
083
2 50
1338
000
067
000
017
017
067
033
033
067

155cm

233
267
4 00
100
017
100
4 50
37 00
34 83
017
100
117
033
017
200
100
0 50
017
100
033
033
083

65cm

133
217
6 50
033
017
000
150
15 67
6100
000
117
533
0 50
033
017
017
000
033
000
017
000
167

160cm

067
4 50
050
167
000
117
567
26 83
36 00
250
383
0 50
017
117
133
067
000
100
167
100
083
067

70cm

033
217
733
000
033
100
267
23 67
42 33
0 50
217
417
083
017
067
050
000
033
100
083
067
217

165ecm

000
400
18 33
017
117
250
383
44 67
10 00
067
283
083
000
033
033
017
033
017
100
000
100
317

75cm

033
8 00
083
0 50
083
000
283
30 17
38 50
100
100
083
133
033
183
0283
000
033
300
067
033
067

170cm

033
10 50
050
100
0 67
000
567
39 00
2133
217
283
000
0 00
117
283
050
000
117
333
017
017
033

80cm

067
200
567
033
033
033
417
30 50
39 50
000
283
117
233
033
100
050
0.00
0 50
150
050
017
083

180cm

100
7 00
083
2 50
0 50
067
833
49 50
10 00
167
4.00
000
017
133
200
033
0 00
133
217
067
033
000

85cm

317
4 00
10 00
083
183
017
617
2517
3183
000
200
383
133
100
067
167
000
050
017
033
050
133

185cm

033
833
1867
183
050
167
717
41 67
17 00
183
4 67
0 00
050
100
317
017
0 00
100
200
000
017
017

90cm

033
550
117
083
050
017
333
41 50
3333
083
150
150
050
017
033
033
000
083
017
017
000
167

195¢cm

117
417
g 00
117
100
033
5 00
3100
3183
017
400
183
000
017
067
083
000
067
100
050
000
200

100cm

067
317
083
117
067
0 00
500
27 00
5117
017
033
217
017
017
150
100
017
017
117
000
000
0 50

200cm

033
16 31
100
166
083
050
499
27 95
2779
133
300
0 50
000
100
399
017
000
100
166
033
067
000



Sample
Specles
Chaetoceros spp
Chaetoceros spores
Corethron criophium
Daclylhosolen antarcticus
Distephanus speculum
Eucampia anlarctica
Fragiianopsis angulata
Fragilariopsis curta
Fragilariopsts cylindrus
Fragianopsis kergulensis
Fragilaropsis obhiquecostata
Fragilariopsts pseudonana
Fragilanopsss rischen
Fragiariopsis separanda
Pentalamina corona
Rhi I fo
Thalassiosira margantae
Thalassiosira gracilis
Thalasstosira gracilis var expecta
Thalasstosira lentiginosa
Unknown Genus A

Sample
Specles
Chaetoceros spp
Chaeloceros spores
Corethron criophium
Daclyliosolen antarcticus
Distephanus specufum
Eucampia anlarclica
Fragilariopsis angulata
Fragilariopsis curta
Fragtlariopsis cylndrus
Fragilaniopsts kergulensis
Fragilariopsis obliquecostata
Fragilariopsts pseudonana
Fragilanopsis ntschen
Fragianopsis separanda
Pentalamina corona

f tur

R J heb fo
Thalassiosita margantae
Thalassioskra gracilis
Thalassiosira gracilis var expecta
Thalasslosira lentiginosa
Unknown Genus A

205cm

117
1133
167
100
100
017
317
2233
44 33
0867
217
167
017
033
300
017
0 00
117
067
000
000
000

295¢cm

033
19 83
133
167
100
083
233
30 17
26 50
117
367
087
033
033
050
133
000
067
117
033
033
0 00

210cm

183
14 33
050
033
033
017
567
24 67
39 00
033
117
050
017
017
417
050
000
167
133
033
017
017

300cm

067
22 67
067
233
233
083
200
3167
18 50
167
333
033
000
0 50
167
083
000
083
267
117
033
000

215¢cm

100
10 82
017
050
050
033
582
17 47
48 59
133
383
050
000
0 50
150
033
000
150
067
000
067
033

305cm

16 33
0 00
067
150
083
133
267
35 50
2017
167
517
017
000
033
150
0 33
000
050
567
200
017
017

220cm

033
867
017
067
033
017
950
2117
42 00
100
450
033
000
083
300
000
0 00
133
100
0 50
033
017

310cm

067
20 00
033
033
133
017
167
28 50
27 00
183
333
0 50
0 00
000
100
117
0 00
100
483
100
033
050

225cm

217
867
100
017
150
138
917
3550
18 67
217
717
017
083
017
200
033
0 00
083
150
033
100
0 00

315¢cm

033
10 83
050
067
083
167
133
27 00
34 33
117
450
083
017
017
0 50
100
000
100
717
183
033
017

230cm

083
433
117
133
383
267
833
3733
1417
217
683
000
017
083
033
017
017
233
200
017
233
000

320cm

000
14 83
017
100
083
1 50
0 83
38 50
2183
250
467
017
000
033
283
033
000
117
283
133
017
017

235cm

050
12 83
033
200
083
033
683
3233
2417
183
333
000
000
050
483
033
0 00
200
2 50
117
0 50
000

325¢m

0 00
27 00
000
033
167
200
100
28 17
23 33
150
183
000
000
017
067
017
[U]
533
233
050
017
000

240cm

117
12 83
017
283
100
033
10 33
34 83
13 67
167
500
017
017
183
233
0 50
0 00
183
200
050
067
000

330em

050
5183
017
033
083
033
117
2117
6 67
350
283
033
000
017
100
000
000
233
233
0383
083
000

245cm

0383
6 67
117
233
100
017
6 00
43 83
2317
217
317
033
017
100
000
033
017
067
217
017
017
000

335cm

0 00
76 67
000
017
083
000
0 50
917
767
150
117
000
0 00
000
017
0 00
000
117
017
033
000
000

250cm

250
167
133
067
167
050
567
25 67
4017
083
433
300
017
017
083
067
217
067
100
067
033
0 00

340cm

000
78 83
000
000
050
017
017
617
983
067
117
017
000
000
017
0 50
0 00
050
000
017
0 00
000

255cm

083
550
150
183
0 50
100
817
3100
28 83
200
5650
0 50
017
067
083
067
017
083
267
033
167
000

345cm

0 00
85 50
017
0 00
000
017
017
500
583
067
067
000
000
0 00
0 00
017
0 00
033
0 00
000
0 00
000

260cm

333
13 83
117
100
050
0 50
567
27 00
3283
067
350
050
017
083
083
117
000
0 50
067
033
033
017

350cm

000
85 67
017
000
000
017
017
500
583
067
067
000
000
000
0 00
017
000
033
000
000
000
0 00

265¢cm

417
4 00
6 83
033
067
017
8 00
3350
26 33
183
2 50
133
050
117
017
217
067
033
117
0 00
017
033

355¢m

050
87 00
083
0 00
050
017
000
367
167
100
000
000
017
0 00
000
083
0 00
200
000
0 00
0 o0
000

270cm

087
11 00
250
017
000
000
100
2150
56 83
017
250
G 00
000
000
000
083
017
033
033
000
017
133

360cm

067
93 83
000
000
017
0 00
0 00
117
300
017
017
017
000
000
000
033
000
0 00
000
000
000
000

275cm

033
850
033
233
067
100
333
32 67
3867
067
417
0 00
017
050
083
0 50
000
050
067
017
100
0 00

280cm

000
12 00
517
033
0 50
117
400
25 83
3167
033
6 67
117
000
017
083
317
¢ 00
033
100
050
0 50
050

285cm

033
283
350
000
033
033
200
20 83
6133
033
083
033
000
0 00
050
117
067
017
083
100
017
033

290cm

0 50
583
783
000
000
017
067
12 50
67 00
017
083
017
000
000
167
000
000
017
033
0 00
000
100
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Preliminary cluster analysis of GCI



GC1.01

BIOSTAT II: HIERARCHICAL CIUSTER ANALYSIS (VER. 3.5)

SIMCK PROVIDED THE ASSOCTATICN MATRIX FROM [ATA IN FILE gcl.dek
ASSCCIATION MATRIX IS A DISSIMITARTTY MATRIX FROM ERAY-CURTIS

NOMBER CF INDIVIDUALS
NOMEER OF VARTAELES

68
22

ASSOCTATICN MATRIX IS FROM SIMIK
METHOD: GROUP AVERAGE (UNWEIGHIED PATR GROUP METHOD USING ARTTHMETTIC AVERAGES)

IABEIS: Ocm 10cm
60cm 65am

115cm 120an

165cm 170cm

225cm 230am

275cm 280am

325cm 330cm

FORMAT: (SE14.7)

15cm

70cm
125cm
180cm
235am
285am
335an

20

75cm
130cm
185cm
240cm
290cm
340an

25cm

80cm
135am
195an
245cm
295am
345cm

ACRONYM FOR ASSOCTATICON MATRIX USED = BRAY-CURTIS

PATRING SEQUENCE: AT DISTANCE X
TTEM JOINS TTEM AT DISTANCE INDIVIDURLS
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 .13 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 14 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

30cm

85am
140an
200am
250cm
300an
350an

35cm

90cm
145cm
205cm
255cm
305cm
355am

40an
100cm
150cm
210an
260cm
310cm
360cm

45cm
105am
155cm
215cm
265cm
315cm

55cm
110cm
160cm
220cm
270cm
320an



10 26 .16l

2 10 .167
24 51 .168
3 5 172
2 18 .174
61 62 .174
1 3 177
13 52 .178
24 55 .186
50 54 .186
1 2 .189
1 46 .202
13 16 .203
50 53 .205
1 13 213
1 24 .226
1 12 .233
63 67 .240
63 68 .259
11 50 .259
1 57 .284
1 61 .288
1 31 .292
1 11 .302
1 63 .502

Y

PoaooaanUmUu bbb b Wwwwwwww

549

.666
.704

786
820

.827
.885

913

.092
.099

157

.446
.473

505

.976
.133

284

.688

704

.257
.329

.648
.046

COPHENETTIC CCRRELATICN COEFFICIENT =

.839741



dededkok ke mAM Kk kdrd

DERIVED FRCM ERAY-CURTIS

CASE LABFI,

1 Ocm T——-T
37 205cm I I-I
38 210cm I I-——1I
39 215am T T I
40 220am = ——m—mmem—mm e X I
3 15an I--T I
8 40an I IT
14 75cm ITIT
4 20cn I-IT I
17 90am I--I I--II
21 11Scm I I II
9 45cm T---I I
27 145am B i § I
48 260cm = —e—memm———————m— I I
5 25am I
19 105cm
2 10cm
6 30cm
7 35an
28 150cm T T I
35 195cm B § I-I
10 55am = —mmmmmmmeeeem— e T———- I II
23 125am ——————————— T I--III
20 110am I IITI-III
29 155am IIT I II
26 140cm I I II
18 100am T T II--I
22 120an T II
46 250am T I
13 70cm T T I
15 80cm T I-—~I I
52 280cm 28 I-I
16 85cm
49 265cm
24 130am
25 135am
30 160cm
32 170cm
36 200an
43 235am
33 180an
44 240cm
34 185cm
41 225am
42 230am
45 245cm
47 255cm
51 275an
55 295cm
56 300am
58 310an
59 315aa
60 320cm
57 305am IT I
61 325an T IT T
62 330am T II
31 165cm IT
11 60cm T T
12 65am T T I
I
I

H
i
H

H

HHHHHHHHEHHHHHHR
H

HHHHBEHHHHA
1
H

nt“:“:”:“jHHHHHHHHH

]
H

50 270cm 1
54 290am T T
53 285am T
63 335am T

64 340an I I
R S — I

66 350an I

67 355cm
68 360cm

HHHHHHHHHHHHRA

HHll—lHH
1
H

HHH

NORMAL PROGRAM TERMINATICN.
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Abundance (%) and distribution of species in GC2



)
Samples

Specles
Chaeloceros spp
Chaetoceros spores
Corathron criophilum
Dactyhosolen antarcticus
Distephanus speculum
Eucampia anlarctica
Fragilanopsis angulala
Fragilanopsts curta
Fragilaniopsis cylindrus
Fragilanopsis kerguelensis
Fragilanopsis obliquecoslata
Fragilanopsis separanda
Pentalamina corona
Porosira glaciahs
Pseudoniizschia turgrduloides
Thalasstosira antarctica spores
Thalassiosira gracihis
Thalasstosira lentginosa

Samples
Specles
Chaetoceros spp
Chaetoceros spores
Carethron cnophilum
Dactyfiosolen anlarcticus
Distephanus speculum
Eucampia anlarctica
Fragilanopsis angulata
Fragilanopsis curta
Fragilanopsis cylindrus
Fragilanopsis kerguslensis
Fragilanopsis obliquecostata
Fragilanopsis separanda
Pentalanuna corona
Porosira glaciahs
Pseudonitzschia turgiduloides
Thalassiosira antarclica spores
Thalassiosira gracilis
Thalassiosira lenbiginosa

7cm

050
14 20
020
070
020
130
350
54 00
1320
000
350
020
000
0 50
170
270
050
020

95cm

080
930
020
050
120
100
420
65 00
530
030
480
020
050
120
0 50
270
020
020

10cm

250
800
050
020
020
000
480
57 30
15 40
020
250
000
020
050
120
170
030
020

100cm

020
200
030
020
120
050
580
62 90
14 90
070
3 30
000
0 30
180
200
070
o070
0 00

15em

270
770
120
050
130
170
270
56 10
1310
070
4 50
000
020
030
180
150
0 80
020

105¢m

020
380
020
120
070
120
370
64 70
920
020
450
050
050
180
130
180
100
020

20cm

030
6 50
020
030
030
070
530
60 80
11 80
030
220
100
0 00
2.30
150
180
070
0 00

110cm

0 90
220
000
130
090
0.60
210
55 00
2100
0 50
4 90
0 50
050
170
110
0 60
0 60
030

25em

350
420
050
130
120
050
370
59 50
800
030
730
020
050
080
220
250
080
000

115¢m

100
360
030
000
050
0 00
530
68 50
10 60
020
510
020
0 50
100
030
0 30
020
000

30cm

150
6 60
130
080
130
070
550
50 20
1220
050
5 80
070
050
200
120
430
130
020

120cm

100
4 60
100
070
0 50
0 80
250
70 50
2 30
0 30
2 80
000
020
120
170
020
020
020

35cm

250
10 60
050
050
100
080
330
57 90
720
020
500
0 00
000
080
220
380
080
000

125cm

0 80
300
020
150
070
030
280
6570
12 20
020
530
000
080
200
130
0 50
020
0 00

40cm

120
10 30
0 80
0 30
050
100

55 20
10 90
000
400
030
020
150
170
100
080
050

130cm

000
480
030
120
180
100
300
6270
10 70
070
480
020
080
150
120
120
080
000

45cm

280
770
330
150
100
030
200
65 80
6 20
000
350
020
000
080
100
120
030
0 00

135cm

090
550
0 00
0 30
0 60
030
480
68 30
6 60
030
320
0 60
080
140
030
080
140
000

50cm

070
12 60
0 50
0 80
030
030
310
4810
20 50
000
280
030
020
120
200
130
070
0 50

140cm

070
500
000
130
030
030
780
56 30
13 20
020
450
070
170
130
170
130
080
020

55em

050
30 30
000
0 80
100
000
200
42 30
12 40
050
310
000
000
240
100
130
030
020

145em

030
370
030
0 30
030
030
5 50
69 20
6 50
070
620
000
030
150
000
100
120
0 30

60cm

330
450
0 50
130
020
130
280
63 70
7 60
020
4 30
000
020
100
360
170
080
020

150cm

080
200
0 30
120
030
100
4 80
59 00
14 80
020
360
000
070
220
100
100
170
0 30

65cm

020
710
020
0 50
100
030
200
6410
710
020
4 80
100
050
180
150
210
070
030

155¢m

030
200
080
020
0 80
0 30
6 30
66 00
880
030
4.80
000
020
250
100
170
050
050

70¢cm

100
180
020
100
020
020
450
60 20
1180
120
320
030
050
320
170
300
170
000

160em

030
280
070
180
0 30
0 80
440
6120
920
080
710
150
6 50
080
130
110
0 80
0 30

75cm

100
230
050
0 50
070
080
460
74 80
710
020
300
050
020
100
030
050
000
0 00

165cm

020
270
020
200
080
020
550
65 20
520
120
380
0 30
250
220
080
150
070
000

80cm

130
430
070
030
080
0 50
230
66 40
12 50
020
270
020
0.30
080
120
150
080
000

170cm
-

070
360
110
150
050
110
410
60 20
~880
050
490
050
020
240
130
180
150
000

85cm

020
530
030
0 30
070
050
170
72 30
8 80
030
4 00
020
000
100
100
170
0 30
000

175¢m

020
8 60
0.70
120
020
0 50
6 80
5110
10 00
0 50
11 80
050
020
180
100
130
120
020

90cm

130
230
0 50
080
020
030
530
64 10
1130
070
4 90
000
030
160
160
120
020
000

180¢cm

030
3 00
050
070
070
120
610
55 60
16 10
030
470
030
100
200
0 80
080
120
050



Samples
Specles
Chastaceros spp
Chaeloceros spores
Corethron cnophifum
Dactyliosolen antarclicus
Distephanus speculum
Eucampia anfarctica
Fragilanopsis angulata
Fragilariopsis curta
Fragilanopsts cylindrus
Fragilanopsis kerguelensis
Fragilaniopsis obliquecostata
Fragilanopsis separanda
Pentalamina corona
Porosira glaciahs
Pseudomtzschia turgiduloides
Thalassiosira antarclica spores
Thalassiosira gracihs
Thalasstosira lentiginosa

Samples
Specles
Chastoceros spp
Chaetocstos spores
Corethron cnophium
Dactyliosolen antarcticus
Distephanus speculum
Eucampia antarctica
Fragilanopsis angtifata
Fragiariopsis curia
Fragilanopsis cylndrus
Fragilanopsis kerguelensis
Fragranopsis obliquecostata
Fragifaniopsis separanda
Pentalamina corona
Poresira glaciahs
Psoudonitzschia turgiduloides
Thalassiosma antarclica spores
Thalasstosira gracilis
Thatasstosira lentiginosa

185¢m

020
430
030
070
070
030
4 30
6170
9 50
030
530
0 20
130
110
150
160
130
030

275¢cm

280
430
080
000
120
170
930
37 60
27 50
070
6 80
000
000
050
220
100
070
020

190cm

050
160
020
100
080
0 60
4 40
57 30
18 00
0 00
4 50
000
080
160
100
230
0 60
100

280cm

1 00
280
050
050
0 50
030
13 30
38 00
28 00
030
6 50
020
000
100
070
050
070
070

195¢em

060
3 60
160
050
060
170
360
60 30
12 20
020
6 20
030
060
190
090
080
080
000

285cm

070
11 80
0 80
0 50
130
250
9 50
42 60
15 40
100
4 80
070
0 00
150
030
120
100
070

200em

030
520
070
130
0 80
120
4 80
50 10
17 10
100
550
030
070
070
030
320
070
050

290cm

020
27 60
000
170
0 50
100
4 60
28 50
12 60
150
610
100
020
170
020
380
380
100

205¢cm

020
350
0 00
070
0 80
070
510
60 90
9 40
020
550
100
080
260
050
200
120
0 00

295cm

0 00
650
000
200
170
350
14 10
34 50
6 60
380
7 10
300
070
100
020
530
320
100

210cm

020
6 40
000
0 80
020
080
6 00
58 60
1180
140
4 40
060
050
190
130
0 80
060
000

300cm

130
330
030
320
120
170
10 30
3280
9 50
530
870
280
020
120
000
500
380
230

215¢m

020
580
000
170
180
080
6 30
45 60
18 50
080
7 80
050
0 50
350
030
0 80
030
020

220em

030
7 90
000
110
020
080
710
57 90
1310
0 20
400
020
000
000
0 60
160
160
030

225cm

100
7 60
000
050
080
030
10 50
56 10
10 60
070
710
020
000
070
0 50
070
0 50
020

230cm

0 50
9 40
030
150
150
180
7 60
47 50
13 10
000
8 40
020
000
130
080
150
130
000

235c¢m

030
200
020
030
0 50
0 50
10 00
64 50
470
0 50
670
030
000
430
020
230
070
0 00

240cm

1860
1110
070
070
130
100
8 00
49 40
1190
020
4 60
020
030
160
030
130
180
070

245cm

050
820
020
100
280
100
720
5070
14 30
000
4 30
050
0 30
120
030
4 30
070
0 30

250cm

170
10 10
030
100
150
070
4 50
4870
13 50
070
550
0 50
030
150
080
550
120
0 50

255cm

080
9 50
030
030
0 80
120
520
40 30
27 10
050
430
030
020
180
0 80
150
130
020

260cm

Q70
7 60
050
100
080
0 30
4 50
46 00
23 40
070
5 50
100
030
130
0 80
150
080
080

265¢cm

120
10 80
020
000
070
100
420
38 30
3280
070
430
020
0 30
080
000
170
130
000

270cm

100
350
020
170
0 50
070
520
5170
23 60
0 50
4 30
0 30
000
050
220
100
030
000



— Appendix 6 -
Preliminary cluster analysis of GC2



GC2.01

BIOSTAT II: HIERARCHICAL CIUSTER ANALYSIS (VER. 3.5)

SIMDK PROVIDED THE ASSOCTIATION MATRTX FROM DATA IN FIILE gc2.dek
ASSCCIATION MATRIX IS A DISSIMILARITY MATRIX FROM ERAY~CURTIS

NUMBER OF INDIVIDUALS
NUMBER OF VARTAELES

60
18

ASSOCIATION MATRIX IS FROM SIMDK
METHOD: GROUP AVERAGE (UNWEIGHTED PATR GROUP METHCD USING ARITHMETTC AVERAGES)

LABELS: 7cm 10cm

50cm

55cm 60cm
100an

105cm 110cm
150am

155cm 160cm
200cm

205cm 210cm
250cm

255cm 260cm
300an

FORMAT: (5EL4.7)

ACRCNYM FOR ASSOCTATICON MATRIX USED = BRAY-CURTIS

PATRING SEQUENCE:

15cm

65am

115cm

165cm

215cm

265cm

20cm

70cm

120cm

170cm

220cm

270cm

25cm

75cm

125cm

175cm

225am

275an

AT DISTANCE X

ITEM JOINS TTEM AT DISTANCE INDIVIDUALS
6 50 .062 1.113
21 34 .068 1.230
51 53 .076 1.361
30 36 .079 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

30cm

80cm

130cm

180cm

230cm

280cm

35cm

85cm

135em

185cm

235cm

285cm

40cm

90cm

140cm

190cm

240cm

290cm

45cm

95cm

145cm

195cm

245cm

295cm



18 54 .123
6 51 129
4 21 .130
1 2 .132

15 27 .132
4 18 .135
3 5 .136
6 35 .136
4 20 .136

14 33 .139

13 16 141
4 14 .146
6 43 .149
1 13 .149
1 3 .155
4 15 .157
6 45 .158
1 9 .162

58 59 .164
4 6 .164
1 4 .170
1 47 .195
1 11 .198
1 58 .254

B WWWDDNDDDOMMNMDDDODNODNNDNDDNNNDNDNDN

.222
317
.346
.381

385

.424
.440
.452
.453
.495
.542
.637
.674
.686
.788
.826
.852
911
.954
.955
.058
.501
.558
.565

COPHENETIC CORRELATTICN COEFFICIENT =

.616978



Sededekd DENDROGRAM ***%%*
DERTVED FROM BRAY-CURTIS

CASE  LABEL

1

10

30
36
38
18
25
54
20
31
14
33
15
23
27
29

6
50
49
40
52
48
57
51
53
35
46
44
43
45
56
47
11
58
59
60

NORMAL PROGRAM TERMINATTCHN.

Tcm
40am
50am
10cm
65am
95an
80an
85an
120cm
15cm
275cm
25am
35cm
60am
45cm
20cm
210cm
140cm
105am
170cm
185am
205cm
130cm
195cm
160cm
110cm
150am
180an
190am
90am
125cm
270am
100am
155am
70cm
165am
75cm
115cm
135cm
145cm
30am
250am
245an
200cm
260am
240cm
285cm
255cm
265cm
175cm
230cm
220an
215am
225am
280am
235am
55am
290cm
295am
300am

T I’
I--——-1I I I
I I I
I I-I
T I II
2 I-1I
I I I I--I
T I I II
I II
I I II
T I--——I I--I
I-——-I I II
T I I I I
29 Iz
I I
T I I
2 I-—-—-1I 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 ITIII I
X I--T I I
I I II I
T T I-——-T IT T I
I-—--I IT I I
I II---T I I
2% 28 II I I I
2 I-—-II I I I
I I I-I I I
T I I I I I
I I I I I
I--I I-I1I I
28 I IT I
I I I1ITI I
T B Y I II I
I I II I
I Iz I
T I II II
I I--—-I II T
X I---T I-I II
I--T I---I I II
I I I. I =
T I I-I I IT
L I1I I IT
I I-——I I IT
I I I I I
T————- I I I-I I II I
I I I I 1II II I
T I I--I II I
I I II I
T I II I
I T I
II I
I I
T I
T T
I
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Abundance (%) and distribution of species in GC29



Sample
Specles
Chaetoceros spores
Dactyliosolen antarclicus
Distephanus speculum
Eucampra antarctica
Fragilariopsis angulata
Fragilariopsis curta
Fragiariopsis cylindrus
Fragilaniopsts kerguelensis
Fragilaniopsis obliquecostata
Fragilariopsis separanda
Pentalamina corona
Porosira glacialis
Thalassiosira antarctica spores
Thalassiosira gracilis
Thalasstosira lentiginosa

Sample
Specles
Chaetoceros spores
Daclyliosolen anlarclicus
Distephanus specuium
Eucampia antarctica
Fragiariopsis angulata
Fragilaniopsis curla
Fragilariopsis cylindrus
Fragilariopsis kerguelensis
Fragilanopsts obhquecostata
Fragiariopsis separanda
Pentalanmna corona
Porosira glacialis
Thalassiosira antarctica spores
Thalasstosira gracilis
Thalassiosira lentiginosa

Ocm

348
050
182
0 00
348
5679
4 80
0.83
546
066
132
215
12 42
066
050

90cm

1117
067
150
083
250

3083

1183
200
500
017
550
050

20 00
100
017

S5cm

200
000
133
033
350
6517
450
167
250
050
533
183
750
067
017

95¢cm

917
100
500
083
067
3200
450
217
483
0 00
467
067
28 50
167
017

10em

350
017
067
050
300
54 33
8 00
117
350
033
517
300
1183
100
033

100cm

91§
050
183
067
067
3527
599
383
449
017
283
033
27 12
150
050

15¢cm

566
000
100
017
516
44 43
715
067
399
0 50
499
218
18 97
083
050

105ecm

4 33
100
267
067
0 50
26 83
150
733
367
033
050
083
42 00
067
033

20cm

567
033
117
0 50
300
4133
7 00
133
450
083
4 67
133
23 67
067
067

110cm

683
133
167
133
100
28 00
500
500
517
017
150
017
35 67
167
083

25¢cm

7 67
017
150
067
383
36 83
12 67
017
250
0 50
633
117
20 00
067
083

115cm

350
067
167
150
167
3250
317
467
4 50
083
067
033
36 67
067
050

30cm

1150
083
283
133
500

29 50
733
133
200
200
367
117

26 67
150
083

120em

433
100
067
033
150
29 95
566
6 32
765
083
150
000
3478
100
033

35cm

1217
167
117
0 00
200
27 33
10 83
100
283
217
500
100
27 83
117
033

125¢m

13 16
082
115
082
132

29 11
164
493
313
0 49
066
016

36 18
033
033

40cm

13 67
050
167
067
4 50
26 83
7 50
150
317
133
867
133
24 50
050
083

130cm

915
0 67
116
067
083
25 12
216
6 82
333
033
050
017
4376
083
033

45cm

917
067
133
067
383
23 00
14 67
183
500
167
200
233
27 00
083
167

135cm

22 55
066
083
100
1186

29 02
066
697
53
066
033
0 00

2537
1.18
033

50cm

900
033
033
067
617
29 67
950
183
417
050
233
100
28 33
150
117

55cm

12 81
0 82
033
099
345
22 82
6 57
131
427
118
476
13
33 99
0 49
099

60cm

995
050
116
100
332
24 54
7 30
133
514
033
149
083
36 98
199
066

65cm

1283
050
217
033
317

29 33

10 50
217
633
017
283
033

2533
050
033

70cm

1190
083
149
099
298

24 63

12 07
165
463
0686
264
050

3157
132
000

75¢m

19 50
033
2 67
050
0 50
1717
883
233
533
033
150
100
34 50
117
000

80cm

1917
050
167
100
100

2550
417
200
533
000
417
0867

3100
100
017

85cm

12 83
117
267
067
067
26 00
6 50
217
250
017
450
067
32 50
150
017
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Abundance (%) and distribution of species in AA149



Sample
Specles
Chaetoceros spores
Dactyhosolen anlarcticus
Eucampia antarctica
Fragilanopsis angulata
Fragilanopsis curta
Fragilanops:s cylindrus
Fragilanopsis kerguelensis
Fragilariopsis obliquecostata
Fragianopsis separanda
Pentalamina corona
Stellanma microtnas
Thalassiosira antarclica spores
Thalassiosira gracilis
Thalassiosira lenbginosa
Thalassiosira torokina
Thalassiothnx antarctica

Sample
Specles
Chastoceros spores
Dactyhosolen antarcticus
Eucampia antarctica
Fragilanops:s angulata
Fragilanopsis curta
Fragilanops:s eylindrus
Fragilanopsis kerguelensis
Fragilanopsis obliquecoslata
Fragilanopsis separanda
Pentalamina corona
Stellanma microtnas
Thalassiosira antarctica spores
Thalasswsira gracilis
Thalassiostra lenbiginosa
Thalassiosira torokina
Thalasswothnx anlarctica

Ocm

698
117
000
332
42 86
1113
631
100
133
4 65
083
897
4 49
133
000
050

90em

917
117
117
050
2283
150
36 33
183
217
000
017
10 50
283
133
000
100

* denotes samples from which only 300 valves ware counted

5cm

4 67
133
267
383
25 67
683
750
250
233
283
0 50
23 50
317
333
000
050

95¢m*

46 00
033
633
067
767
033

22 00
000
367
0 00
0 00
300
167
200
100
167

10cm

33 89
067
050
083
22 04
167
24 37
100
100
000
017
518
150
117
000
017

100cm*

3247
065
552
260

1136
162

28 25
000
519
000
06§
292
097
2 60
000
097

15¢m

22 20
234
184
167

22 04

26 88
100
100
- 017
0 o0
634
167
134
000
050

105cm*

11 00
117
667
133
2017
167
3533
033
417
0 00
133
317
167
333
333
100

20cm

16 00
233
183
250

26 00

2183
200
200
033
0 50
800
233
167
000
100

110cm*

17 67
267
567
067
12 67
200
27 67
067
467
033
200
733
333
233
4383
200

25cm

883
400
117
183
2533
133
29 67
333
2 50
0 50
033
10 83
150
267
000
067

115cm*

2233
033
7 00
067
9 00
200

33 67
000
533
067
067
433
100
367
267
067

30cm

12 50
350
087
233
2817
067
3433
150
167
0 00
000
6 00
133
217
000
050

120cm

2169
233
598
133

17 61
133

28 90
033
432
100
000
000
399
166
498
033

35cm

16 33
150
083
180

34 00
333

20 83
250
067
050
000
833
167
167
000
033

125em*

13 62
266
299
266
831
0 66
47 84
000
50908
0 00
033
631
133
199
066
033

40cm

14 67
167
100
217
20 67
167
28 33
283
100
017
067
10 67
250
200
000
0 50

130em*

1367
250
033
117

28 67
233

28 00
100
050
000
000
917
283
067
000
033

45cm

2017
0 50
183
067
14 83
033
38 00
200
083
000
000
817
233
267
000
050

135cm

8338
2 50
217
150
2117
033
38 67
200
217
000
017
10 50
150
317
000
050

50cm

22 50
350
150
200
2183
200
23 00
167
267
000
000
8 50
117
150
000
017

140cm

14 00
083
067
117
20 83
300
35 50
200
100
017
033
967
133
233
000
050

55cm

10 17
167
133
267
24 67
083
3250
2 50
167
017
000
8 50
250
317
0 00
017

'

145cm

833
117
217
150
3233
183
25 33
2 50
017
000
000
1117
150
350
000
050

60cm

733
200
133
217
26 00
083
3217
267
250
017
0 50
8 50
233
183
033
033

150cm

12 00
283
200
217
30 83
0 83
25 83
283
183
017
100
8 00
067
2338
000
033

65cm

1117
183
050
133

18 17
133

3733
233
150
033
[l ]e]

12 00
267
117
017
100

70cm*

20 33
1867
4 00
233

1100
133

3233
000
533
000
100
667
200
100
267
200

75cm

1183
167
100
133

3100
33z

29 00
067
017
033
017
933
183
217
000
017

80cm

29 17
067
083
033
19 00
467
26 50
083
017
000
033
833
250
167
0 00
0 00

85cm*

22 00
067
500
083
1117
250
3383
050
6 00
017
2 00
300
233
333
217
067
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Abundance (%) and distribution of species in AA186



Sample
Specles
Chaetoceros spores
Corethron criophilum
Daclyhosolen anlarclicus
Distaphanus speculum
Eucampia antarctica
Fragilanopsis angulata
Fragianopsis curta
Fragiariopsss cyhndrus
Fragilanopsis kerguslensis
Fragilanopsis lineata
Fragilanopsis obliquecostata
Fragilariopsis separanda
Pentalamina corona
Stellanma microtnas
Thalasstoswa antarclica spores
Thalasstosira gracihis
Thalassiosira lentiginosa
Thalasstosira torokina

Sample
Species
Chaetoceros spores
Corethron criophilum
Dactyhosolen antarcticus
Distephanus speculum
Eucampia antarctica
Fragilanopsis angulata
Fragianiopsis curta
Fragilanopsts cylindrus
Fragilanopsis kerguslensis
Fragifanopsis hineata
Fragilariopsis obhquecostata
Fragilanopsis separanda
Pentalamina corona
Stellanma microlnas
Thalassiosira anlarctica spores
Thalasstosira gracilis
Thalasslosira lentiginosa
Thalassiosira forokina

396
017
165
099
264
248
49 83
778
6 60
116
528
116
132
033
578
231
099
050

90cm

574
000
115
131
623
082
26 07
344
16 89
066
230
246
230
115
1770
279
246
164

47
049
130
357
390
195
1916
357
10 88
06§
6 66
162
000
0 65
3539
195
065
000

95cm

799
0.00
184
061
19 05
077
8 60
077
26 73
031
200
3as
031
138
12 29
108
353
369

10cm

533
000
067
150
8 50
050
2217
267
13 67
050
267
217
133
183
25 50
267
267
167

100cm

253
0 00
126
079
727
063
17 06
221
21 96
047
237
158
253
032
3033
063
269
126

15em

267
000
167
117
333
150
2133
167
17 50
067
267
117
117
017
3533
267
167
050

105cm

773
000
093
062
19 01
046
788
077
28 90
031
108
263
046
124
1376
309
433
325

20cm

783
000
167
250
233
267
3233
1183
817
100
583
200
067
033
14 33
217
150
000

110cm

6 85
000
062
140
1028
047
17 45
140
2477
031
327
125
125
140
1978
202
156
218

25cm

391
000
065
114
114
342
48 86
16 29
309
081
309
065
326
033
440
326
065
000

115cm

o 00
10 81
105
105
13 36
0 60
1276
030
27 93
0 00
180
225
000
045
1291
195
345
465

30cm

214
000
082
115
099
379
5470
725
527
066
478
132
297
049
527
2 64
082
000

120cm

911
000
157
031
13 34
078
958
031
27 16
018
110
298
000
173
1413
392
47
581

35¢m

200
000
067
200
3.16
333

46 42
266
765
216
416
250
083
183
965
349
283
000

125¢m

648
0 00
063
142
20 38
047
837
063
30 81
000
079
158
000
190
13 11
158
395
427

40cm

344
016
049
098
2 46
180
4115
6 39
1213
082
525
164
049
033
1279
230
164
082

130cm

232
000
077
124
2167
062
526
015
3344
048
201
186
000
170
975
170
587
6 50

45¢m

530
000
096
289
289
401
25 68
3869
1156
225
4 82
369
228
080
14 61
578
321
016

135cm

287
0 00
091
151
2508
030
6 34
015
23 41
0 30
091
076
0 00
242
12 69
196
6 95
770

50cm

430
000
1232
281
215
4 30
43 31
380
612
149
397
314
215
066
992
281
281
000

140cm

14 22
000
097
113
10 99
113
14 86
032
27 63
000
097
420
016
113
10 34
145
242
275

§5cm

217
017
150
200
167
367
50 83
6 50
500
117
500
200
283
067
783
217
100
000

145cm

7 06
0 00
225
273
10 59
177
18 94
128
18 30
064
209
161
128
096
20 87
177
321
193

60cm

262
000
196
098
180
589
48 28
344
7 36
115
589
360
164
o 00
933
147
098
016

150cm

661
000
126
126
20 47
047
709
063
28 19
0 31
142
268
000
220
12 44
205
4 88
283

65cm

708
000
115
445
412
362
26 36
428
6 59
082
774
198
3486
132
1598
297
247
033

155¢cm

1074
0 00
256
192
15 87
016
897
048
26 28
048
112
160
000
112
16 19
160
256
337

70cm

299
017
086
216
282
249
37 65
564
8 46
116
6§97
116
282
033
1592
232
083
000

160cm

5473
000
033
066
282
000
1111
033
16 42
017
0 66
017
017
033
4
133
232
083

75cm

266
033
166
183
183
283
34 44
782
10 32
266
732
116
349
050
1381
166
133
033

165¢m

17 03
000
079
126
12 46
079
915
095
26 97
0 00
110
379
0186
079
1151
268
379
284

80cm

363
000
132
066
380
198
3993
297
14 52
033
594
099
330
033
1271
149
148
066

170cm

10 63
0 00
177
129
564
064
16 43
290
2077
064
097
258
209
081
23 35
193
258
193

85cm

516
000
067
216
549
116
25 486
183
2063
033
333
100
033
033
24 63
166
183
100

175cm

689
031
094
1586
751
156
2316
188
15 96
110
235
172
078
078
244
235
203
125
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Preliminary cluster analysis of AA186



AA186.01

BIOSTAT IT: HIERARCHICAL CLUSTER ANALYSIS (VER. 3.5)

SIMDK PROVIDED THE ASSOCIATION MATRIX FROM DATA IN FILE aal86.dek
ASSOCTATICON MATRIX IS A DISSIMIIARITY MATRIX FROM BRAY-CURTIS

36
18

NUMBER OF INDIVIDUALS
NUMBER OF VARTARLES

non

ASSCCIATION MATRIX IS FROM SIMDK
METHOD: GROUP AVERAGE (UNWEIGHTED PATR GROUP METHOD USING ARITHMETIC AVERAGES)

IARELS: Ocm Scm 10cra 15cm 20cm 25cm 30cm 35cm 40cm 45am
50cm 55cm 60cm 65cm 70cm 75¢cm 80cm 85cm 90cm 95cm
100cm 105cm 110cm 115cm 120cm 125cm 130cm 135cm 140cm 145cm
150cm 155cm 160cm 165cm 170cm 175cm

FORMAT: (5E14.7)

ACRCNYM FOR ASSOCTIATION MATRIX USED = BRAY-CURTIS

PATRTNG SEQUENCE: AT DISTANCE X
ITEM JOINS ITEM AT DISTANCE INDIVIOUALS
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 1.201
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 t
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

COPHENETTC CORRELATION COEFFICIENT = .676325



*xkk* DENDROGRAM **¥**
CERIVED FRCM BRAY-CURTIS

CASE LARET,
1 Ocm
9 40cm

15 70cm
16 75cm
5 20am
17 80cm
13 60cm
6 25cm
7 30am
12 55am
8 35am
10 45am
11 50am
14 65am
2 5cm
3 10am
19 90cm
35 170an
23 110cm
30 145cm
36 175am
21 100cm
4 15am
18 85am
20 95am
22 105am
31 150cm
26 125cm
25 120am
32 155cm
29 140cm
34 165cm
27 130am
28 135am
24 115am
33 160am

NORMAL PROGRAM

I---I
I I
I IT---I
ad I I-I
I I I-I
I I I-I
I II
I I X
I I e
___________________ I I I
I----T I I
T I I ad I
————————————————————— I I T
I I
I I
----------------- T-——nT I I
----------------- I I--I I I
I T I e I
I I I
I---I Ir I
I b8 a
11
I---T
I
- ~-I--I
- ~I-I I-—I
- I I-I
e, I I I--I
I I I I
I I I
T i it T
------------------ T I I
I I I
a4 I
— I

I

I

I

I

I

I

I

I

I

I

I----I1

I I

I I

I I

I I

I I

I I

I I

I I

I I

2 I
I
I

I

TERMINATICN
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Abundance (%) and distribution of species in GC33



Specles

Chaeloceros spores
Corethron criophilum
Distephanus speculum
Eucampia anlarclica
Fragilariopsis angulata
Fragiariopsis curla
Fragilariopsis cyhndrus
Fragilariopsis kerguelensts
Fragilaniopsis obliquecostala
Fragilariopsis separanda
Pentalamina corona
Porosira glacialis

p.

Thalassiosira antarctica spores
Thalassiostra gracilis
Thalasstosira lentiginosa

Sample

Ocm

100
0 00
067
117
6 50
67 17
4 50
0 50
283
117
100
083
000

183
067

6 50
033
033
067
567
65 33
683
133
317
067
100
067
000
317
100
033

10cm

332
017
066
183
714
59 30
565
066
415
183
033
116
017
648
233
083

15cm

380
0 00
0 66
0 50
495
65 51
743
033
264
149
182
116
017
264
099
017

20cm

416
033
033
1186
433
5524
10 65
133
349
1186
250
300
000
333
218
050

25¢cm

4076
000
066
462
066

18 48
462
132
099
066
165
033
017

21 62
149
017

30cm

63 67
017
017
067
087
16 67
8 00
100
083
000
050
033
017
483
100
033

35cm

90 50
000
017
0 00
000
317
083
217
0 50
0 00
000
017
000
133
033
017

40cm

63 80
033
083
017
033
793
18 02
182
132
000
000
000
182
231
000
017

45cm

63 50
717
050
067
000
1417
583
100
167
017
000
000
133
133
017
017

50cm

84 83
000
083
033
033
250
117
217
0 50
000
000
033
067
433
000
017

5§5cm

79 83
000
033
033
000
550
717
117
067
000
0 00
017
033
233
000
000

60cm

64 83
017
083
050
0 50
8 50
467
6 50
033
017
000
017
000
883
067
033

85cm

36 93
0186
114
147
163
18 30
8133
474
163
000
000
245
049
16 18
114
114

70¢cm

2113
033
100
133
183

24 13

10 82
899
133
033
000
087
250

16 81
116
100

75¢m

2512
017
264
132
4 30
13 88
909
959
215
033
017
218
083
18 35
165
248

80cm

3000
000
150
217
2.33

2167
350
617
133
050
0 00
317
000

17 33
050
367
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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

Jousé et al. 1962: Plate 5, Figs. 8-11

Kozlova 1966: Plate 2, Fig. 7

Priddle 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 Priddle 1990

Description: Cell solitary and disc-shaped; diameter 20-112 um (30-73 pm,
herein). Areolae pattern radial; areolae 5-11 in 10 pm (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 13-21 in 10 pm (4-11, herein); separated from
radial areolae by hyaline band. Single row of large, laterally expanded labiate
processes evident around margin, 9.5-15 um apart. (Description based on
Villareal and Fryxell, 1983b; Medlin and Priddle, 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. 8C
Priddle and Fryxell 1985: pp. 15-53

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, 1985.).

Distribution: Widespread and abundant in Antarctic phytoplankton.'
Corethron criophilum Castracane ‘ _
Plate 2, Figs. 5-6 : B )

Jousé et al. 1962: Plate 2, Fig. 16
Kozlova 1966: Plate 5, Fig. 1
Priddle and Fryxell 1985: p. 54-55
Leventer et al. 1993: Fig. 8B

Description: Valves heteropolar and cylindrical, diameter 11-47 um herein;
cingulum of numerous elements joining upper and lower domed valves. Cells
‘solitary and robust. Two types of spines on upper 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
Priddie and Fryxell 1985: p. 58-59

Description: Valve diameter 16-72 um (15-50 pm, 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

Jousé et al. 1962: Plate 6, Fig. 19
Perch-Nielsen 1985: Figs. 18-20

Description: Diametér 15-25 um (herein). System of long crests with ridge-like
knots approximatély 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

Synor{yms: Hemiaulus antarcticus Ehrenberg 1844; Moelleria antarctica
Castracane 1886; Eucampia balaustium Castracane 1886; E. balaustium var. minor
Castracane 1886; E. balaustium f. hiberna Heiden in Heiden and Koble 1928; E.

balaustium f. aestiva Heiden in Heiden and Koble 1928.

Jousé 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 b3-1 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 um. 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 um;
transapical axis 15-20 um. Valve consists of very large areolae decreasing in size
on the horns and valve margins. Single marginal labiate process. Striae stallrt at the
labiate process and consist of 3-10 poroid areolae in 10 um. Horn 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: Nitzschia angulata, N. rhombica, F. rhombica

Jous€ 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 um (6 - 43 |m, herein); transapical axis 7-13 wm (4-12 pum,
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 um (7-13 striae, herein);
8-16 fibulae in 10 um. (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, i"ig. 6

Basionym: Fragilaria curta Van Heurck 1909

Synonym: Nitzschia curta (Van Heurck 1909) Hasle 1972
Jousé 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 ef al. 1988

Description: Valves linear, apices heteropolar. Apical axis 14-52 pm (10-42 pm,
Medlin and Priddle, 1990); transapical axis 5-6 um (3.5-6 wm, Medlin and Priddle,
1990). Central nodule absent. Striae with 2 rows of areolae (clearly visible by
SEM), 9-13 striae in 10 pim; 9-12 fibulae in 10 pm (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

Jousé 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 ef al. 1994

Description: Valves linear isopolar, with rounded apices. Apical axis 3-48 pm ~
(5-23 um, herein); transapical axis 2-4 pm (2-3 pm, herein). Central nodule
absent. Striae with 2-4 rows of areolae (clearly visible by SEM); 13-17 striae in
10 pm (10-17, herein); 13-17 fibulae in 10 um. (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

Synonym: Nitzschia kerguelensis, Fragilariopsis antarctica (Castracane) Hustedt

Jousé 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

Hehdley 1937, Fenner et al. 1976, Burckle and Cirilli 1987, Burckle ef al. 1987
Description: Valves lanceolate, with rounded apices. Larger specimens may be
heteropolar. Apical axis 10-76 um (14-50 pm, herein); transapical axis 5-11 um
(6-10 um, herein) . Central nodule absent. Valve structure coarse. Striae vx;ith 2
rows of areolae clearly visible by LM. 4-7 striae in 10 um (4-8 striae, herein); 4-7
fibulae in 10 wm (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 pm (36-54 pm, herein); transapical axis 7-9 um (4-5 um, herein); 7.5-9 striae in
10 wm (7-12 striae in 10 pm, 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

Jousé 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 um (36-101 pm, herein); transapical axis 8-10 um (5-8 pm, 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 wm (5-10 striae in 10 wm, herein); 6.5-8 fibulae in 10 wm.

(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 nérrowly linear. Apical axis 4-20 um;
transapical axis 3.5-5 um. Central nodule absent. Valve structure fine; 18-22
striae in 10 wm; 18-22 fibulae in 10 um. 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

Jousé 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 um (32-

59 pm, herein); transapical axis 8-9 wm (6-10 wm, herein). Central nodule absent.
Striae with 2-3 rows of areolae, often clearly visibly by LM. 6-11 striae in 10 um
(5-11 striae in 10 pm, herein) ; 6-11 fibulae in 10 um. (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

Jousé 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 pum (10-30 pm, herein);; transapical axis 8-13 um (7-

11 pm, herein). Central nodule absent. Valve structure coarse. Striae with single
row of clearly visible areolae. 10-14 striae in 10 pm; 10-14 fibulae in 10 um.

(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 pm (35-45 um, herein); transapical axis
5.5-6.5 um (6-8 m, herein). Striae with 2 rows of areolae, clearly visible by



SEM. 7.5-9 striae in 10 pm (6-9, herein); 7.5-9 fibulae in 10 pm. (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. 1, 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, 11.

" Description: Planktonic, solitary spheroid cell, diameter 5-5.8 pm. Cell wall
composed pf 5 round and triradiate plates, 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 rour_lded, spatula-shaped

or branched (Description’based on Booth and Marchant, 1987).

Distribution: occurs widely in Antarctic-waters, and has b(een reported from the
Weddell Sea, Kita-no-seto Strait, and Prydz Bay (Booth and Marchant, 1987)
Porosira glacialis (Grunow) Jgrgensen

Plate 5, Fig. 5

Priddle and Fryxell 1985: p. 142-143
Medlin and Priddle 1990: Plate 11.1, Fig. 9
A
Description: Valve diameter 23-70 um (20-52 pm, herein). Weakly silicified.

Wavy striae of mainly rectangular areolae (25-25 in 10 pm) and an irregular



annulus. Single labiate process near valve margin. 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: Aﬁical axis 63-126 wm (70-110 pm, herein); transapical axis 1.2-2.7

“pm (1-4 um, herein) . Central nodule present. 10-13 fibulae in 10 um (9-14,
herein); 17-21 striae in 10 um. Apices rounded. (Description by Johansen and
Fryxell, 1985; Medlin and Priddle 1990). ' |

Distribution: Antarctic, in association with pack and fast ice (Scott ez al. 1994).

Notes: It is very difficult to distinguish this species from Nitzschia lineola
(barkleyi) Cleve, based on the abové description. The size range of both species
overlap, with the exception of striae per 10 um (22-28 in N. lineola), which are
difficult to quantify under the light microscope. The rounded apices

(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 um. 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; 5.7 tetras Ehrenberg 1844; S.? pentas Ehrenberg; S.? hexas Ehrenberg 1844,
Coscinodiscus symbolophorus Grunow 1884; C. adumbratus @strup 1895; C.
Sfurcatus 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; Symbolphora furcata (Karsten) Nikolaev 1983,

Jousé 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 um. Areolae pattern furcate; 11-16
areolae in 10 um. 2-8 conspicuous central labiate processes. No marginal
processes. Resting spore diameter 40-199 pm (35-60 wm, herein). Areolae pattern
fasciculate; 9-12 areolae in 10 pm (10-14 areolae in 10 um, 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 pim. Areolae pattern bifurcating, or
occasionally fasciculated. 15-24 areolae in 10 pm. 4-14 central strutted processes.
Marginal strutted processes arranged in 22 rings. Labiate process inside inner
ring. 0-4 occuled processes in 10 um. (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 pm (8-32 wm, herein). Areolae pattern radial.
8-12 areolae in 10 um at centre of valve. 3-6 strutted processes in 10 {im 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 pm.
(Desc‘ription 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.

Jousé 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 um (7-20 pm, herein). Areolae distinctly
coarse in centre, 8-12 in 10 um (7-14 pm, herein), becoming finer towards margin
(16-20in 10 urh). 1 central strutted process. Margingl strutted processes 3-4 in 10
pm. 1 labiate process located away from margin. (Description based on J ohansen

and Fryxell, 1985).

Distribution: Antarctic, subantarctic (Medlin and Priddle, 1990),
characteristically south of 58°S (Fryxell and Hasle, 1979b). L

Thalassiosira gracilis var. expecta (Van Landingham) Fryxell & Hasle

Not illustrated

Basionym: Thalassiosira expecta Van Lallndingham 1978

Synonym: Thalassiosira delicatula Hustedt 1958

Fryxell and Hasle 1979b: Figs. 23-28
Johansen and Fryxell 1985: Figs. 8, 60-63 -

Déscription: Valve diameter 7-26 um (7-12 um, herein). Areolae pattern radial,
14-14 in 10 um (12-16 in 10 um, herein), becoming finer towards margin (16-20
in'10 um). 1 central strutted process. Marginal strutted processes 3-4 in 10 um (4-
5in 10 pum, herein). 1 labiate process located away from margin. (Description

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 tcherniai Manguin 1957 -

Johansen and Fryxell 1985: Figs. 27, 43
Fryxell and Kendrick 1988, Medlin and Priddle 1990 -

Description: Valve diameter 13-63 um. Areolae pattern radial, often
fasciculateld; 20 in 10 uym. Small clustér of strutted processes located in centre.
Strutted processes with external extensions scattered evenly over valve face;
denser towards margin. Approximately 6 strutted processes in 10 Hm in marginal
ring. 1 margin@ labiate process. (Descriptionbased on Johansen and Frykell,
1985). | | | |

b

Distribution: Antatctic, subantarctic (Medlin and Priddle, 1990).

Thalassiosira lentiginosa4 (Janisch) Fryxell
Plate 6, Fig. 7 ' :

Basionym: Cosconidfscus lentigiﬁosus Janisch 1878

 Jousé et al. 1962: Plate 1, 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 pm (25-60 wm, herein). Areolae pattern
fasciculated, 7-9 in 10 um (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 pm. 1 distinct marginal labiate process, radially aligned.



(Description based on Johansen and Fryxell, 1985).
' 3

Distribution: Antarctic plankton (Medlin and Priddle, 1990). Widespread south
of the Antarctic Convergence Zone (Johansen and Efyxell, 1985).

Thalassiosira torokina Brady

Plate 7, Fig. 1

Synonynis: Coscinodiscus denarius Schmidt var. Van Heurck 1909,

'T. of. burckliana Gombos

Brady 1977: Figs. 1-4
- Baldauf and Barron 1991: Plate 6, Fig. 1
McMinn and Harwood 1995: Figs. le-g, ij

Description: Valve diameter 50-60 wm. Valves surface varies from slightly
coﬁvex to convex-concave. Areolae hexagonal in shape and evenly sized over
valve face; 3-4 in 10 um. A variable number of pores ( 12-36) 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



Jousé et al. 1962: Plate 3, Fig. 10

Hallegraeff 1986: Figs. 15-22

Hasle and Semina 1987: Figs. 26-59

Medlin and Priddie 1990: Plate 17.1, Figs. 4-6

Hart 1934, Kozlova 1966, Gombos 1977, Ligowski 1983

Description: Valve length 420-5680 pm, width 1.5-6 pm. Cells mostly solitary,
but may be united in bundles or tangled masses. Narrow, linear valves usually
slightly heteropolar. Foot-pole rounded and smooth; head-pole with 2 winged
spines. Delicate marginal spines turned towards head-apex; 2-3 in 10 m 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 pm).
Externally, areolae alternate with narrow marginal ribs. Striae 12-17 in 10 pm.

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 pm; transapical axis 3-10 pm.
Marginal spines absent. Spineless rounded cell apices. Striae 8-10 in 10 pm.
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 pm. 9-15 distinct areolae in centre 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 um
Fig. 2,3,5 scale bars = 35 um
Fig. 4 scale bar = 50 im






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 um
Fig. 3 scale bar =4 um
Fig. 4 scale bar = 5 um
Fig. 5 scale bar = 100 pm
Fig. 6 scale bar = 30 um






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 um
Figs. 2, 4 scale bar =45 um
Fig. 3 scale bar = 50 mm
Figs. 5, 6 scale bars = 10 um






Plate 4
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