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deposition throughout the Neoglacial period related to changes in the timing of the 

spring ice retreat and autumnal ice advance (Maddison et al., 2012).  Despite these 

studies, little is currently known about the magnitude of interannual variability recorded 

in these sediments under the evolving climatic regimes of the Holocene and notably the 

transition from the warm Hypsithermal to the cool Neoglacial has not been investigated 

with interannual resolution.  This thesis provides the first annually resolved 

multidecadal records obtained from selected sections of continuously laminated marine 

sediments from the Antarctic margin, and presents evidence for changes in interannual 

productivity related to changing sea ice and meteorological conditions in the different 

climatic phases of the Holocene.   

1.2 Aims of the thesis 
This thesis aims to address the following research questions: 

 

1) Can the influence of oscillatory climate modes (e.g. Southern Annular Mode, 

SAM, and El Niño-Southern Oscillation, ENSO) be detected in the seasonally 

laminated Adélie Land sediment records during the Holocene? 

2) If so, is this relationship similar under different climate states during the 

Holocene? 

 

This will be achieved by reconstructing ultra-high-resolution records of diatom species 

succession during the Holocene by using scanning electron microscope (SEM) back 

scattered electron imagery (BSEI) analysis of resin embedded thin sections of selected 

sediments from cores MD03-2601 and IODP-318-U1357B.  The SEM-derived 

descriptions of lamina types will be complimented by the calculation of diatom 

concentrations and assemblages to complement in order to produce a seasonal model of 

lamina deposition.  The seasonal deposition model will be used to reconstruct 

multidecadal time series from each core, which will be subjected to multi-taper method 

spectral analysis to determine any significant periodicities occurring within the records.  

This will permit assessment of the likely forcing mechanisms controlling diatom 

productivity in Adélie Land during the Holocene.  Finally, the diatom lamina thickness 

data will be compared to the records of HBI biomarker concentration from core MD03-
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Figure 2.01. Antarctic major continental blocks, topography and bathymetry. East 
Antarctic terranes are: Dronning Maud Land (DML); Lützom-Holm Bay (LHB); Raynor 
Terrane (RAY) and the remaining undivided East Antarctica (EANT). Major West 
Antarctic terranes are: Antarctic Peninsula (AP) (including Eastern-Western-Central 
domains: ED-CD-WD); Thurston Island (TI); Filchner Block (FB); Marie Byrd Land 
(MBL); Haag (HG); and Ellsworth-Whitmore Mountains (EWM). Northern Victoria 
Land (NVL), in East Antarctica, comprises of three terranes grouped together. ROSS = 
extended continental crust between MBL and EANT; TAM = Transantarctic Mountains. 
(Source: Torsvik et al., 2008).  Black square in EANT represents approximate location of 
core sites for this study. 

 

 

Figure 2.02. Location of Antarctica within the supercontinent of Gondwana. Figure shows 
position of continents during break up at ~120 Ma (Source: Jamieson and Sugden, 2008). 
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Figure 2.04. Schematic block diagram showing water masses and currents in the Southern 
Ocean southwards of 45°S. Fronts are: STC - Sub-Tropical Convergence; SAF - sub-
Antarctic Front; PF - Polar Front. Abbreviated water masses are: AAIW - Antarctic 
Intermediate Water; AABW - Antarctic Bottom Water; AcoastC - Antarctic coastal 
current.  Adapted from Cunningham (2005) and Anderson (1999). 

 

westward flowing current that follows the coastline and is strongest towards the coast 

(Anderson, 1999). Waters within the AcoastC may be re-circulated within regions south 

of the ACC by several large cyclonic gyres (Figure 2.05) that form major features of the 

circulation at the continental margin (Orsi et al., 1995; Carter et al., 2009).  

 

The volumetrically largest water mass within the ACC is the Circumpolar Deep Water 

(CDW; Figure 2.04), which is a relatively warm and saline water mass that upwells 

towards the continent (Sievers and Nowlin Jr, 1984; Orsi et al., 1995).  The CDW forms 

from a mixture of Antarctic waters and Warm Deep Water (WDW) that enters from the 

Atlantic, Pacific and Indian Oceans, and within the ACC is divided into two distinct 

components.  Upper CDW is characterised by low oxygen and high nutrient levels, 

whilst Lower CDW is characterised by high salinities (Orsi et al., 1995).  Modified  
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Figure 2.05. Flow of the Antarctic Circumpolar Current (ACC), major Deep Western 
Boundary Currents (DWBC) and circulation of major atmospheric gyres around 
Antarctica. (Source: Carter et al., 2009) 

 

CDW (MCDW) forms from the vertical mixing of CDW at the shelf edge and is often 

found upwelling over the Antarctic continental shelf (Bindoff et al., 2000; Dinniman et 

al., 2011; Prézelin et al., 2000).  Upwelled MCDW mixes with high salinity shelf waters 

(formed by brine rejection during sea ice formation) and upwelled WDW to form the 

dense down-slope flowing Antarctic Bottom Water (AABW; Orsi et al., 1995; Jacobs et 

al., 1970).  Significant brine production occurs in coastal polynyas, with sea ice 

production up to 10 times faster than surrounding regions (Cavalieri, 1985; Zwally et 

al., 1985; Rintoul, 1998; Massom et al., 1998) and regions of high brine production are 

linked to significant AABW production (Orsi et al., 1995).  AABW plays a significant 

role in global thermohaline circulation, ventilating the deepest regions of the Atlantic, 
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Indian and Pacific Oceans (Orsi et al., 1999).  AABW formation occurs within the 

Weddell Sea (e.g. Fofonoff, 1957; Deacon, 1937), the Ross Sea (Jacobs et al., 1970; 

Jacobs, 2004; Bindoff et al., 2000) and along the Wilkes Land margin (Rintoul, 1998; 

Orsi et al., 1999; Gordon and Tchernia, 1972; Bindoff et al., 2000; Williams et al., 

2008).  

 

2.3.3 The sub-Antarctic region 

North of the PFZ, the sub-Antarctic region of the ACC incorporates waters from both 

the sub-tropics and from the Antarctic region. The upper 500 m of the water column 

consists of Sub-Antarctic Mode Water (SAMW; Figure 2.04) which has a northward 

surface flow and a slightly deeper southward flow (Anderson, 1999). Below this, 

sinking of Antarctic region waters in the PFZ forms the northward flowing Antarctic 

Intermediate Water ( AAIW; Figure 2.04) which flows northwards at depths up to 1000 

m (Cunningham, 2005). 

2.4 Sea ice and the Southern Ocean   
Sea ice forms one of the most significant features of Antarctica, effectively doubling the 

size of the continental area during the winter season, reaching a maximum sea ice extent 

of 19 x 106 km2 in September before retreating to 3 x 106 km2 by March (Budd, 1991; 

Gloersen et al., 1992). Unlike the extent of Arctic sea ice which has shown a dramatic 

recent decline of 7.8 ± 0.6% per decade since the 1970s related to anthropogenic 

warming (Cavalieri et al., 2003; Stroeve et al., 2007; Comiso, 2006), the sea ice extent 

around the majority of the Antarctic margin appears to be relatively stable, with a minor 

increase in the annual sea ice extent of 0.4% ± 0.5% per decade (NSIDC, 2009).  

However, recent investigations have shown that the summer sea ice concentrations in 

the Bellingshausen and Amundsen seas have declined over recent decades (Jacobs and 

Comiso, 1993; Ozsoy-Cicek et al., 2009; Cavalieri and Parkinson, 2008) suggesting that 

the apparent stability of the sea ice system may be declining. 

 

2.4.1 The annual sea ice cycle 

Annual variation in solar insolation is the primary driver of the seasonal advance and 

retreat of the sea ice edge.  At high latitudes seasonal changes in insolation are 
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particularly significant due to high variation between the winter months (June-July-

August) during which insolation is minimal, and the summer months (December-

January-February) when insolation reaches its maximum.  In the Antarctic region there 

is no northern constraint on sea ice production by landmasses, and therefore the autumn 

and winter advance of sea ice is relatively unrestricted.  The position of the winter sea 

ice limit mainly depends upon the interplay between northward advection of newly 

formed ice by winds and melting of the ice edge in warmer waters (Pezza et al., 2012).  

In spring sea ice retreats from its maximum extent (55°S in the Atlantic and Indian 

Oceans, 60°S in the Pacific Ocean) to the coast of Antarctica in the majority of areas, 

with little perennial ice being present around the continent (Ackley, 1981; Comiso, 

1999, updated 2008).  The winter expansion of southern hemisphere sea ice is therefore 

of great importance for global oceanographic circulation due to associated seasonal 

variations in salinity.  It is also important for regional atmospheric processes as it 

effectively doubles the surface area of Antarctic ice that interacts with the atmosphere 

and limits heat exchange from the ocean to the atmosphere (Tchernia, 1980).  

Interannual variability in the timing and extent of the sea ice edge is largely controlled 

by changes in atmospheric processes such as the Southern Annular Mode and the El 

Niño-Southern Oscillation (Section 2.5). 

 
Important controls on the formation of sea ice include seasonal insolation, sea surface 

temperature (which must be colder than around -1.86°C for sea ice to form), and surface 

wind speed, which controls ice advection away from the site of formation (PolarGroup, 

1980; Pezza et al., 2012).  On a hemispheric scale, the presence of sea ice is important 

as it provides an insulation layer that effectively prevents exchange of heat from the 

ocean to the atmosphere (Bentley, 1984; Nihashi et al., 2011), and the high albedo of ice 

and snow relative to sea water reflects up to 70% of incoming solar radiation 

(PolarGroup, 1980; Marshall and Plumb, 2008).  Sea ice conditions also play a role in 

determining regional climatic and weather systems.  For instance, in the southern 

hemisphere sea ice has been shown to exert control on the frequency of cyclogenesis 

(the formation or enhancement of cyclonic, or low pressure, weather systems), with the 

most significant correlations being observed in the Antarctic Peninsula region where 

increased sea ice extent is positively correlated with an increased formation rate of 

cyclones (Godfred-Spenning and Simmonds, 1996).  Due to this role in modulating 

regional and global climate, the relationships between the atmosphere and the 
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cryosphere are increasingly being studied.  However, the majority of studies upon sea 

ice are limited to the use of instrumental era records and shipping records, with the best 

data being available from the comparatively short period of satellite observations.   

 

2.4.2 Sea ice and CO2 

At the glacial-interglacial time scale increases/decreases in sea ice are considered to 

provide an important climatic feedback mechanism by limiting/increasing the 

ventilation of the Southern Ocean during glacials/interglacials (e.g. Sigman and Boyle, 

2000; Moore et al., 2000; Sigman et al., 2010; Keeling and Stephens, 2001; Toggweiler, 

1999).  The increased ventillation effect is further enhanced by greater aeolian 

deposition of iron to the surface ocean during glacial periods which increased the export 

efficiency (i.e. the rate at which it is removed from the water column and preserved in 

sediments) of phytoplankton productivity within the seasonal ice zone, increasing 

biological CO2 sequestration (Moore et al., 2000; Martin, 1990; Bopp et al., 2003; 

Kohfeld et al., 2005).  In the modern Southern Ocean, the waters of the seasonal ice 

zone contribute to the outgassing of CO2 to the atmosphere as CO2 builds up under 

winter ice to concentrations greater than atmospheric levels.  This occurs as a result of 

respiration under the ice and ventilation of deep waters (Takahashi et al., 2009).  

Conversely, continental shelf waters also contribute significantly to the drawdown of 

CO2 from the atmosphere during the spring and summer due to high biological 

productivity (Takahashi et al., 1997; Nicol et al., 2000; Ishii et al., 2002; Arrigo et al., 

2008b).  As a consequence of these seasonal processes, the net annual flux of CO2 

between the atmosphere and oceans is virtually zero for most regions (Takahashi et al., 

2002).  Recent estimates of CO2 drawdown in Ross Sea shelf waters by Arrigo et al. 

(2008a) suggest this region may provide a particularly strong sink for anthropogenic 

CO2 due in part to the high biological productivity and high formation rates of Ross Sea 

Bottom Water.  It is estimated that the Ross Sea alone may account for 27% of the 

recent estimates for CO2 drawdown in the entire Southern Ocean (Takahashi et al., 

2009).   
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2.5 Major modes of interannual climatic variability in the 

southern hemisphere   
Large-scale atmospheric processes cause secondary variations in the seasonal pattern of 

sea ice advance and retreat that is primarily dictated by the annual cycle of solar 

insolation.  In the southern hemisphere, the two principal modes of atmospheric 

variability are the Southern Annular Mode (SAM; also known as the Antarctic 

Oscillation), and the El Niño-Southern Oscillation (ENSO).  Studies of the influence of 

ENSO and SAM on interannual variability in the extent of sea ice around Antarctica are 

mostly limited to the relatively short instrumental period (~34 years, e.g. Simmonds and 

Jacka, 1995; Carleton, 1988; Yuan and Martinson, 2000; Kwok and Comiso, 2002; 

Stammerjohn et al., 2008; Yuan and Li, 2008), although this can be extended back to 

just over 100 years ago by use of qualitative shipboard and shore observations (see 

Mayewski et al., 2004).  Recent studies have also indicated that there is a link between 

southern hemisphere atmospheric variations (Roscoe and Haigh, 2007; Labitzke, 2004), 

oceanic variability (Hibbert et al., 2010) and the quasi-biennial oscillation (QBO) in the 

tropical stratosphere. 

 

2.5.1 The Southern Annular Mode 

The SAM is a measure of the pressure difference between the mid and high latitudes of 

the southern hemisphere (Figure 2.06a and b), with positive phases equating to 

relatively low pressure over Antarctica, compared to the mid latitudes, and negative 

phases the opposite (Marshall, 2003).  The SAM is the principal mode of atmospheric 

variability in the southern hemisphere (Thompson and Wallace, 2000).  During positive 

phases of the SAM the westerly circumpolar winds that flow around Antarctica are 

strengthened, and during negative phases they are weakened (Marshall, 2003; Liu et al., 

2004).  Antarctic sea ice extent is consequently impacted by the strengthening 

(weakening) of westerly winds during positive (negative) phases, which increases 

(decreases) via coriolis force, northerly drift of sea ice, and consequently increases 

(decreases) sea ice extent (Figure 2.06d) (Hall and Visbeck, 2010; Pezza et al., 2012).  

Positive (negative) SAM further influences the Antarctic region by decreasing 

(increasing) poleward heat flux (Figure 2.06c) (Yuan and Yonekura, 2011; Hall and 

Visbeck, 2010).  A link also exists between the SAM and the Antarctic Dipole, the 

dominant interannual variance structure in the sea ice edge, which is organized as a  
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Figure 2.07. Annual mean SAM index values 1955-2011 (blue bars) and linear regression 
of SAM index (red line, r = 0.47, y = 0.0197x - 0.5949). Data from Marshall (2003). 

 

Variations in surface pressures due to the SAM occur on a variety of timescales from 

low frequency (interdecadal - Kidson, 1999) to very high frequency (daily - Baldwin, 

2001).  A multidecadal trend towards positive values in the SAM index (SAMI), a 

measure of the mean normalised sea level pressure data between the mid- and high-

southern latitudes, has been observed in modern sea level pressure (SLP) records 

(Figure 2.07)(Marshall, 2003).  Analysis of this trend suggests that it is largely 

attributable to ozone-depletion over Antarctica as a consequence of anthropogenic 

production of ozone-depleting aerosols (Thompson and Solomon, 2002; Roscoe and 

Haigh, 2007) and partly to anthropogenic warming due to increased greenhouse gas 

emissions (Marshall et al., 2004).  Seasonally, this long term trend is most apparent in 

the austral summer, with slightly smaller trends in autumn and winter data, and no trend 

in spring values (Marshall, 2003).  Shorter-period variations in the SAM have been 

associated with combined quasi-biennial oscillation-solar forcing (Roscoe and Haigh, 

2007; Labitzke, 2004).  Variations in the SAMI are statistically linked to seasonal 

variations in sea ice concentration in Adélie Land (section 2.6.3). 

 

2.5.2 The El Niño-Southern Oscillation 

The Southern Oscillation is a major see-saw of air pressure and rainfall patterns (Walker 

circulation, Figure 2.08) over the Pacific Ocean (Philander, 1983), and results from the 

pressure difference measured between Darwin, Australia, and Tahiti, French Polynesia 

(King and Turner, 1997).  Strong links exist between the Southern Oscillation and El 

Niño, an oceanic phenomenon that consists of aperiodic warming across the central and 

eastern Pacific Ocean and the two are referred to as a combined phenomena, the El  
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Figure 2.08. Schematic diagram of the Pacific Ocean under (a) La Niña conditions; (b) 
normal conditions; (c) El Niño conditions.  The colour gradient indicates relative sea 
surface temperatures (SSTs), with red equating to warmest SSTs and blue coolest SSTs.  
Adapted from (McPhaden, accessed 2010). 
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Figure 2.10. Size and position of the Amundsen Sea Low (LAS) and wind strength (red arrows = 
warm air, blue arrows = cooler air) during cool-ENSO (La Niña) and warm-ENSO (El Niño) 
events. Cooling (warming) of the Ross and Amundsen Sea for cool (warm) events is indicated in the 
lower images. Grey arrows indicate katabatic wind flow (Bertler et al., 2006).  Black square in top 
left map indicates approximate location of Adélie Land core site. 

 

Evidence exists for a link between the QBO and November conditions in the polar 

vortex of the southern hemisphere stratosphere (Baldwin and Dunkerton, 1998; 

Garfinkel and Hartmann, 2007). During the winter, a strong polar vortex inhibits 

influence of the QBO on the southern polar stratosphere as a strong circumpolar wind-

flow inhibits the activity of planetary waves. However, during the late winter/early 

spring (particularly during November) the polar vortex breaks down and a downward 

propagating pressure anomaly occurs in the polar stratospheric pressure fields 

(Thompson et al., 2005; Thompson and Solomon, 2002; Baldwin and Dunkerton, 1998).  

Anomalies in polar stratospheric pressure are subsequently transmitted to the 

troposphere (Thompson et al., 2005).  On an interannual time scale, it has been shown 

that QBO forcing of southern hemisphere climate may occur if a coupled QBO-solar 

index is considered (Labitzke, 2004; Roscoe and Haigh, 2007).  Recently it has been 

shown that QBO-related changes in Southern Ocean sea level may occur due to altered 

surface wind patterns as stratospheric anomalies propagate into the troposphere (Hibbert 

et al., 2010); however, little work has been done on the regional identification of QBO 

forcing in meteorological and oceanographic datasets outside of the Antarctic Peninsula 

region. 
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2.6 Adélie Land environmental setting 
The Adélie Land margin (136°E to 142°E) is located between Wilkes Land (100°E to 

136°E) and George V Land (142°E to 153°E) sectors of the East Antarctic continental 

shelf, in the eastern Indian Ocean sector of the Southern Ocean, and is influenced by 

local glaciers, the largest of which are the Zélée, Astrolabe and Français glaciers (Figure 

2.11) as well as some of the strongest Antarctic katabatic winds (Periard and Pettre, 

1993).  A strong seasonal cycle of sea ice formation and retreat promotes high diatom 

productivity due to high nutrient levels in a stratified water column during the spring 

period (Arrigo and van Dijken, 2003; Arrigo et al., 2008c).  Strong seasonality in 

surface water salinity and temperature combined with high productivity produces a high 

export production rate (Berger and Wefer, 1990), and the exported material is focussed 

 

 

Figure 2.11. Map of the Adélie Land region showing location of cores MD03-2601 and 
IODP-318-U1357B; location of glaciers mentioned in text (Massom et al., 1998; Escutia et 
al., 2003); summer and winter sea ice limits (Schweitzer, 1995) and major oceanographic 
features of the region (Harris and Beaman, 2003). MCDW = Modified Circumpolar Deep 
Water; AcoastC = Antarctic coastal current; HSSW = High salinity shelf water. Adapted 
from Denis et al. (2006). 
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Figure 2.12. Detailed bathymetry of the Adélie Land region. (a) Mercator projection of 
bathymetry showing location of cores; (b) 3D oblique view of the Adélie Basin facing east, 
core MD03-2601 (not shown) lies slightly further west (bottom edge of b). Adapted from 
Beaman et al. (2010).  

 

2.6.3 Sea ice cover 

Interannual variations in the extent and concentration of sea ice are an important control 

on the environments of the Adélie Land coast and, subsequently, exert an important 

control on variations in phytoplankton biomass and composition (e.g. Riaux-Gobin et 
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Figure 2.14. Sampling region and distribution of sampling points within satellite data used 
in Figure 2.13. Figure produced by Ian Thomas. 

 

reduced sea ice); which is particularly evident within the winter and spring period.  This 

relationship has been demonstrated at a broad scale in southern hemisphere satellite-

derived sea ice records (Stammerjohn et al., 2008) and multidecadal modulation of the 

signal is governed by phase changes in the SAM (Fogt and Bromwich, 2006). 

2.6.3.1 Hypotheses for diatom lamina distribution 

Given the demonstrated statistical relationship between seasonal sea ice concentration 

and SAM and ENSO indices presented above, and the known sensitivity of diatoms to 

changes in sea ice (see also Chapter 3), several hypotheses are proposed here for testing 

in Chapter 5.  The working hypotheses for the distribution of lamina that are rich in 

particular genera/species in cores MD03-2601 and IODP-318-U1357B are: 

1) The distribution of spring laminae should be sensitive to ENSO forcing, based 

on the negative correlation between modern spring sea ice concentration and 

ENSO. 

2) The distribution of autumn laminae should be sensitive to SAM forcing, and 

possibly combined SAM-ENSO forcing, based on the positive correlation 

between modern autumn sea ice concentration and SAM, and a combined 

SAM-ENSO index. 

3) As a response to both the increased sea ice (Crosta et al., 2007) and ENSO 

intensity that occurred during the late Holocene (Moy et al., 2002; Donders et 
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al., 2008) ENSO-frequencies should be observed more strongly in the lamina-

time series records during the Neoglacial compared to the Hypsithermal. 

2.5 Summary 
This chapter has introduced the geological and oceanographic history of Antarctica to 

explain the presence of the cryosphere and its importance within global cycles in 

oceanography and climate. In particular, the importance of the strongly seasonal sea ice 

cycle has been presented along with its impacts on biological productivity, 

sedimentation and nutrient cycling, as well as producing high salinity bottom waters, a 

major feature of global thermohaline circulation. The connectivity between sea ice and 

global atmospheric/climatic processes has also been demonstrated, highlighting the 

statistical connection between ENSO and spring sea ice concentrations in Adélie Land 

and the SAM and autumnal/spring sea ice concentrations.  Based on this data, and 

known changes in the ENSO system, three hypotheses have been proposed and will be 

tested in Chapter 5. 
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(up to 75 mm in a single season; Stickley et al., 2005) often allow for ultra-high 

resolution (seasonal to sub-seasonal) reconstructions of palaeoenvironments. 

 

3.1.1 The ecology of Southern Ocean diatoms 

The distribution of diatoms in the surface waters of the Southern Ocean is controlled by 

a variety of environmental factors.  Light intensity, salinity, sea surface temperature, 

nutrient availability, water column stability and sea ice concentration have all been 

shown to exert control on the distribution of diatoms (Holm-Hansen and El-Sayed, 

1975; Neori and Holm-Hansen, 1982; Jacques, 1983; Burckle et al., 1987; Leventer, 

1991; Cunningham and Leventer, 1998; Beans et al., 2008; Riaux-Gobin et al., 2011).  

Sea ice in particular exerts an important control on diatom productivity and export, 

suppressing productivity when present (Hart, 1942; Whitaker, 1982) and enhancing 

diatom productivity as it retreats (Arrigo et al., 2010).  Here the ecology of diatoms is 

considered in two groups: (i) sea ice associated diatom species that are confined to 

south of the Polar Front (Table 3.01) (Tréguer and Jacques, 1992; Armand et al., 2005) 

which are dominant in the sea ice zone and marginal ice zone towards the Antarctic 

continent (Figure 3.01); and (ii) open ocean diatom species (Table 3.02) (Crosta et al., 

2005b) which are more common in the open ocean zone beyond the winter ice limit and 

are of high abundance in the Polar Frontal Zone (PFZ). 

 

3.1.1.1 Sea ice associated diatoms 

Sea ice has a variety of habitats for diatoms due to highly variable temperature and 

salinity characteristics and also providing a stable platform with adequate irradiance to 

promote microalgal growth within the ice and/or attached below (Arrigo et al., 2010).  

Land-fast ice (Figure 3.02a), which may account for only 10% of Antarctic sea ice 

(Lizotte and Sullivan, 1991), is formed of a layer of vertically grown columnar ice and 

may have a bottom layer of highly porous (approx. 20% ice and 80% sea water) platelet 

ice which often contains high microalgal biomasses (Arrigo et al., 2010).  In contrast, 

pack ice (Figure 3.02b) forms from a series of processes operating on the water column.  

Initially dense concentrations of frazil ice crystals form in the water column and float to 

the surface where they form grease, nilas and pancake ice (Ackley and Sullivan, 1994).   
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Figure 3.02.  Highly idealised schematic illustration of (a) pack ice and (b) land-fast ice 
ecosystems in the Antarctic showing the location of major ice algal communities.  Adapted 
from Arrigo et al. (2010). 

 

(Riaux-Gobin et al., 2003).  Species of Fragilariopsis, notably F. curta and F. 

cylindrus, may be common in fast ice communities as well as adjacent water (e.g. 

Smetacek et al., 1992; Grossmann et al., 1996; Gunther and Dieckmann, 2001; Thomas 

et al., 2001; Riaux-Gobin et al., 2003).  In contrast, the more prevalent pack ice contains 

diatom assemblages that are more similar to the surrounding water column (Garrison et 

al., 1987).  Pack ice may be solely dominated by F. curta (Scott et al., 1994) but also 

commonly contains other cryophilic diatoms, such as various Fragilariopsis spp. and 

Thalassiosira antarctica (summarised in Table 3.01) that are associated with both pack 

ice and the water column in the marginal ice zone.  For many of these species it has 

been hypothesised that they are directly seeded into the water column from the sea ice 

(e.g. Horner, 1985; Garrison et al., 1987; Krebs et al., 1987; Garrison and Buck, 1989; 

Gleitz et al., 1996; Riaux-Gobin et al., 2011).   

 

Significant phytoplankton productivity within the coastal Southern Ocean is restricted 

to the ice-free austral summer months, with up to 95% of annual biogenic export 

occurring between December and January (Wefer et al., 1988; Abelmann and Gersonde, 

1991; Langone et al., 2000; Leventer, 2003).  High phytoplankton biomass and export 

occurs at the retreating ice edge in the marginal ice zone (MIZ), due to the formation of 

a stable meltwater lens at the ice edge which benefits from high irradiance relative to 

sub-sea ice waters (Smith and Nelson, 1986).  High surface water nutrient loads result 

from upwelling waters and release of important minerals, principally iron, from sea ice 

and snow cover (Fischer et al., 2002; Lannuzel et al., 2007).  It has been estimated that  
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the PFZ by a combination of increasing irradiance and increased stratification (Abbott et 

al., 2000; Moore and Abbott, 2000) and have been observed to include monospecific 

blooms of Fragilariopsis kerguelensis (De Baar et al., 1995; Smetacek et al., 1997), 

Corethron pennatum and C. inerme (Smetacek et al., 1997).  Other common diatoms 

observed in the PFZ include Thalassiothrix antarctica, Thalassiosira lentiginosa, 

Phaeoceros Chaetoceros spp. and Hyalochaete Chaetoceros spp. (Assmy et al., 2008).  

Ecological information for common open ocean diatom species in this study is 

presented in Table 3.02. 

 

3.1.2 Diatom preservational biases 

The use of diatoms as palaeoenvironmental indicators in the Antarctic region may be 

hindered by several environmental and taphonomic factors.  Firstly, only a fraction of 

valves formed in the euphotic zone actually reach the sediment (potentially <1%, 

although it may be up to 30% on high latitude continental shelves; Ragueneau et al., 

2000); further account must be taken of preferential dissolution between taxa, lateral 

transport of diatom tests by currents and the impact of grazers within the water column 

and in sediments (Leventer, 1998).  Frustule size and degree of silicification also 

provide controls on the sedimentary distribution of diatoms.  Smaller species such as 

Fragilariopsis cylindrus may be lost from sediments due to increased winnowing during 

periods with stronger bottom currents (Harris and Beaman, 2003), whereas lightly 

silicified diatoms are more prone to dissolution than those with heavier frustules, which 

have a higher sinking velocity and are buried more readily (Gersonde and Wefer, 1987).  

Large diatoms and diatom mats may also become entrained in the upper layers of the 

water column, increasing the time for which they are exposed to dissolution processes 

(Leventer, 1998) or to zooplankton grazing (Gersonde and Wefer, 1987).  The presence 

of dissolution susceptible species such as Corethron pennatum, F. cylindrus and 

Porosira glacialis within sediments may be used to identify minimal differential 

preservation as a result of dissolution (Pichon et al., 1992). 

 

Diatom species that typically occur in, or attached to, sea ice may also undergo 

preferential dissolution (e.g. Amphipora spp., Nitzschia spp., Pinnularia spp. and 

Pleurosigma spp.), resulting in few individuals reaching the sediment and rendering 

them unsuitable as palaeo-sea ice indicators (Riaux-Gobin et al., 2011).  However, sea 
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Figure 3.03.  Structures of HBI hydrocarbons with 25 carbon atoms (C25). (a) HBI 
monoene IP25 (Belt et al., 2007); (b) HBI diene (C25:2), this study; (c) HBI triene (C25:3), this 
study. 

 

Maud Land) which are associated with a diatom source, noting high abundances of 

Thalassiosira antarctica in the sediment traps.  Although it is uncertain as to the 

specific producer of HBIs in Antarctic sediments, the sea ice associated diatom 

Fragilariopsis cylindrus has been demonstrated by Damsté et al. (2004) not to be a 

producer of the molecules, and a similar lack of HBI production has been assumed for 

other Fragilariopsis species such as F. curta and F. kerguelensis (Massé et al., 2011). 

 

3.2.2 HBIs as an indicator of palaeo-sea ice extent 

Recently, a variety of studies have highlighted the potential of HBIs as a proxy for 

palaeo-sea ice extent in the Arctic (Belt et al., 2007; Massé et al., 2007; Masse et al., 
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Figure 3.04.  Holocene distribution of normalised relative abundances of (a) HBI diene, (b) 
HBI triene, (c) the ratio diene/triene and (d) the relative abundance of sea ice associated 
diatoms in core MD03-2601.   Sea ice diatom group and Ratio D/T from Denis et al. (2010). 

 

ka coincident with the onset of the Neoglacial.  However, in Adélie Land the 

relationship between the ratio of HBIs and increases in sea ice associated diatoms is less 

clear (Figure 3.04).  While the sea ice-associated diatoms sharply increase in abundance 

at ca. 4 cal. ka (driven by a threshold response of F. curta at 4 ka, the most abundant 

diatom within the group) the diene/triene ratio increase only slightly at ca. 4 cal. ka, and 

have a much more pronounced increase at ca. 1.5 cal. ka (Denis et al., 2010).  Despite 
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the large step-wise increase in the sea ice associated diatom group, analysis of all three 

HBI parameters (diene, triene and the ratio D/T) demonstrates that a significant 

correlation exists between them and the relative abundance of sea ice associated diatoms 

(SIDG; Figure 3.04).  It can be seen that the HBI triene increases slightly around 7 ka 

and increases continually from ca. 4 ka until present.  In comparison, the HBI diene 

increases slightly at around 4 ka, followed by a more dramatic increase ca. 1.5 ka 

(which drives the ratio D/T; Figure 3.04).  The increase in HBI diene and triene, and sea 

ice associated diatoms at 4 ka suggests that the sedimentary records of these molecules 

is linked to increases in sea ice concentrations and this can be used to infer that the ratio 

D/T is not recording changes in the relative contributions of sea ice diatoms versus 

planktonic diatoms, as suggested previously (Barbara et al., 2010; Denis et al., 2010; 

Massé et al., 2011).  The different nature of the increases in the proxies at the mid-

Holocene transition (a sharp, pronounced increase in the diatom record compared to 

subtler increases in HBI concentration) suggests that whilst they may both record 

changes in seasonal sea ice presence, the HBIs are recording an aspect of the sea ice 

environment (e.g. fast ice) that is not recorded by commonly preserved diatoms. 

 

3.2.3 Stability of HBIs 

Polyunsaturated HBI molecules may be unstable in sedimentary systems, particularly in 

the presence of sulphur species that react with the double bonds (Belt et al., 2000b; 

Sinninghe Damste et al., 2007).  Monoene and diene molecules may be more stable in 

sediments compared to more unsaturated HBIs, with double bond migration and 

isomerisation (reorganisation of the structure but not composition of the molecule) of 

dienes observed by Belt et al. (2000b).  Belt et al. (2000b) note that the presence of 

clays in sediments may act as a catalyst for isomerisation and found that although some 

trienes may experience both isomerisation and cyclisation (restructuring of the molecule 

to produce a ringed structure), the triene molecule used in this study does not experience 

this.  A lack of sulphur molecules and HBI sulphides (c.f. Sinninghe Damste et al., 

2007) in analyses of the sediments from MD03-2601 (G. Massé, pers comm., 2012) 

indicates that sulphurisation of HBIs is not a problem in this study.  Furthermore, the 

study of Sinninghe Damsté et al. (2007) which suggests that sulphurisation of HBI 

molecules may provide a significant diagenetic control on their distribution is from an 
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anoxic fjordal environment, which is a strong contrast to the open ocean conditions of 

core site MD03-2601. 

3.2.4 Hypotheses for HBI distribution in core MD03-2601 

Given the known association between the HBI diene molecule and sea ice, the HBI 

triene molecule and MIZ conditions and the potential of these molecules as a palaeo-

proxy of these outlined above, the working hypotheses for HBI distributions are: 

1) Elevated HBI diene concentrations should correspond to the occurrence of 

spring laminae. 

2) Elevated HBI triene concentrations should correspond to the occurrence of late 

spring/summer laminae. 

3.3 Summary 
This chapter has described the principal proxies used in this study.  Key diatom species 

and their ecological associations have been introduced, as well as their use as a 

sedimentary proxy of past sea ice extent.  The use of diatom-derived HBI biomarkers as 

a sedimentary proxy for sea ice occurrence in both hemispheres has also been 

introduced.  Analysis of the data available from low-resolution observations of MD03-

2601 demonstrates the significant correlation between HBI polyenes and sea ice 

associated diatoms over the Holocene, indicating that the sedimentary distribution of 

both molecules is linked to changes in the sea ice environment. 
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4.1.1 Core MD03-2601 sedimentary description 

Core MD03-2601 is composed entirely of Holocene diatomaceous ooze (Crosta et al., 

2007). Although homogenous to the naked eye, the sediments are observed to alternate 

between laminated and massive facies when viewed using positive X-ray imagery 

(Denis et al., 2006). Occasional macroscopic bioturbation structures are also observable 

in X-ray images. 

 

4.1.2 Age model for core MD03-2601 

The age model for core MD03-2601 (Figure 4.03) is based on nine radiocarbon ages on 

the humic acid fraction of bulk organic matter and was originally presented in Crosta et 

al. (2007).  A variety of marine reservoir age corrections exist for Antarctic marine 

sediments (Ingolfsson et al., 1998 and references therein) which are commonly derived 

from the dating of intact moluscan shells.  In order to overcome differences in age 

models between studies, early studies suggested using a correction age of 1300 years 

based upon comprehensive review of the available data (Berkman et al., 1998; 

Ingolfsson et al., 1998).  Although slightly higher than the recently reported mean 

circum-Antarctic reservoir age of 1144 ± 120 years for sediments <6000 years old (Hall 

et al., 2010), the 1300 years 14C reservoir correction is still widely applied to organic 

matter-rich Holocene sediments from the Adélie Land margin and the adjacent George 

V coast (e.g. Pudsey and Evans, 2001; Presti et al., 2003; Crosta et al., 2007).  

Maddison et al. (2012) applied a 1200 year correction to carbonate samples and 1600 

year correction to organic matter samples in Adélie Land cores.  The nine ages from 

core MD03-2601 (Figure 4.02) have been re-calibrated using the Marine 09 calibration 

curve (Reimer et al., 2009) and clam 2.1 age modelling scripts (Blaauw, 2010) in the 

statistical software package R 2.15.0 and assuming a total reservoir age correction of 

1300 years, consistent with previous studies (Ingolfsson et al., 1998; Berkman et al., 

1998).  In comparison to the previously published age models for MD03-2601 (Crosta 

et al., 2007; Denis et al., 2010; Denis et al., 2009b), the revised age model produced in 

this study provides broadly similar values to those of Denis et al. (2009b, 2010) that are 

slightly older than those of Crosta et al. (2007) due to the up-to-date calibration curve 

employed here (Table 4.02). 
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Table 4.04.  Schedule of exchanges and ratios of chemical components for producing 
TAAB® Low Viscosity Resin embedded sediment blocks.  The indicated resin components 
are TAAB® LV Resin monomer (resin), TAAB® Hardener VH2 (hardener) and TAAB® 
Low Viscosity Resin Accelerator (accelerator). 

Resin mixture (resin: 

hardener : accelerator) 
Resin : acetone Exchange number 

0.47 : 0.51 : 0.02 0.6 : 0.4 1-3 
0.47 : 0.51 : 0.02 0.73 : 0.27 4-5 
0.47 : 0.51 : 0.02 0.87 :0.13 6-7 
0.47 : 0.51 : 0.02 1 : 0 8-10 

 

identification of lamina types based upon diatom assemblage (Pike and Kemp, 1996; 

Maddison et al., 2006).  An average of five thickness measurements per lamina 

(Appendix 2; mean standard error of measurements = ±0.05 mm per lamina) were taken 

from the thin section maps and corrected for expansion of the sediments that occurred 

during the resin embedding.  Expansion was calculated for each thin section by 

 

 

Figure 4.08.  Examples of (a) X-ray image of sediment slab taken from core MD03-2601 
(scale bar = 3 cm).  (b) Low magnification BSEI photomosaic (scale bar = 3 mm) 
demonstrating alternating dark (biogenic) and light bands (higher terrigenous material). 
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Diatom taxonomy followed Hasle and Syvetsen (1997) with additional references for 

the genera Rhizosolenia (Armand and Zielinski, 2001), Thalassiosira (Johansen and 

Fryxell, 1985) and Fragilariopsis (Cefarelli et al., 2010).  Fragmented valves were 

included in counts following Zielinski (1993) and the criteria employed in this study are 

illustrated in Figure 4.09. 

 

4.3.3 Highly Branched Isoprenoid analysis 

Sediment samples 1cm3 were collected by TRG every 1cm along core sections III, VIII 

and XVII of core MD03-2601, parallel to thin section samples (Figure 4.06).  Further 

sample preparation and analysis was conducted by TRG in the LOCEAN laboratory at 

Université Pierre et Marie Curie, Paris, with assistance from Vincent Klein.  Samples 

were freeze dried, weighed and then crushed using a mortar and pestle.  Two internal 

standards (7-hexylnonadecane (7-HND) and 9-octylheptadec-8-ene (9-OHD); 0.1µg per 

standard) were added to the freeze-dried and crushed sediment in order to allow 

quantification of HBI isomers using gas chromatography-mass spectrometry (GC-MS).  

Lipids were extracted three times using a total of 10 ml per sample of a CH2Cl2/CH4OH 

 

Figure 4.09.  Counting method for fragmented diatom valves, adapted from Maddison 
(2005).  Shaded area represents observed portion of diatom under microscope for (a) 
centric diatoms, e.g. Thalassiosira spp., Porosira glacialis; (b) Phaeoceros Chaetoceros 
vegetative cells and Eucampia antarctica (vegetative cells and resting spores); (c) needle-
like diatoms, e.g. Pseudonitschia spp., Thalassiothrix antarctica; (d) pennate diatoms, e.g. 
Fragilariopsis spp.; (e) solenoidal diatoms, e.g. Rhizosolenia spp. 
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comparison of their respective GC retention indices to previously published mass 

spectra of Antarctic HBIs (Johns et al., 1999; Massé et al., 2011).  The structure of HBI 

diene and triene isomers used in this study is shown in Figure 4.10 (12) and (13) 

respectively. 

4.4 Statistical analyses 

4.4.1 Mann-Whitney U test 

HBI concentrations and annual combined lamina thicknesses in continuous sediment 

sequences were compared using a Mann-Whitney U test, performed using the 

Paleontological Statistics Software Package (PAST; Hammer et al., 2001), to determine 

if variations in observed mean values were statistically significant.   

4.4.2 Principal Component Analysis 

The relative abundance of the diatom assemblages was analysed by principal 

component analysis (PCA) using the software PAST (Hammer et al., 2001).  Cells of 

Phaecoeros Chaetoceros (>95% Chaetoceros dichaeta), and Rhizosolenia spp. (>95% 

R. antennata) have been grouped at the generic level for statistical analysis (Pike et al., 

2008).  Rare diatom taxa (those which are not >2% in any one sample) have been 

excluded from the PCA (Taylor et al., 1997 and references therein).  Due to the large 

number of zero values in some samples the data have not been transformed prior to 

carrying out PCA (Dale and Dale, 2002).  Diatom concentrations from core MD03-2601 

have been analysed including CRS, whilst those from IODP-318-U1357B have been 

analysed using CRS-free counts due to the extremely high abundances of CRS in some 

samples that may mask changes in the abundance of ecologically important diatom 

species. 

4.4.3 Time series analysis 

Annual thicknesses from continuous sediment sequences were analysed using multi-

taper method (MTM) single spectrum time series analysis and continuous morlet 

wavelet transform.  MTM analysis provides a useful tool for resolving harmonic 

(periodic) and quasi-periodic spectral peaks from climatic (Mann and Lees, 1996) and 

palaeoclimatic time series data (Davies et al., 2011; Costa et al., 2007).  Singular-

spectrum analysis was conducted using the Singular Spectrum Analysis - MultiTaper 

Method (SSA-MTM) Toolkit (Ghil et al., 2002).  This software uses the algorithms of 
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Thompson (1982) for multi-tapered spectral estimates and harmonic analysis.  

Resolution within the software was set to two, with three tapers which provides a 

suitable trade-off between frequency resolution and spectral leakage in MTM analysis 

of climatic time series (Mann and Lees, 1996) and is commonly applied to 

palaeoclimatic time series (e.g. Costa et al., 2007; Davies et al., 2011).  The spectral 

bandwidth for each MTM analysis was calculated as the Rayleigh frequency multiplied 

by the number of tapers (Weedon, 2003).  The Rayleigh frequency (RF) is calculated 

by: 

 

RF = 1/N x SI 

where: 

N = number of data points 

SI = sampling interval 

 

Wavelet analysis provides a useful tool for identifying non-stationarity of spectral 

signals in a climatic time series (Wang and Wang, 1996; Debret et al., 2007; Debret et 

al., 2009) and was conducted following the methods of Torrence and Compo (1998).  

For each analysis, a cone of influence (COI) was produced that indicates the region in 

which results are not influenced by edge effects (such as attenuation of lower 

frequencies due to zero padding of the dataset, Torrence and Compo, 1998).  For both 

wavelet and SSA-MTM analysis the significance levels relative to the estimated noise 

background were calculated using a red noise model.  A red noise model should be used 

in analysis of climatic time series because the system under investigation always 

contains longer time scales than those that are being investigated.  When discriminating 

against a white noise model, this results in greater power at lower frequencies and may 

produce significant low frequency spectral peaks in the absence of a genuine signal 

(Ghil et al., 2002; Mann and Lees, 1996).  In both instances, the red noise model is an 

AR(1) model (auto-regressive) that is calculated directly from the dataset (Ghil et al., 

2002; Torrence and Compo, 1998). 
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laminae due to their presence in core sections IX and XVII and absence from core 

section III (Table 5.01), and therefore are classified with the warmer climatic interval 

not the cooler.  The seasonal interpretation of these lamina types is based upon the 

visually resolved species observed using BSEI and informed by the results of 

quantitative assemblage counts (Table 5.01) and PCA performed upon these counts ( 

Figure 5.03).  The majority of variability within the assemblage data can be explained 

by the first two principal component axes (PC axis 1 = 71% of variance, PC axis 2 = 

11.5% of variance; see  Figure 5.03).  Broadly, Hyalochaete Chaetoceros resting spores 

(CRS) and F. rhombica plot together with positive values on PC axis 1 and negative 

values on PC axis 2, whilst Phaeoceros Chaetoceros spp., Fragilariopsis cylindrus and 

F. obliquecostata plot opposed to this with negative values on PC axis 1 and positive 

values on PC axis 2.  Fragilariopsis curta plot orthogonally to these diatoms, with 

positive values on both axes, opposed to F. kerguelensis, F. ritscheri and Thalassiosira 

antarctica resting spores (RS).  Additional species with influence on the distribution of 

samples within the PCA plot are indicated in Figure 5.03c.  Hypsithermal samples have 

negative loadings on PC axis 1 and plot from -12 to 12 on PC axis 2 (high F.  

 

 

Figure 5.02. Schematic model of the annual sequence of deposition of laminae recorded in 
Table 5.01.  Shading indicates biogenic laminae, unshaded areas indicate laminae with 
relatively high terrigenous material.  The distribution of diatoms in each laminae is 
indicated in  Figure 5.03. 
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Land sediments has been associated with increased spring wind strengths (Denis et al., 

2009).   Co-occurrences of CRS and C. pennatum have also been reported from late 

Holocene sediments in McMurdo Sound, East Antarctica and are associated with early 

spring sea ice retreat (Leventer et al., 1993).  Hence, B1 laminae are interpreted here as 

representing early ice melting with stronger winds promoting a deep wind mixed layer 

during the spring. 

 

C1 laminae are characterised with BSEI by visually resolved Rhizosolenia spp. (Table 

5.01).  In the PCA ( Figure 5.03), C1 laminae form a group with D1 and E1 laminae 

between -14 to -1 on PC axis 1 and -12 to -2 on PC axis 2 (high T. antarctica RS, F. 

kerguelensis, F. ritscheri and F. separanda).  They are distinguished from D1 and E1 

laminae in assemblage counts by higher abundances of Phaeoceros Chaetoceros spp. 

and Rhizosolenia spp. (principally R. antennata forma semispina).  Rhizosolenia spp. in 

Adélie Land have a preference for wind mixed surface waters (Assmy et al., 2008; 

Beans et al., 2008; Crosta et al., 2005), whilst F. kerguelensis and Phaeoceros 

Chaetoceros spp. are commonly found in the permanently open ocean conditions of the 

Polar Frontal Zone (PFZ), although they are also found in lower abundances in coastal 

areas which are free of sea ice during the summer.  Laminae containing high 

abundances of Rhizosolenia spp. are commonly associated with oligotrophic late spring 

conditions that have a stable pycnocline (Stickley et al., 2005; Maddison et al., 2006), 

but the high abundances of Phaeoceros Chaetoceros spp. and F. kerguelensis, lower 

abundances of cryophilic Fragilariopsis spp. observed here and the modern preference 

of Rhizosolenia spp. for wind mixed surface waters in Adélie Land (Beans et al., 2008), 

suggest that lamina type C1 are indicative of a deeper mixed layer during the spring 

period, rather than stratification. 

 

5.1.2 Hypsithermal summer and autumn: D1 and E1 lamiane 

D1 laminae have the lowest mean diatom concentrations of Hypsithermal laminae 

(Table 5.01) and contain a visually high proportion of terrigenous material under BSEI 

observation (bright images relative to other Hypsithermal lamina types) and a mixed 

diatom assemblage (Table 5.01).  D1 laminae are grouped with C1 and E1 laminae in 

the PCA (Figure 5.03), but are distinguished by lower absolute abundances of diatoms, 

lower abundances of Phaeoceros Chaetoceros spp. than C1 laminae and lower 
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abundances of Thalassiosira antarctica RS than E1 laminae (Table 5.01). The high 

concentrations of terrigenous material within these laminae likely results from the 

reduced dilution by diatoms after the spring bloom (Stickley et al., 2005; Denis et al., 

2006; Maddison et al., 2006) and a greater lateral advection of clay particles from more 

coastal areas closer to glaciers following sea ice retreat (Dunbar et al., 1985; Presti et 

al., 2003; Maddison et al., 2012).  Furthermore, the open ocean Fragilariopsis 

kerguelensis is at greatest abundance in D1 laminae and, hence, D1 laminae are 

interpreted here as representing relatively warm prolonged open water conditions during 

the summer. 

 

E1 laminae are characterised by visually resolved Thalassiosira antarctica RS in BSEI 

and plot with C1 and D1 laminae in the PCA ( Figure 5.03).  E1 laminae are 

distinguished from this group by higher abundances of T. antarctica RS in quantitative 

counts (Table 5.01).  Thalassiosira antaractica are found in sediments south of the 

winter sea ice edge and show a strong preference for >6 months per year of sea ice 

(Armand et al., 2005).  Although a large vegetative standing stock of T. antarctica can 

also be associated with icy spring conditions as the sea ice acts as an innoculum (Krebs 

et al., 1987), blooms of T. antarctica are more commonly associated with open water 

conditions and low stratification (Cremer et al., 2005; Barcena et al., 1998).  Formation 

of T. antarctica RS is associated with autumnal ice growth (Cunningham and Leventer, 

1998) and blooms of vegetative T. antarctica have been observed occurring with 

turbulent conditions and frazil ice formation in the upper water column during the late 

summer season (Gleitz et al., 1998).  Laminae rich in T. antarctica RS are usually 

interpreted as a resting spore formation event due to autumnal ice growth, and the 

distribution of laminae with high abundances of T. antarctica RS from around the East 

Antarctic margin is associated with an annual persistence of sea ice cover of ~7.5 

months (Denis et al., 2006; Pike et al., 2009).   E1 laminae are interpreted here as 

indicating years in which there is an early sea ice advance in the autumn. 

 

5.1.3 Neoglacial spring: A2, B2 and C2 laminae 

A2 laminae are characterised by the dominance of Fragilariopsis spp. when observed 

with BSEI.  They form a distinct group in the PCA ( Figure 5.03) from 24 to 48 on PC 

axis 1 and -4 to 6 on PC axis 2 (very high F. curta) and assemblages are dominated by 
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Beans et al., 2008) and Chaeoceros dichaeta, which represents >95% of Phaeoceros 

Chaetoceros spp. in this study, is particularly abundant at the PFZ where high nutrient 

levels occur due to the upwelling of deeper waters (Assmy et al., 2008).  Both 

Phaeoceros Chaetoceros spp. and C. pennatum increase in abundance in Adélie Land 

from ca. 4.5 ka to present, associated with increased wind-induced mixing during the 

spring period (Denis et al., 2009; 2010).  Despite the presence of these species, the high 

abundances of F. curta and F. cylindrus indicate a proximal sea ice edge.  Hence, B2 

laminae are interpreted here as representing spring conditions with interplay between 

strong wind-induced mixing and melting of sea ice.  

 

C2 laminae are characterised using BSEI by visually resolved Rhizosolenia spp.  In the 

PCA, C2 laminae form a distinct group from 4 to 16 on PC axis 1 and 2 to 14 on PC 

axis 2 (high F. curta, moderate CRS;  Figure 5.03).  They contain the highest 

abundances of CRS of the Neoglacial spring laminae, lowest (yet still high relative to 

Hypsithermal lamina types) abundances of Fragilariopsis curta and lowest F. cylindrus 

(Table 5.01).  High abundances of F. curta in C2 laminae indicate colder conditions 

than in Hypsithermal samples; however, the relatively high CRS abundances suggests 

warmer conditions relative to A1 and B1 laminae due to an early sea ice retreat.  High 

abundances of Phaeoceros Chaetoceros spp. and Rhizosolenia spp. in C2 laminae are 

consistent with a deeper mixed layer related to stronger winds (Beans et al., 2008).  

Hence, C2 laminae are interpreted here as spring conditions with an early sea ice retreat 

that occurs due to relatively warm and windy conditions. 

  

5.1.4 Neoglacial summer and autumn: D2 and E2 laminae 

D2 laminae exhibit a relatively high proportion of terrigenous grains when observed 

using BSEI and have a mixed diatom assemblage which includes P. glacialis RS (Table 

5.01).  D2 and E2 laminae form a group in the centre of the PCA plot from -8 to 6 on 

PC axis 1 and -2 to 5 on PC axis 2 (F. curta higher than F. kerguelensis; high Porosira 

glacialis rs; low Thalassiosira antarctica RS;  Figure 5.03), with an outlying D2 sample 

at 8 on PC axis 1 and -6 on PC axis 2.  D2 laminae have lower total diatom abundances 

and lower P. glacialis RS relative abundances than E2 laminae (Table 5.01).  Diatom 

assemblages from D2 laminae have higher abundances of Fragilariopsis curta, F. 

obliquecostata and Porosira glacialis rs than D1 laminae, all of which have a 
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preference for years with icier spring/summer conditions (Armand et al., 2005).  High 

abundances (compared to other Neoglacial samples) of F. kerguelensis indicates the 

intrusion of oceanic waters into the region during the summer (Crosta et al., 2005), as 

does the presence of P. glacialis RS which, although it is a diatom associated with the 

sea ice environment, is commonly found in sediments where summer conditions have 

<30% sea ice concentration (Armand et al., 2005).  D2 laminae are interpreted here as 

representing colder summer conditions than D1 laminae. 

 

E2 laminae are characterised using BSEI by visually dominant P. glacialis RS and 

contain high abundances of P. glacialis RS in assemblage counts (Table 5.01).  

Porosira glacialis is ecologically similar to Thalassiosira antarctica and, although it is 

rarely found living within sea ice, its maximum occurrence is south of the winter sea ice 

limit, and both are common components of the summer diatom stock in areas that are 

icy during the spring (Armand et al., 2005; Pike et al., 2009; Krebs et al., 1987).  It is 

not clear what induces resting spore formation in P. glacialis; however, the occurrence 

of P. glacialis RS in Holocene sediments around East Antarctica appears to be linked to 

regions that experience >7.5 months per year of sea ice cover (Pike et al., 2009).  

Hence, E2 laminae are interpreted here as occurring in years with both cold springs and 

autumns, with a later sea ice break up relative to years with E1 laminae. 

 

5.1.5 Annual sequences in core MD03-2601 

A complete annual succession of laminae (Figure 5.02) would contain an initial 

biogenic lamina that is high in CRS and/or Fragilariopsis spp. followed by a biogenic 

lamina visually dominated by Corethron pennatum or Rhizosolenia spp.  These are 

succeeded by laminae that contain mixed diatom assemblages and a relative increase in 

terrigenous grains (Table 5.01).  Terrigenous-rich laminae exhibit an up-lamina increase 

in Thalassiosira antarctica RS (D1 laminae; Hypsithermal) or Porosira glacialis RS 

(D2 laminae; Neoglacial).  A final lamina visually dominated by either T. antarctica RS 

(E1; Hypsithermal) or P. glacialis RS (E2; Neoglacial) occurs at the end of the 

sequence (Figure 5.02).  This complete annual sequence is rare in core MD03-2601.  

More commonly sequences have an initial biogenic lamina (dark under BSEI) with high 

CRS (A1 and B1 laminae) or high Fragilariopsis spp. (A2, B2 and C2 laminae) 

followed by a terrigenous (light under BSEI) D1 or D2 lamina, which may have a final 
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Figure 5.11: Principal component analysis of diatom lamination samples and distribution 
of diatom species groups that are statistically significant (see Table 5.04).  (a) Distribution 
of diatom samples versus components one and two of the PCA.  (b) Significance of diatom 
species versus components one and two of the PCA.  (c) Detail of central area highlighted 
by square in (b).  Diatoms indicated are (i) Phaeoceros Chaetoceros spp.; (ii) F. curta; (iii) 
F. rhombica; (iv) F. kerguelensis; (v) P. glacialis rs; (vi) F. ritscheri; (vii) F. separanda; 
(viii) T. antarctica rs; (ix) F. cylindrus; (x) P. inermis; (xi) C. pennatum. 

 

laminae demonstrate the greatest variability in CRS concentrations, but have a similar 

mean value to A3 laminae (Figure 5.12b).  The relative abundance of CRS within 

assemblages apparently increases from B3 to E3 laminae (Figure 5.12d) when 

considered in sequence (Figure 5.12d; see also section 6.2.4 and Figure 5.09), 

corresponding to a decrease in CRS-free diatom valves/gramme-1 of dry sediment 

(Figure 5.12a). 

 

Chaetoceros spp. are broadly distributed in the modern surface waters of Adélie Land 

(Beans et al., 2008) and the occurrence of CRS in sediment traps from the Antarctic 

margin indicates that blooms are linked to seasonal sea ice retreat and surface water 

stratification (Crosta et al., 1997; Leventer, 1991), with Hyalochaete Chaetoceros being 

a common component of pack ice algal assemblages (Gleitz et al., 1998).  Resting spore 

formation occurs due to depleted nitrogen levels or reducing light during vertical 

mixing of the water column or during the polar winter (Crosta et al., 1997 and 

references therein).  The sedimentary occurrence of CRS is commonly associated with 

high nutrient levels and strong spring stratification and consequently resting spores may 

be found in high sedimentary abundances around the Antarctic margin (Crosta et al., 

1997; Leventer, 1991).  Generally high absolute abundances of CRS in A3 laminae 

(Figure 5.12b) is consistent with resting spore formation as a result of depleted nutrients  
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waters (Beans et al., 2008), and have also increased in sedimentary abundance since ca. 

4.5 ka, linked to increased wind-induced mixing of surface waters (Denis et al., 2010). 

 

C3 laminae are characterised by visually dominant Fragilariopsis spp. with centric and 

solenoidal diatoms also common when observed using BSEI.  C3 laminae form a group 

with A3 laminae in the PCA, but tend to have lower values on PC axis 1 (slightly lower 

F. curta).  When occurring at the end of a spring layer, C3 laminae exhibit a gradual 

increase in terrigenous matter, solenoidal diatoms and centric diatoms upcore, with a 

decrease in Fragilariopsis spp. in BSEI observations.  Assemblages are similar to those 

of A3 laminae, with high abundances of cryophilic Fragilariopsis spp. (60.6%; F. curta 

28.3%), but contain higher abundances of the solenoidal diatom group (4.5%).  C3 

laminae are interpreted here as representing high productivity associated with spring sea 

ice retreat, with a greater influence of oceanic waters than A3 laminae and weaker 

winds compared to B3 laminae.  

 

5.2.3 Summer/autumn laminae: D3 and E3 laminae 

D3 laminae are characterised using BSEI as having a mixed diatom assemblage and a 

relatively high proportion of terrigenous material.  D3 laminae have the highest 

abundances of Fragilariopsis kerguelensis (13.9%) observed from laminae in IODP-

318-U1357B, the lowest CRS-free diatom concentrations (Figure 5.12), relatively high 

abundances of P. glacialis RS (4.4%, Table 2) and do not form a distinct group in the 

PCA (Figure 5.11).  Relatively high abundances of cryophilic Fragilariopsis spp. 

(51.2%) in D3 laminae are consistent with icy conditions, but the higher abundance of 

F. kerguelensis indicates a stronger influence of open oceanic waters (Crosta et al., 

2005).  Similarly, P. glacialis RS are found preferentially in sediments in regions where 

summer sea ice concentrations are <30% (Armand et al., 2005).  The high 

concentrations of terrigenous material observed using BSEI indicates reduced dilution 

by diatoms following the spring bloom, and lateral advection of clay particles from 

more coastal areas following sea ice retreat (Denis et al., 2006; Dunbar et al., 1985; 

Presti et al., 2003; Maddison et al., 2012).  D3 laminae are interpreted here as 

representing cool summer conditions with varying sea ice and meteorological 

conditions playing an important role in determining diatom composition. 
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slightly cooler/warmer spring conditions occurring during this period of the 

Hypsithermal.  A comparable long term change has been observed in the modern SAM 

record (Marshall, 2003), which demonstrates a trend from more negative to more 

positive values over several decades related to stratospheric warming resulting from 

ozone depletion (Thompson and Solomon, 2002) and anthropogenic warming (Marshall 

et al., 2004). These observations have been confirmed by modelling studies (Roscoe and 

Haigh, 2007; Arblaster and Meehl, 2006) demonstrating that the SAM may be forced by 

multidecadal climatic changes.  The SAM influences East Antarctic sea ice extent in 

modern records by strengthening (weakening) westerly winds during positive (negative) 

phases, increasing (decreasing) northerly drift of sea ice, and subsequently increasing 

(decreasing) sea ice extent (i.e. positive phases of the SAM result in increased sea ice 

extent and vice versa).  Additionally, during positive SAM phases, poleward heat flux 

decreases in the circumpolar region (Yuan and Yonekura, 2011; Hall and Visbeck, 

2010).  It was demonstrated in Chapter 2 that a correlation exists between positive SAM 

index and increased autumnal sea ice concentrations in Adélie Land; consequently the 

multidecadal changes in the distribution of E1 laminae (which are sensitive to autumnal 

sea ice formation) provides evidence for multidecadal phase changes in the SAM during 

the Hypsithermal.  Accordingly, the relatively cooler 50-year record is interpreted as 

representing a prolonged period of more positive values in the SAM, whilst the 

relatively warmer 57-year record a prolonged period of more negative values in the 

SAM. 

 

MTM analysis of the multidecadal records from core section XVII (Figure 5.15 and 

Figure 5.16) demonstrates that significant (>95%) longer period spectral peaks (>8 

years; Table 5.06) occur in the annual thicknesses (26-year peak, 99% confidence) and 

A1 lamina thicknesses (22-year peak, 95% confidence) time series from the 57-year 

record (Figure 5.16 and Table 5.06).  Although these periodicities should be treated 

cautiously, as only two full cycles can be fully expressed within the record, they may 

reflect control by the 22-year solar cycle, a multiple of the 11 year Schwabe cycle, 

which is observed in the geochemical record of the last 2000 years in the Adélie Drift  

(Costa et al., 2007).  A QBO modulated 11-year solar cycle has been linked to increased 

late winter adiabatic warming of the southern polar stratosphere during solar 

maxima/westerly phases of the QBO (Labitzke, 2004; Roscoe and Haigh, 2007), from 

which anomalies are transmitted to the troposphere (Thompson et al., 2005).  This 
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5.3.3 The Neoglacial 

Cores MD03-2601 and IODP-318-U1357B have sharply contrasting preservation in the 

Neoglacial sediments examined here, but equally provide insight into longer period 

climatic processes during this interval.  The sedimentary record of core section III from 

MD03-2601 has substantially higher degrees of bioturbation relative to the analysed 

sediments of IODP-318-U1357B, preserving brief snapshots (up to 11-year records) of 

Neoglacial interannual variability in sedimentation.  Core IODP-318-U1357B provides 

a continuously laminated 73-year record of sedimentation.  Both records, combined 

with the previously discussed Hypsithermal and transitional sections from MD03-2601, 

contribute to the understanding of interannual variability in Adélie Land during the 

Holocene. 

 

5.3.3.1 Core MD03-2601 

Increased bioturbation in core section III of MD03-2601 (Figure 5.07) makes it difficult 

to determine significant multi-annual trends in diatom productivity.  It is possible, 

however, to gain some insights into the nature of interannual variability in 

meteorological conditions affecting sea ice break-up and diatom productivity in this 

climatic phase.  The dominance of Fragilariopsis curta in all Neoglacial spring laminae 

indicates considerably icier spring conditions relative to Hypsithermal and early 

Neoglacial times.  In particular, A2 laminae have very high abundances of F. curta and 

form 48% of spring laminae within the Neoglacial, suggesting that approximately half 

of the years in this climatic interval are characterised by low spring winds and a late sea 

ice melt.  The remaining springs are characterised by higher relative abundances of CRS 

and open ocean species relative to A2 laminae; the presence of CRS suggests earlier sea 

ice retreat than A2 laminae.  The higher abundances of Corethron pennatum and 

Phaeoceros Chaetoceros spp. in B2 laminae indicate that strong wind mixing during ice 

break up is important in these years.  This strong contrast in interannual variability of 

meteorological conditions during the spring explains the high variability observed in 

multidecadal-resolution proxy records constructed from laminated sediments (e.g. 

Crosta et al., 2007).   

 

Neoglacial summer laminae (D2) demonstrate the lowest consistency of diatom 

assemblages in core MD03-2601 (Table 5.01;  Figure 5.03) most likely due to the high 
















































































































































































































































































