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Abstract 

The Southern Ocean has a central role in regulating global climate change. Research has 

shown evidence of changes in biological productivity are coincident with increased iron 

deposition and rising atmospheric CO2 concentrations. The current data suggests these 

processes occur homogenously throughout the Southern Ocean, where research largely 

focuses on changes in biogenic silica as a proxy for upwelling and enhanced opal 

production. The role of calcium carbonate productivity, however, is rarely discussed, or 

is referred to in terms of preservation changes associated with shoaling and deepening of 

the lysocline. This assumption ignores potentially important effects of carbonate 

productivity and inter-basin complexities on ocean-atmosphere CO2 exchange.  

Two gravity cores (TAN1302-96 and TAN1302-97) collected from the southwest Pacific 

Polar Frontal Zone (PFZ) provide more insight into productivity changes and inter-basin 

differences across glacial-interglacial timescales. Detailed geochemical analysis, together 

with δ18O stratigraphy and 14C chronology, were used to reconstruct glacial-interglacial 

changes in terrigenous input and paleoproductivity in the PFZ. Sedimentological and 

biological analyses provide additional information to support the geochemical 

observations.  

This study highlights two distinct productivity modes (i.e. biogenic silica and calcium 

carbonate) that vary over glacial-interglacial timescales and with respect to the position 

of the Polar Front (PF). Key findings include; 1) a systematic series of key biological 

changes are repeated during glacial Terminations I (TI) and II (TII), the order of which 

depends on the position relative to the PF; 2) calcium carbonate productivity dominates 

the early part of the Termination north of the PF, whereas the production of biogenic 

silica dominates the early Termination south of the PF; 3) following TI and TII, calcium 

carbonate leads productivity in the early interglacials (i.e. MIS 5e and the Holocene), 

followed by the production of biogenic silica during the late interglacials, concurrent with 

declining atmospheric CO2 concentrations.  
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Chapter 1    Introduction 

Antarctica and the surrounding Southern Ocean (SO) are in a unique position with respect 

to the global climate system. The thermal gradient between the tropics and Antarctica 

influences global atmospheric circulation, locally expressed in the Southern Hemisphere 

as a belt of westerly winds that circle above the SO. The position and strength of these 

winds regulate upwelling and influence temperature, salinity and nutrient changes on the 

SO that affect biological productivity. Oceanic productivity has been argued to be an 

important component in regulating ocean-atmosphere carbon exchange (Sigman and 

Boyle, 2000; Jaccard et al., 2013; Gottschalk et al., 2016). Despite this, most of the 

compelling evidence for this relationship has focused on changes in biogenic opal, 

particularly in the South Atlantic sector of the SO. The TAN1302-96 and -97 cores 

collected from the southwest Pacific provide a new opportunity to examine the 

relationship between productivity and atmospheric CO2 in the Pacific sector of the SO. 

Processes related to oceanic-climate dynamics are often inferred to occur synchronously 

across all sectors of the SO. Although this simplifies the bigger picture ideas surrounding 

global ocean-climate dynamics, it overlooks potentially important differences between 

regions of the SO. 

1.1 Research aims and objectives 

In this study two marine sediment cores from the Polar Frontal Zone (PFZ) were analysed 

using a combination of sedimentology, paleontology and geochemical methods in order 

to achieve the following aims: 

• To investigate productivity changes over glacial-interglacial timescales in the 

PFZ, southwest Pacific sector of the SO. 

• To reconstruct deglaciation sequences to assess the role of biological productivity, 

and identify the potential roles of ocean circulation, climate, and iron flux in this 

region. 

• To investigate how the southwest Pacific region of the SO differs from the South 

Atlantic, with respect to productivity, ocean circulation, and climate-related 

processes. 
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This thesis uses the integration of more traditional geochemical and sedimentological 

methods, i.e. measuring grainsize, calcium carbonate (CaCO3) and opal %, and proxies 

derived from X-ray Florescence (XRF) to investigate biological and physical changes in 

the PFZ over glacial-interglacial cycles. Diatom assemblage analyses provide additional 

insight into key oceanographic and ecological shifts observed across glacial terminations. 

The data obtained through this research is combined, evaluated and compared with 

patterns found in other marine records throughout the wider SO, to contribute to the 

understanding of how the dynamic PFZ region may influence global climate.  
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Chapter 2 The Southern Ocean and global climate 

The SO extends from the Antarctic coast (~70°S) to the Subtropical Front (STF, ~40°S) 

(Bostock et al., 2013). This region plays an integral part in oceanic connectivity; 

transporting and redistributing heat, carbon, and nutrients into all the major oceanic basins 

(Rintoul et al., 2010). In the last two decades, considerable advances have been made in 

understanding the role of the SO in regards to global climate, although research has 

increasingly highlighted the complexities in biological, chemical and physical processes 

amongst the ocean basins (Anderson et al., 2009; Denton et al., 2010; Sigman et al., 2010; 

Gottschalk et al., 2016). Multiple studies have suggested the SO may play a critical part 

in regulating glacial-interglacial climate cycles through these key processes (Jaccard et 

al., 2013; Benz et al., 2016). This conclusion is based on the fact that the SO is one of the 

largest regions on Earth where direct interaction and exchange exists between the deep 

ocean and the atmosphere (Anderson et al., 2009).  

This chapter will give an overview of the PFZ setting in the southwest Pacific Ocean and 

will discuss different climate-regulating processes that concern this region. Firstly, the 

regional setting will be described including the circulation of the region as well as the 

modern biological conditions and the surrounding geology. Secondly, glacial-interglacial 

cycles will be described. Key influences regulating these global climate cycles will be 

outlined, with specific focus on the role of sea ice, the Southern Hemisphere westerly 

winds, the biological pump and iron (Fe).   

2.1  Regional setting 

The Polar Front (PF) divides the SO into two zones; the Subantarctic Zone (SAZ) to the 

north and the Antarctic Zone (AZ) to the south (Sigman et al., 2010). Previous studies 

have suggested that processes contributing to glacial-interglacial CO2 regulation are 

different between each zone in the South Atlantic  (Chase et al., 2003; Jaccard et al., 

2013). Oceanographic research has shown that this region is a very complex system of 

oceanic fronts and eddies (Sokolov and Rintoul, 2007; Sokolov and Rintoul, 2009), 

commonly defined by changes in sea surface height that demarcate a PFZ, the mean 

position of which is given as the PF (Sokolov and Rintoul, 2007). In the last two decades, 
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detailed investigations into the role of the SO in global ocean circulation and climate 

dynamics have revealed increasingly precise estimations of flow velocity, heat and 

nutrient transportation, and upwelling flux (Sokolov and Rintoul, 2007; Rintoul et al., 

2014). Integration of measured data, particularly from satellites, with climate and 

circulation models has revealed a more complete picture of SO dynamics, and has 

subsequently reinforced its vital role in modulating global climate (Rintoul et al., 2010). 

The TAN1302-96 core is located south of the PF and the TAN1302-97 core is situated 

slightly north of/directly under the PF (Sokolov et al., 2006) (Figure 2.1). 

 

Figure 2.1. Core locations of TAN1302-96 and TAN1302–97 with key water masses and climate-related components 

important for this study. ACC = Antarctic Circumpolar Current, STF = mean position of the Subtropical Front, SAF = 

mean position of the Subantarctic Front, PF = mean position of the Polar Front modified from Sokolov and Rintoul 

(2009). Arrows indicate flow direction. SAZ = Subantarctic Zone and AZ = Antarctic Zone as divided by the PF from 

Sigman et al. (2010). MWSI = modern winter sea ice limit modified from Gersonde et al. (2005). Orange region = 

highest dust concentrations from Australia modified from Lamy et al. (2014). 
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2.1.1 Water masses, currents, and fronts 

The northern boundary of the SO as defined by the Subtropical Front (STF) separates 

warm (summer sea surface temperatures 14.5-19.5°C), saline, nutrient-poor Subtropical 

surface water (STW) in the north, from cooler, nutrient-rich Subantarctic water (SAW) 

in the south (Belkin and Gordon, 1996; Bostock et al., 2013). Located just south of 

Campbell Plateau and New Zealand, the Subantarctic Front (SAF) marks the northern 

boundary of the eastward-flowing Antarctic Circumpolar Current (ACC), the Earth’s 

longest and largest current (~134 ± 13 Sv, stretching from the seafloor to the surface) 

(Orsi et al., 1995; Phillips and Rintoul, 2002). Although the frontal structure of the ACC 

is complex, the majority of flow is focused along the oceanic fronts between 45 and 55°S, 

viz. the SAF and the PF (Sokolov and Rintoul, 2007; Bostock et al., 2013). Both the SAF 

and the PF are composed of multiple branches or jets that extend from the sea surface to 

the deep ocean, and thus flow is often constrained by bathymetry (Sokolov and Rintoul, 

2007; Sokolov and Rintoul, 2009).  

Overlooking bathymetric interference, the strength of the ACC is controlled by the 

Southern Hemisphere westerly winds. Flow velocities weaken with depth; reaching 

upwards of 50 cm/s at the base of the photic zone and decreasing to < 5 cm/s near the sea 

floor (Orsi et al., 1995; Phillips and Rintoul, 2002; Bostock et al., 2013). The Macquarie 

Ridge in the southwest Pacific acts as a barrier to the ACC, with only a few gaps in the 

ridge where the ACC fronts are forced through (Sokolov and Rintoul, 2007). Evidence 

has shown that current speeds through gaps in the Macquarie Ridge can reach up to 

50cm/s (Rintoul et al., 2014).  

The key surface waters in the PFZ region of the SO are Antarctic Surface waters, which 

are found south of the PF and extend with ‘rather uniform properties’ to the margins of 

Antarctica (Orsi et al. 1995). These waters are cold (<0.5°C) and relatively fresh (salinity 

<34), with high nutrient concentrations as a result of upwelling of Circumpolar Deep 

Water at the PF (Orsi et al., 1995; Bostock et al., 2013). 

2.1.2 Nutrients and productivity 

The SO is a high nutrient – low chlorophyll area. Upwelling of old, cold Circumpolar 

Deep Water just south of the PF supplies the surface with high concentrations of nitrate, 

silicate and phosphate (Figure 2.2), however, these nutrients are poorly utilised by 

phytoplankton (Bostock et al., 2013; Benz et al., 2016; Wilks et al., 2017).  Strong 
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grazing pressure, insufficient light and/or iron required for phytoplankton growth have 

all been suggested as potential reasons for this, though the latter explanation has received 

the most momentum (Martin, 1990; Mitchell et al., 1991; Minas and Minas, 1992; Boyd 

et al., 1999; Studer et al., 2015). Iron is an essential micronutrient required for 

phytoplankton growth. Iron fertilisation experiments in the SO have revealed rapid 

biological responses to the addition of Fe (Boyd et al., 2007). This elucidates the 

importance of this micronutrient, believed to be primarily sourced from aeolian dust, for 

enhancing productivity (Boyd et al., 2000; Fung et al., 2000). Other sources, however, 

include upwelling of intermediate/deep waters, sea ice melt and iceberg rafted debris 

(IRD).  

 

Figure 2.2. Annual sea surface silicate (top) and nitrate (bottom) concentrations from Bostock et al. (2013). Note 

phosphate concentration shows a similar distribution to nitrate concentrations. STF = Subtropical Front, SAF = 

Subantarctic Front, PF = Polar Front, SACCF = Southern ACC Front, SB = Southern Boundary, ACC = Antarctic 

Circumpolar Current. 

In addition to forming a key oceanographic barrier, dividing the SO into two zones, the 

PF is a biogeochemical barrier separating low silica concentrations to the north from high 

silica concentrations to the south (Bostock et al., 2013). This is also evident from the 

proportions of total mass flux observed in intermediate waters across SO latitudes (Figure 
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2.3) and the underlying sediments, where sedimentation is carbonate-dominated north of 

the PF and silica-dominated to the south (Honjo, 2004).    

 

2.1.3 Bathymetry and surrounding geology 

The TAN cores used in this study straddle the Macquarie Ridge; a submarine expression 

of the Australia-Pacific plate boundary south of New Zealand (Conway et al., 2012).  The 

submarine ridge forms part of a greater ridge complex that is approximately 1,600 km in 

length, and varies from ~100 m to >1000 m in depth (Conway et al., 2012). Volcanic 

rocks on Macquarie Island are predominantly enriched mid-ocean ridge basalts (Varne et 

al., 2000) and likewise, samples from seamounts on the Macquarie Ridge Complex show 

that the relict spreading centre is composed of sub-alkaline to alkaline basalts (Conway 

et al., 2012). The northern PFZ core, TAN1302-97, is located in the Emerald Basin, east 

of the Macquarie Ridge. Eroded terrigenous material from the Southern Alps can be 

transported down Solander Trough via turbidity currents to the Emerald Basin during 

glacial low stands (Carter et al., 1996). Regardless of this, forcing of the ACC through 

gaps in the Macquarie Ridge and major sediment recycling in the subduction margin 

create an extremely erosional regime that results in very little sedimentation south of 52°S 

(Carter et al., 1996). 

Figure 2.3. Latitudinal variability of calcium carbonate and biogenic silica from Honjo (2004). SIZ = Seasonal Sea 

Ice Zone, RSG = Ross Sea Gyre, ACC = Antarctic Circumpolar Current, APF = Antarctic Polar Front, PFZ = Polar 

Frontal Zone, SAF = Subantarctic Front, SAZ = Subantarctic Zone.  
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2.2 Glacial-interglacial cycles 

The correlation between atmospheric concentrations of CO2, global ice volume and 

temperature is extremely well documented for the past million years (Sigman et al., 

2010). Abrupt changes in these factors from steady-state climate are initially due to 

changes in orbitally-driven insolation, however, radiative forcing can only account for 

half of the glacial-interglacial climatic shifts observed (Mackensen, 2004; Tang et al., 

2016). Multiple theories exist to explain the additional processes involved in regulating 

atmospheric CO2, all of which highlight the role of the ocean, and the SO in particular 

(Mackensen, 2004). The oceans are the largest reservoir of carbon on Earth, containing 

60 times more carbon than the atmosphere (Martin, 1990). Carbon from the oceans can 

be easily exchanged with the atmosphere and thus the oceans are the most likely source 

of exacerbating insolation-driven changes in atmospheric CO2 over glacial-interglacial 

timescales. Key theories involve; 1) physical obstruction of CO2 ocean-atmosphere 

exchange from extensive sea ice, 2) atmospheric circulation changes regulating the rate 

of upwelling in the SO, and 3) the efficiency of the biological pump and the SO “leak”.   

2.2.1  Sea ice 

Low glacial concentrations of atmospheric CO2 have been suggested to result from 

reduced ventilation of the deep ocean, either as a consequence of perennial Antarctic sea 

ice cover or a combination of extensive wintertime cover and ice-induced stratification 

(Stephens and Keeling, 2000). This theory relies on persistent sea ice cover at the high 

latitudes that would effectively block carbon from escaping the deep ocean. Changes in 

productivity, nutrient supply or utilisation unrelated to sea ice cover would not be 

necessary to account for the draw-down of atmospheric CO2, nor would changes in ocean 

chemistry.    

2.2.2 Westerly winds 

Research has suggested the mean position and strength of the Southern Hemisphere 

westerly winds can generate a positive feedback on the climate system that forces 

atmospheric CO2 fluctuations (Toggweiler et al., 2006). The position of the westerly 

winds is dictated by the phase of the Southern Annular Mode. When the Southern Annular 

Mode is predominantly positive, the westerly winds accelerate and contract towards 

Antarctica, whereas a shift to a negative phase is associated with weakening and 
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expansion of the Southern Annular Mode and westerly winds over the lower latitudes (see 

Marshall, 2003 for more detail).  

Glacial periods have been associated with an equatorward migration of the westerlies 

and/or weakening of the winds, slowing the rate of upwelling so that CO2 accumulates in 

the deep ocean (Toggweiler et al., 2006). Conversely, glacial terminations and 

interglacials are characterised by a southward shift in the westerly winds, closer to 

Antarctica. This would increase ventilation of the deep ocean, releasing deeply 

sequestered carbon into the atmosphere. Increasing atmospheric CO2 would give rise to 

greater poleward displacement of the winds, creating the positive feedback proposed by 

Toggweiler et al. (2006).   

2.2.3 The biological pump and the role of iron  

Broecker (1982) first suggested variations in the degree of biological productivity in the 

oceans was responsible for glacial-interglacial CO2 fluctuations. Biological productivity 

in the surface waters lowers atmospheric CO2 through photosynthesis, however it is the 

transferal of organic carbon to the deep ocean, i.e. export production, that increases the 

oceanic sink of CO2 (Figure 2.4) (see Sigman et al., 2010 for more detail). In the modern 

ocean, this combination of processes, i.e. the biological pump, operates inefficiently due 

to poor nutrient and CO2 consumption by phytoplankton. This contributes to the modern 

SO “leak” that results in the release of CO2 at the upwelling region south of the PF relative 

to the draw-down needed in photosynthesis (Sigman et al., 2010; Jaccard et al., 2013). 

Research in the South Atlantic has shown the export of organic material to the deep ocean 

was enhanced during glacial periods in the SAZ of the SO, but decreased in the AZ 

(Jaccard et al., 2013). Coincident Fe deposition from Patagonia, the largest dust source 

in the Southern Hemisphere, has been associated with improving productivity in the SAZ, 

rendering the biological pump more efficient, and contributing to declining atmospheric 

CO2 concentrations (Jaccard et al., 2013; Lamy et al., 2014).  



10 
 

 

Figure 2.4. Schematic illustration of the biological pump. Phytoplankton use light energy and dissolved nutrients in 

photosynthesis to covert CO2 to organic carbon. Most of this organic carbon is converted back to CO2 due to 

consumption and/or dissolution, and is released back into the atmosphere. A small proportion (<1%) of organic carbon, 

however, makes it to the deep ocean and is effectively removed from the carbon cycle for thousands of years. From 

Chisholm (2000).   

Attempts at explaining glacial terminations have concluded a number of factors are 

required to account for the rapid increase in atmospheric CO2 concentrations and global 

temperatures (Anderson et al., 2009; Denton et al., 2010). Denton et al. (2010) describe 

a sequence of events initiated by rising summer insolation in the Northern Hemisphere. 

Of the most concern to the SO, southward shifts in the westerly winds are responsible for 

increased upwelling and ventilation of the deep ocean, resulting in rising atmospheric 

CO2 and warming over Antarctica (Anderson et al., 2009; Denton et al., 2010). The 

interplay between the atmosphere and the oceans is incredibly complex. This complicates 

the recognition of a single trigger, be that in the Northern or Southern Hemisphere, that 

initiates glacial terminations. Though progress has been made in understanding 

mechanisms behind climate shifts, potential heterogeneity in these processes between 

ocean basins may have some important implications for understanding future climate 

responses.   
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Chapter 3 Ecology 

This chapter will discuss the marine plankton present in the southwest Pacific PFZ cores. 

Marine plankton have a vital role in the worlds oceans. Not only do phytoplankton form 

the base of the food chain, they also have a significant role in regulating glacial-

interglacial variability in atmospheric CO2 (Deppeler and Davidson, 2017). Additionally, 

modern analogues from sediment trap data and core tops can give insights into preferred 

environmental conditions, and have been used extensively for sea surface temperature 

(SST) and winter sea ice (WSI) reconstructions (Gersonde and Zielinski, 2000; Armand 

et al., 2005; Kucera et al., 2005). 

3.1 Foraminifera  

Foraminifera were used in this study for stable isotope analysis to determine an age model 

for each core. The majority of foraminifera observed in the TAN1302-96 and -97 cores 

were the planktonic species Neogloboquadrina pachyderma with lesser amounts (<20%) 

of Globigerina bulloides.  

N. pachyderma (Ehrenberg, 1861) is a non-spinose, non-symbiotic, left-coiling 

foraminifera (Figure 3.1) (Hemleben et al., 1989).  In the modern ocean, the species 

dominates polar ocean foraminifera assemblages in both hemispheres, thriving in SSTs 

between 0 - 5°C with relatively weak surface water stratification (Spindler, 1996; 

Hilbrecht, 1997; Crundwell et al., 2008). Additionally, the species has been found living 

within sea ice around Antarctica, where individuals are incorporated into the ice by ice 

formation processes (Spindler and Dieckmann, 1986; Dieckmann et al., 1991). Because 

of this, N. pachyderma can tolerate a wide range of salinities, however, literature suggests 

individuals in southern latitudes flourish in waters of relatively low salinities (~34‰) 

compared to the much higher salinities associated with sea ice (>50‰) (Spindler, 1996).  
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Figure 3.1. Scanning electron microscope images (200x) of N. pachyderma; encrusted form (left) and non-encrusted 

form (right). Images from Kohfeld et al. (1996).      

G. bulloides (d’Orbigny, 1826) is a spinose, planktic foraminifera present in transitional 

to polar waters (Hemleben et al., 1989). It occurs in a wide range of SSTs (~2 - 23°C), 

however, maximum densities are present between 9 - 11°C (Tolderlund and Bé, 1971). 

This species has preference for <400 m water depth and is common in regions of 

enhanced nutrient supply (Hemleben et al., 1989; Neil et al., 2004; Crundwell et al., 

2008). For this reason, the relative abundance of G. bulloides has been used as a proxy 

for upwelling intensity, where nutrient-rich bottom waters are brought to the surface at 

frontal zones (Conan et al., 2002). Contrary to other spinose planktic foraminifera, high 

nutrient supply and enhanced productivity are associated with enriched δ13C values in G. 

bulloides (Hemleben et al., 1989; Schneider et al., 1994). Current theories for this involve 

competitive uptake of 12C by phytoplankton during periods of increased primary 

production, although reasons are still speculated (Neil et al., 2004; Prasanna et al., 2016).  

3.2 Diatoms 

Diatoms are silicifying, photosynthetic algae that contribute up to 75% of the primary 

productivity in the SO, thus playing a key role in the global cycling of both silica and 

carbon (Tréguer et al., 1995; Armand et al., 2005). Due to light requirement for 

photosynthesis, diatom distributions are limited to the top 200 m of the water column 

(Cortese et al., 2012). Additionally, environmental factors, grazing pressure and the 

availability of macro- and micronutrients influence species abundance, where nutrient 
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availability in particular can become growth limiting if concentrations are low (Cortese 

et al., 2012).  

In the SO, species-specific distributions are controlled largely by SST and sea-ice cover 

(Armand et al., 2005). Analysis of diatom assemblages preserved in marine sediments 

therefore provides a means to gauge paleoceanographic conditions, particularly for SST 

reconstructions and sea ice cover estimations (Romero et al., 2005). Detailed research 

using core-tops has revealed relationships between modern diatom distributions and 

environmental conditions, such that major taxa can be grouped into zonally-distinct 

regions (Armand et al., 2005). In this thesis, there was insufficient time to undertake many 

diatom assemblage counts. Therefore, the diatom analyses will be used to support other 

sedimentological and geochemical information to inform the paleoceanographic 

interpretations.  

3.2.1 “Sea Ice” group 

Extant diatom species comprising the “Sea Ice” (SI) group are currently found in oceanic 

regions south of the PF annually covered by sea ice (Armand et al., 2005). Diatom taxa 

in this group are most abundant surrounding the coast of Antarctica within the zone of 

maximum winter, or in some instances, summer sea ice cover; viz. in the Amundsen Sea, 

the Adélie coastline, Prydz Bay and the Ross Sea (Pichon et al., 1987; Armand et al., 

2005; McKay et al., 2012). Species in this group include Actinocyclus actinochilus, 

Eucampia antarctica, Fragiliariopsis rhombica, F. curta, F. ritscheri and F. separanda 

(Pichon et al., 1987; Armand et al., 2005). These species have strict SST and sea ice cover 

preferences, where maximum abundance is observed in regions experiencing ~7 – 9 

months of sea ice cover per year and SSTs between -1 to 3°C. Most diatoms in this group 

have been documented in sea ice (e.g. A. actinochilus), while some prefer melt water 

conditions (e.g. E. antarctica and F. ritscheri) (Pichon et al., 1987; Armand et al., 2005).   
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Figure 3.2. Images of select SI diatoms. From top left (clockwise): F. separanda (SEM), F. ritscheri (long centre - 

SEM) and F. curta (SEM).                         

3.2.2 “Polar Open Ocean and Seasonal Ice Tolerant” group 

This thesis follows the same species grouping as McKay et al. (2012) for the “Polar Open 

Ocean and Seasonal Ice Tolerant” (POOSIT) group, who combined the Cool Open Ocean 

and Pelagic Open Ocean groups from Crosta et al. (2005). Additional species in this group 

absent from the latter work are included from Pichon et al. (1987). Diatoms in this group 

have well-established links to open ocean settings, and include Asteromphalus parvulus, 

Fragilariopsis kerguelensis, Thalassiosira gracilis, T. lentiginosa and Thalassiothrix 

antarctica. These species occur in a broader SST range than the “sea ice” group, (~1 - 

8°C). However, a common pattern is observed regarding these species distributions, 

where maximum abundances decrease south of the PF towards areas of prolonged annual 

sea ice duration (Crosta et al., 2005). This coincides with the “Diatom Ooze Belt;” a band 

of well-preserved diatomaceous sediment bordered by the SAF and the winter/spring sea 

ice cover surrounding Antarctica (Burckle and Cirilli, 1987). F. kerguelensis is the 

dominant component of this sediment, where maximum abundances of the species can 

make up between 70-83% of SO diatom assemblages (Crosta et al., 2005). Research has 
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also shown that F. kerguelensis shows a distinct climatic signature, both in terms of 

relative abundance and size of individual valves. During glacial periods, though the 

relative abundance is lower, usually valve areas are larger, and vice versa during 

interglacials (Crosta et al., 2004; Cortese et al., 2012).  

 

   

    

Figure 3.3 Images of select POOSIT group diatoms. From top left (clockwise): F. kerguelensis (SEM), A. parvulus 

(light microscope), and T. antarctica (both apexes shown) (light microscope).  

3.2.3 “Polar Front and Northwards” group 

Following the methods of McKay et al. (2012), the “Polar Front and Northwards” (PFAN) 

group is a combination of the extant diatom species in the Warm Open Ocean group from 

Crosta et al. (2005) and the Subtropical group from Romero et al. (2005). Species in this 

group include Azpeitia tabularis, Hemidiscus cuneiformis, Thalassionema nitzschioides 

var. lanceolata, and Thalassiosira oestrupii. These species are generally found north of 

the SAF, in moderate to warm summer SSTs (~ 7 - 15°C), and have a low tolerance to 

sea ice presence (Romero et al., 2005). Regardless of the fact some of these species have 

a wide range of environmental tolerance, clear patterns of decreasing abundance with 

increasing latitude and sea ice exist, as does a distinct preference for warmer conditions.   
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Figure 3.4. Select diatoms from the PFAN group. From left: A. tabularis and H. cuneiformis (light microscope). 

3.3 Coccolithophores 

Coccolithophores are photosynthetic, calcifying phytoplankton that are among the most 

productive primary producers in the world’s oceans (Rost and Riebesell, 2004). For this 

reason, they are an important component in the marine carbon cycle, both acting as a CO2 

sink during photosynthesis and source during calcification processes (Krumhardt et al., 

2017). Coccolithophores are widely distributed in the global ocean, though areas with 

highest calcification rates (or highest particulate inorganic carbon production) are 

confined to temperate and subpolar regions (Krumhardt et al., 2017). The SO in particular 

exhibits a permanent band of elevated calcium carbonate concentration just north of the 

PF during the austral summer; deemed the “Great Calcite Belt” (Balch et al., 2011, 2016; 

Smith et al., 2017). Coccolithophores are believed to be the major contributor to this 

phenomenon, dominated almost exclusively by Emiliania huxleyi (Balch, 2018). In this 

thesis, the presence of coccoliths in the cores was checked in five samples using Scanning 

Electron Microscopy (SEM). The most common species identified in both TAN1302-96 

and -97 were Calcidiscus leptoporus and Gephyrocapsa oceanica, the latter of which is 

genetically very similar to E.huxleyi (Bendif and Young, 2014; Balch, 2018).  
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Figure 3.5 Top: coccolith structure of G. oceanica (left) and E. huxleyi (right). Key difference is the presence of a 

bipartite bridge located in the centre of the placolith in G. oceanica. Image from Balch (2018). Bottom: coccoliths from 

C. leptoporus (SEM). 

G. oceanica is a widely-distributed, bloom-forming coccolithophore, typically found in 

warm waters (Bendif and Young, 2014). The species are typically found in the top 50 m 

of the water column, however, other environmental preferences, such as temperature, are 

not very well constrained (Rhodes et al., 1995). Recent ocean acidification experiments 

showed the coccolithophore can adapt to higher CO2 concentrations, although adaptation 

seems to collapse after exposure over 2,000 generations (Jin and Gao, 2015).  

Highest counts of C. leptoporus have been recorded in peak interglacials, viz. during the 

Holocene and Marine Isotope Stage (MIS) 5e, off Campbell Plateau (Wells and Okada, 

1997). The coccolithophore has been typically regarded as a warm water species, where 

abundance of C. leptoporus south of the PF is relatively low (Wells and Okada, 1997). 

Distribution data of the species in the South Pacific, however, is severely lacking. Recent 

research has shown that C. leptoporus has a requirement for silicate, where Si-limited 

conditions negatively impacts their ability to calcify (Durak et al., 2016).  

Though documentation of modern environmental preferences for both species could be 

improved, the information currently available will be used to support other data in this 

thesis.    
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Chapter 4 Methods 
  

4.1 Core collection 

A gravity corer was used to obtain cores TAN1302-96 and TAN1302-97 in March of 

2013 during the return transit of the RV Tangaroa from the Mertz Polynya, East 

Antarctica. TAN1302-96 is located on the southwestern side of Macquarie Ridge, in the 

path of the southern PF boundary and TAN1302-97 is situated in the Emerald Basin, to 

the east of Macquarie Ridge (Table 4.1). 

Table 4.1. PFZ core locations. 

Core Longitude Latitude Water Depth 

(m) 

Length (cm) 

TAN1302-96 -59.09178 157.04998 3,099 364 

TAN1302-97 -57.28651 161.33131 3,544 480 

 

4.2 Preliminary work 

Prior to the start of this project some preliminary work had already been undertaken on 

the cores by Helen Bostock. Preliminary work on TAN1302-96 involved: 

• Core was split and a visual core description carried out 

• Magnetic susceptibility measured at 2 cm intervals along the entire core 

• Samples sieved at 10 cm intervals for the top 190 cm for grain size (>63 um) 

• Calcium carbonate content (weight %) measured using the carbonate bomb 

method every 5 cm for the top 80 cm, and then at 10 cm intervals for the remainder 

of the core 

• Oxygen isotopes analysis on the planktonic foraminifera N. pachyderma from the 

top 120 cm of the core at 10 cm resolution  

• Radiocarbon dating on N. pachyderma undertaken at two depths; 20 cm and 

50 cm  

• Micro-XRF elemental scanning (ITRAX) on the top 185 cm, at 2 mm resolution  
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• Biogenic opal analysis undertaken at Dalhousie University using the one-step 

method. 19 samples between 4 and 92 cm depth were analysed   

Preliminary work previously undertaken on TAN1302-97 involved:  

• Magnetic susceptibility measured at 2 cm intervals along the entire core 

• Samples sieved at 10 cm intervals for grain size for the top 190cm 

• Calcium carbonate content (weight %) measured using the carbonate bomb 

method every 10 cm for the entire core 

• Oxygen isotope analysis on N. pachyderma on the top 190 cm of the core at 10 cm 

resolution 

• Radiocarbon dating of N. pachyderma at two depths; 10 cm and 40 cm  

4.3 Core sampling and analyses  

The working half of the TAN1302-96 and TAN1302-97 cores were utilised for this study, 

however, previous work on TAN1302-96 (Bostock, unpublished) meant the 

supplementary samples from the archive half were often needed from the top 2 m. 

Samples were taken using a 1cm wide spatula to obtain 1 cm thick sample sections, with 

care taken to avoid sampling the outside of the cores to reduce contamination from 

disturbed sediment dragged down the inside of the core tube. The collected samples were 

then used for the analyses listed below.  

4.4 Dry bulk density & water content 

Dry bulk density measurements are needed along with the linear sedimentation rates 

(LSR) in order to calculate the mass accumulation rate (MAR) of sediment, viz. calcium 

carbonate. Due to the positive correlation between organic carbon production and calcium 

carbonate productivity, MAR of carbonate is often used as a productivity proxy 

(Brummer and van Eijden, 1992). Water content was also calculated as part of this project 

to see if this correlated with biogenic opal content, since the former is much easier to 

measure and diatom-rich sediments retain lots of water. 

4.4.1  Sample preparation 

Samples for the initial dry bulk density analyses of TAN1302-96 and TAN1302-97 were 

taken every 10 cm from the working half of the cores. Between 7-10 g of sediment was 
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put into 2 cm x 2 cm x 1.5 cm = 6 cm3 cubes and then weighed (wet weight = WW), 

before being dried at 100°C overnight in the oven. Samples were re-weighed when dry 

(dry weight = DW), then dry bulk density (DBD) and water content (%) were calculated 

using the equations below. Following this, the dry samples were transferred into a mortar 

and pestle for crushing and then bagged and labelled for use in further analyses.  

1) water content (%) = ((WW-DW)/WW)*100   

2) DBD = DW/volume of cube 

3) Bulk MAR (g/cm2/ky) = LSR (m/my) x DBD   

4) Carbonate MAR = bulk MAR x (CaCO3 wt %/100)  

4.5  Stable isotope analysis  

Although local effects such as salinity and temperature can impact oxygen isotope ratios 

measured from planktic foraminifera, relative global ice volume changes can be deduced 

from the isotopic signatures. Oxygen isotopes, expressed as δ18O, are the ratio of 18O/16O 

compared to a standard. The lighter 16O is preferentially evaporated from the surface of 

the ocean and precipitates as snow to form the ice sheets. This results in an increase in 
18O/16O in the oceans when the ice sheets are large during glacial periods. This isotopic 

signature denoting glacial and interglacial periods is incorporated into foraminiferal tests. 

Measuring these ratios from foraminifera helps constrain the chronology of the marine 

cores when compared with global oxygen isotope reference curves such as LR04 (Lisiecki 

and Raymo, 2005).  

4.5.1 Sample preparation 

Sub-samples were taken every 10 cm down both TAN1302-96 and TAN1302-97 from 

previously wet-bagged samples. These samples were dried overnight in the oven at 50°C, 

placed in small pottles and then soaked with pH buffered distilled water to encourage 

disaggregation (but not dissolution) for up to 2 hours. The sample was then washed 

through a 63µm sieve to remove the mud fraction. This <63 µm material was left to dry, 

bagged, and placed in storage. The >63 µm fraction was transferred onto filter paper and 

dried overnight at 50°C. Samples were transferred to vials when dry, and sieved through 

355 µm, 250 µm and 180 µm sieves when used for picking. Individual foraminifera tests 

were picked from the 180-250 µm, and 250-355 µm fractions. 
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4.5.2 Picking 

Two planktic foraminifera species, N. pachyderma and G. bulloides (where present) were 

picked under a binocular microscope. N. pachyderma were picked from the 180-250 µm 

fraction following an initial observation that some samples lacked individuals in the 250-

355 µm fraction. It is typical of this foraminifera species to change position in the water 

column throughout their life cycle (Hemleben et al., 1989). For this reason, the 180 µm 

sieve was chosen over 150 µm as measurements taken from juveniles can have significant 

effects on δ18O values (Jonkers et al., 2013). Approximately 15-20 individuals were 

picked from the 250-355 µm fraction, and 30 individuals were picked from the 180-

250 µm fraction. 

4.5.3 Analysis 

Five to six individual N. pachyderma from the 180-250 µm size fraction were analysed 

by Andrew Kingston at NIWA for their stable isotopes using Kiel IV individual acid-on-

sample device and analysed using Finnigan MAT 252 Mass Spectrometer. The precision 

is ±0.07% for δ18O and ±0.05% for δ13C.  

4.6 Iceberg rafted debris  

There have been many debates arguing the environmental interpretation of iceberg rafted 

debris (IRD) in sediment cores and these are considered in Chapter 6. Regardless of this, 

the presence of IRD is an important indicator of glaciomarine processes and was visually 

counted whilst picking foraminifera using the binocular microscope at 10 cm intervals 

down the cores, in both the 250-355 µm and 180-250 µm size fractions. Counts were 

divided by the associated dry weight (g) of the total sample and presented as grains/gram 

of sediment. See Appendix C for count information.  

4.7 X-ray fluorescence  

Use of X-ray Fluorescence (XRF) scanners in core analysis has increased substantially in 

the last 20 years (Croudace and Rothwell, 2015). The ability to quickly and non-

destructively acquire elemental count data has led to this technique being commonly used 

in paleoclimate studies, where elemental proxy data can provide valuable information for 

past climate reconstructions.  
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4.7.1 Sample preparation 

Samples used for XRF analysis were taken from the cores at 2 cm intervals. XRF data 

can be highly influenced by sediment properties such as water content, grainsize, bulk 

density and an excess of organic matter (Croudace and Rothwell, 2015). Whilst the 

amount of organic matter in both cores is expected to be low (<2%), to minimise the 

effects of variable porosity and grain size, samples were dried at 100°C and homogenised 

by hand grinding with an agate mortar and pestle.  Samples were heated to 100°C for >30 

minutes to comply with biosecurity requirements in order to transport the samples to 

Victoria University of Wellington (VUW) to use the XRF machine. Samples were 

transported to VUW in labelled bags, and transferred into plastic vials with polypropylene 

film secured over the opening for subsequent XRF analysis.  

4.7.2 XRF data 

A portable Olympus Vanta M series XRF scanner was used for elemental analysis. The 

machine was connected to a workstation which enabled remote operation (Figure 4.1). 

Samples were placed upside down, directly onto the XRF prolene window and the lid 

closed.  Two “methods” were used for analysis. The geochem method utilises 3 beams of 

10, 15, and 40 kV, run for 30, 30 and 60 seconds respectively, to measure light and some 

trace elements (e.g. Mg, Al, Si, Ca, Fe, K, S). The geochem-50 method replaces the 40 

kV beam with a 50 kV beam (run for 30 seconds), and was used to measure Barium 

specifically. The different beam times were determined from preliminary tests that 

revealed a longer emission time of the 40 kV beam increased the accuracy of 

measurements.   

The elemental abundance is output in nominal parts per million (ppm), unlike ITRAX 

and AVATECH instruments that report counts per second (cps). This is determined by an 

internal calibration pre-set by the factory that assumes the analysed material is loose-

packed dry powder. A correction can be made by analysing measured powders of known 

composition along with the sample material. Diatomaceous material, however, naturally 

packs into a lower density powder than most lithogenic material. In practice this means 

that there is less than expected material exposed to the x-ray beams. The effect of this 

was examined by preparing weighed mixtures of diatomite (SiO2) and corundum (Al2O3) 

(Table 4.2) – representing the elements thought to be of highest abundance in the 

TAN1302-96 and -97 samples – and comparing measured elemental abundance against 
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the expected value. Analysis of UGSS/GSJ samples shows an almost 1:1 relationship 

(1:0.99) between expected and measured abundance for Al. The spiked diatomite 

mixtures, however, reveal a highly linear relationship (r2=0.98), but the gradient is much 

less (1:0.6). This effectively means the instrument is under reporting the abundance of Al 

because of the low density of the diatomite sample material. For this reason, changes in 

relative abundance down core will be focused on rather than absolute element abundance.  

Table 4.2. Weighted standard mixtures made from diatomite from Middlemarch, Otago, spiked with corundum. 

Sample Diatomite weight (g) Corundum weight (g) 

26% Diatomite 0.33 0.954 

54% Diatomite 0.67 0.569 

77% Diatomite 0.805 0.237 

100% Diatomite 1.014 0 

 

XRF data were output into excel spreadsheets, where elemental data were selected and 

used if concentrations were above detection limits and where correlations were 

significant. Initial data analysis involved plotting the elemental count data against 

traditionally measured data, including; calcium carbonate content, biogenic opal content, 

previously collected ITRAX data, water content and IRD content. This was to validate 

the XRF measurements, and ultimately confirmed the use of XRF data for elemental  

analysis.  

Principal Component Analysis (PCA) was performed on logged elemental data to 

investigate multivariate relationships within the dataset. Kmeans clustering was then used 

to highlight key groups. Visual inspection of plots for n=2…10 (n being the number of 

clusters) was used to infer the number of clusters suitable to group the data.  

The PCA performed in this thesis has been utilised to highlight elements that vary either 

dependently or independently. The nature of the data (ppm), however, means that a 

change in one value affects the other values, and is commonly known as the mathematical 

closure problem. In attempt to resolve this issue, a log transformation was used prior to 

the PCA to standardize the data, i.e. scale the variability, and not all elements have been 

used in the analysis (i.e. sum ¹ 1,000,000) (Borcard et al., 2011). It should be noted that 

the problem may not be completely corrected, although for the purpose of this thesis, the 
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results obtained are unlikely to significantly compromise the conclusions from the 

analysis.  

 

4.8 Radiocarbon  

Two additional radiocarbon dates were obtained to better constrain the ages of the cores. 

Using XRF and carbonate data, the sample depths were selected from calcium carbonate 

peaks that were believed to be in the age range of the 14C method, i.e. <50 ka. A mixed 

assemblage of planktonic foraminifera, primarily N. pachyderma and G. bulloides, were 

picked for a total sample weight of ~4 mg of carbonate. The 14C samples were processed 

and analysed using Accelerator Mass Spectrometry at the GNS Rafter laboratory.   

A B 

C D 

Figure 4.1. Photographs showing A) the Vanta XRF employed in the work station, B) a sample loaded into the 

lead-based chamber atop the work station, C) the XRF is attached to the work station with a circular connector 

that attaches to the work-mount, D) the sample is analysed in plastic vials with a thin polypropylene film secured 

tautly at the opening with a rubber band. Samples are placed upside down, directly onto the XRF lens to 

maximise x-ray transmission. 
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4.9 Diatom analysis  

4.9.1 Slide preparation 

Previously collected wet sediment samples were subsampled at 10 cm intervals for 

diatom analysis. Between 0.5g and 1g of material was transferred from zip-lock bags into 

plastic vials for ease of preparation and transport. Samples were treated with ethanol 

before being transported to VUW to comply with Ministry for Primary Industries 

biosecurity regulations. The ethanol was evaporated off before the dried samples were 

used for constructing slides. 

Slide preparation followed similar methods to those outlined by Hasle and Fryxell (1970) 

and Clarke et al. (2005). Between 0.02-0.1g of sediment from the above subsamples 

(variation due to opal concentrations) was placed in a 50 mL vial which was topped up 

with 40mL of filtered water to create the required dilution for effective analysis. The 

solution was shaken manually, and then mixed using a vortex mechanical stirrer for no 

longer than 10 seconds to assist disaggregation of sediment. After a 30 second period of 

settling, 0.25 mL of solution was transferred to a coverslip with a disposable pipette, 

dried, and attached to a microscope slide using naphrax, a high refractive index mountant 

commonly used for diatom slide preparation.  

4.9.2 Diatom Counts 

Diatom counts were performed on samples known to bracket a glacial termination 

(identified from δ18O data) in order to assess changes in abundance and community 

structure during a period of rapid warming. The termination of MIS 6 into MIS 5e i.e. 

TII, was selected for slide analysis. Samples identified were: 270-271cm and 320-321cm 

from TAN1302-96, and 210-211cm and 230-231cm TAN1302-97.  

Three hundred individuals were counted using a transect method from each slide under 

100X magnification. For pennate diatoms, an individual was counted as “one” if the 

majority (>70%) or the whole specimen was intact, or as “one half” if a fragment included 

an apex. Centric diatoms were counted as “one” if the majority (>70%) of the valve was 

present.  
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4.9.3 Assemblage analysis    

Diatom assemblages were formed by grouping the raw counts of individual species into 

their respective environmental groups (Section 3.2). The assemblage information was 

plotted as percentage bar graphs, including the three key environmental groups and an 

“other” category.  Analysis involved comparing the key species present between samples, 

and how the relative proportions varied.   

4.9.4 Length and width measurements 

It has been shown in the South Atlantic region of the SO that the valve area of F. 

kerguelensis changes significantly across glacial terminations, whereby individuals are 

typically larger during glacial periods (Cortese et al., 2012). This is thought to be related 

to increased iron availability during windier glacial conditions (Shukla et al., 2013). The 

relationship between valve area and glacial-interglacial cycles in other regions of the SO 

however, appears to be more complex (Shukla et al., 2013). In an attempt to contribute 

to resolving some of these complexities within the southwest Pacific, the length and width 

of 50 random F. kerguelensis individuals were measured from each sample (Figure 4.2). 

An average valve area was then calculated, and box and whisker plots were constructed 

to show the degree of difference between samples.  

 

 

Figure 4.2. Photographof F. kerguelensis individual (middle) taken from TAN1302-97 at 210-211 cm depth. Measured 

axes highlighted in red.  
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4.10 Total organic carbon 

Samples used for dry bulk density (DBD) were used to calculate total organic carbon 

(TOC) % at 10cm intervals. These samples had been previously dried at 100°C and had 

been stored in labelled zip-lock bags to prevent moisture from re-entering the material. 

Approximately 1g of dried sample was weighed and transferred into aluminium dishes, 

before being placed in the furnace at 400°C for 2 hours. Once combusted, samples were 

reweighed and TOC % was calculated using the following equations:    

1) % water weight = (wet weight – dry weight/wet weight)*100 

2) Salt weight (g) = water weight*0.0346 

3) Salt 1 correction for dry sediment (g) = dry weight – salt weight  

4) Salt 2 correction for combusted sediment (g) = combusted weight – salt weight 

5) %TOC = ((salt1-salt2)/salt1)*100 

4.11 Scanning Electron Microscope imaging 

Samples used for Scanning Electron Microscope (SEM) imaging were chosen from 

calcium peaks observed in the XRF data in order to determine and identify nanno-

plankton present within these periods. Two samples were chosen from TAN1302-96; 

180-181 cm and 290-291 cm, and three were selected from TAN1302-97; 210-211 cm, 

250-251 cm and 310-311 cm. A suspension was created using 0.01 g of dry sediment and 

10mL of filtered water, and mixed using an ultrasonic water bath. Where further dilution 

was necessary, ~1 mL of suspension was taken from the solution and more filtered water 

was added. Carbon tape was attached to SEM stubs, and a silicon wafer was placed on 

top of the carbon tape. A glass pipette was used to transfer a drop of the diluted sediment 

onto the silicon wafer. The stubs were left to dry in a vacuum overnight, before being 

carbon coated for observation in a JEOL JSM-6610LA low vacuum electron microscope 

housed in the Electron Microscope Facility at VUW. 

4.12 Biogenic opal 

Additional biogenic opal analyses were performed on samples from TAN1302-96 and 

TAN1302-97 at the University of Tasmania by sequential alkaline leaching (DeMaster, 

1981; Mortlock and Froelich, 1989). The results from Tasmania were obtained using the 
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five-step method, compared to the one-step method used at Dalhousie University. 

Samples selected for the additional opal analysis were chosen from peaks and troughs 

observed in Si/Fe ratios derived from XRF in attempt to minimise the impact of silicon 

hosted in lithogenic material. Ten samples were selected from TAN1302-96 and twelve 

were picked from TAN1302-97 (See Appendix C for opal data).  
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Chapter 5 Results 

5.1 Water content & dry bulk density  

TAN1302-96 

Water content averages at 72.6% in TAN1302-96, and ranges from 79.4% at 100 cm to 

65.9% at 320 cm. Three significant peaks (>77%) occur at 100, 220 and 310 cm. Dry bulk 

density (DBD) variations in TAN1302-96 show that the material in the core is of 

relatively low density, ranging from 0.22 – 0.42 g/cm3 and averaging 0.31 g/cm3.  Four 

distinct peaks are observed in the DBD data at 110, 180, 290 and 320 cm (Figure 5.1). 

These peaks coincide with significant drops in the water content of the core. 

 

 

Figure 5.1. Water content (%) and dry bulk density (DBD) (g/cm3) at 10cm intervals along TAN1302-96. DBD in grey 

and water content in orange.  

TAN1302-97 

Water content remains relatively high throughout TAN1302-97, but does vary by ~20%; 

reaching 78.0% at 289 cm and dropping to 57.8% at 309 cm. The water content in the 

core drops abruptly at 48, 229, 249 and 309 cm, which occur concurrently with peaks in 

DBD (Figure 5.2). DBD data are very similar to the results from TAN1302-96 (0.24 - 

0.56 g/cm3), and averages at 0.34 g/cm3. 
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Figure 5.2. Water content (%) and DBD (g/cm3) at 10cm intervals along TAN1302-97. DBD in grey and water content 

in orange. 

5.2 Carbonate content and biogenic opal  

TAN1302-96 

TAN1302-96 contains low to moderate levels of carbonate, ranging from 1.52 – 47.8%. 

One large peak (~48%) can be seen at 290 cm, with smaller peaks apparent at 65, 170 and 

260 cm, ranging between 21 – 25% (Figure 5.3).  

The opal content in the upper section of TAN1302-96 remains relatively high, ranging 

from 57.4 – 78.6%.  A general anticorrelation between % opal and CaCO3 % can be 

observed from the measured data (Figure 5.3), however, this relationship is much clearer 

(r2 > -0.94) in the XRF-derived elemental data (see Sections 5.5.1 and 5.5.3).  

There is no clear relationship between the opal content and the water content of this core 

(Figure 5.4). Positive correlations were expected, however, whereby the water content of 

the cores could be used as a proxy to estimate the amount of biogenic opal (See Appendix 

A for cross correlations). The upper 40 cm of the top one meter section loosely follow the 

same trend, although this covariance is poorly constrained throughout the remaining 60 

cm.   
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Figure 5.3. CaCO3 content (weight %) in blue in TAN1302-96. Red box indicates section of the core analysed in detail 

for opal content at Dalhousie University. Inset graph is CaCO3 content (wt %) in blue versus opal content (%) in orange. 

Data provided by Helen Bostock. 

 

 

 

Figure 5.4. Biogenic opal (%) in orange and water content (%) in grey in the upper section of TAN1302-96. Biogenic 

opal data provided by Helen Bostock. 
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TAN1302-97 

CaCO3 content in TAN1302-97 varies significantly throughout the core, ranging from 

6.49 – 61.7%. Although there appears to be no apparent trend in CaCO3 throughout the 

core, significant peaks occur at 40, 210, 250, 310 and 340 cm in a saw-tooth pattern 

(Figure 5.5). 

Similarly to TAN1302-96, an overall anticorrelation between CaCO3 and opal % can be 

observed in the measured data in the -97 core (Figure 5.5). Opal content in this core 

averages at 26.5%, with three large peaks at 60, 116 and 378 cm (ranging from 38.1 – 

46.9%).   

Cross correlations between opal % and water content revealed poor relationships in the 

TAN1302-96 opal data, however, a moderately strong, positive, exponential relationship 

can be observed in the -97 data (r2 = 0.51; See Appendix A) .     

 

Figure 5.5. CaCO3 content (weight %) in blue and opal content (%) in orange in TAN1302-97. Data provided by Helen 

Bostock. 

5.3 Stable isotope analysis  

The d18O signatures derived from planktic N. pachyderma show the clear saw-tooth 

pattern associated with glacial-interglacial climate cycles as recognised from Lisiecki & 

Raymo’s (2005) global benthic stack LR04 (Figure 5.6 and Figure 5.7). d18O values range 

from 2.90 – 4.71‰ in TAN1302-96, and from 2.32 – 4.44‰ in TAN1302-97. 

Comparatively, the d13C signatures generally reflect the variations observed in the d18O 

record. These changes are not as profound, where values range from -0.12 – 1.22‰ in 

TAN1302-96 and from 0.12 – 2.32‰ in TAN1302-97.   
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Figure 5.6. TAN1302-96 isotopes: d18O (‰) in blue and d13C (‰) in orange. Records derived from N. pachyderma in 

TAN1302-96. Value missing at 310 cm due to insufficient sample present. Estimations of Marine Isotope Stages (MIS) 

based on d18O record indicated in top bar. Shaded bars denote glacial stages.  

 

 

Figure 5.7. TAN1302-97 isotopes: d18O (‰) in blue and d13C (‰) in orange. Records derived from N. pachyderma in 

TAN1302-97. Estimations of Marine Isotope Stages (MIS) based on d18O record indicated in top bar. Shaded bars 

denote glacial stages.  
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5.4 Iceberg rafted debris (IRD) 

TAN1302-96 

IRD grains observed under the microscope in the >180um fraction were typically quartz 

or small rock fragments.  Two distinct IRD peaks can be observed in TAN1302-96; one 

at 110 and the other at 330 cm, with a smaller peak at 180 cm (Figure 5.8).  

 

 

Figure 5.8. IRD content in TAN1302-96 at 10 cm intervals (grains/dry gram).  

TAN1302-97 

Similarly to TAN1302-96, the data in TAN1302-97 show clear periods of increased IRD, 

specifically at 50, 230, 330 and 400 cm, with smaller peaks at 260, 190, and 80 cm (Figure 

5.9).  

 

 

Figure 5.9. IRD content in TAN1302-97 at 10 cm intervals (grains/dry gram). 
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5.5 XRF elemental counts 

To test the validity of the XRF elemental data, Ca concentrations were compared to 

CaCO3% in both TAN1302-96 and -97. In both cores, Ca counts from XRF correlate 

strongly with CaCO3%, (TAN1302-96: r2 = 0.83; TAN1302-97: r2 = 0.92) giving high 

confidence that the XRF provides a good relative measure of the amount of calcium 

carbonate in the cores (See Appendix A). 

Additionally, the Si, Si/Ti and Si/Fe ratios were compared to the opal data in the TAN 

cores (Figure 5.10, Figure 5.11, and Figure 5.12). In contrast to Ca, the opal data and the 

biogenic silica proxies show different relationships between the TAN cores. Moderate to 

strong linear correlations exist in TAN1302-97 between opal and the silica proxies, the 

strongest (r2 = 0.73) of which being between opal % and Si/Fe (Figure 5.12) When 

comparing the opal data in TAN1302-96, two distinct groups are evident; one high in 

opal and the other with lower amounts of opal (See Appendix A for combined TAN-96 

opal data).  

The group with higher opal content, in most cases, has better linear correlations with the 

biogenic silica proxies (r2 < 0.43) compared to the other opal group which has very poor 

linear relationships (r2 < 0.11). Reconciling the poor correlation between these datasets is 

beyond the scope of this thesis, however, two possibilities would warrant further 

investigation. The first is that since Si is hosted in both biogenic silica and lithogenic 

material and the two sources are not differentiated by XRF, there is a significantly greater 

flux of non-biogenic silica to TAN1302-96 compared to -97 that is not being adequately 

normalised by dividing Si by Fe. This might occur where there are large changes in the 

composition/provenance of lithogenic material over time. A second possibility involves 

the lab methodologies used, given that the two groups also represent the two opal datasets 

collected from Dalhousie University and the University of Tasmania. Typically, the 5-

step method (used at Tasmania) gives a better relationship (DeMaster, 1981; Mortlock 

and Froelich, 1989), although it is still much poorer compared to the -97 data. It therefore 

may be that the alkali leaching process is not extracting Si proportional to the to the 

abundance of biogenic silica. Alternatively, it may be some combination of the two 

possibilities outlined. 
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Figure 5.10. Cross-correlation between opal % and Si concentrations (ppm) measured from XRF in TAN1302-96 (r2 < 

0.01) in blue, and in TAN1302-97 (r2 = 0.51) in orange. Dalhousie opal data points (r2 = 0.43) outlined in black. 

 

Figure 5.11. Cross correlation between opal % and Si/Ti. TAN1302-96 in blue and TAN1302-97 in orange. Correlation 

is stronger in TAN1302-97 (r2 = 0.46) compared to TAN1302-96 (r2 = 0.07). Dalhousie opal data (r2 = 0.15) outlined 

in black.  

 

Figure 5.12. Cross correlation between opal % and Si/Fe. TAN1302-96 in blue and TAN1302-97 in orange. Correlation 

is stronger in TAN1302-97 (r2 = 0.73) compared to TAN1302-96 (r2 = 0.11). Dalhousie opal data (r2 = 0.03) outlined 

in black.  
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In comparing the Si concentrations to the water content of the cores, moderately strong 

positive relationships are observed (TAN1302-96: r2 = 0.45; TAN1302-97: r2 = 0.69). 

Furthermore, similar moderately strong exponential relationships are also noted in both 

cores (TAN1302-96: r2 = 0.48; TAN1302-97: r2 = 0.63) between the water content and 

Si/Fe ratios (Figure 5.13).  

Under non-linear regressions, the correlations between Si/Fe and opal improve 

considerably for the TAN-96 Tasmania data (r2 = 0.34), as well as for the -97 data (r2 = 

0.78) (See Appendix A). Given moderate-strong relationships exist between opal, Si/Fe, 

and the water content across the cores, Si/Fe is used as the primary proxy for biogenic 

silica in this study. Although this is not ideal for TAN1302-96, Si/Fe is the best 

approximation for biogenic silica in this thesis as a result of apparent inconsistencies in 

lab methodology and for attempting to normalise the seemingly greater input of non-

biogenic silica to the southern PFZ core site.  

The decision to use Fe over Ti was due to lower concentrations of Ti (sometimes 0) 

relative to Fe (Figure 5.16 and Figure 5.17).  

 

 

Figure 5.13. Correlation between Si/Fe and water content (%). TAN1302-96 in blue, and TAN1302-97 in orange. 

Correlation is stronger in TAN1302-97 (r2 = 0.63) than TAN1302-96 (r2 = 0.48).  
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5.5.1 Correlations and principal component analysis 

Correlation matrices were produced using elements that were significantly above 

detection limits (Table 5.1 and Table 5.2). Elements that were strongly correlated fall into 

three distinct groups; Fe, Ti, Al, K and Zr - a reflection of the input of terrigenous 

material; Ca and Sr - reflecting calcifying organisms, i.e. foraminifera and 

coccolithophores; and Si - related to biogenic silica i.e. diatoms. This was confirmed from 

PCA and kmeans clustering, which highlighted 3-4 key groups of elements (Figure 5.14 

and Figure 5.15).      

 

 

Figure 5.14. PCA with k-means clustering on depth samples obtained from XRF scanning on TAN1302-96. 
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Figure 5.15. PCA with k-means clustering on depth samples obtained from XRF scanning on TAN1302-97. 
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Table 5.1. Correlation matrix for elemental counts in TAN1302-96. Strong correlations are highlighted. 

 

 

 

 

 

 

 

 

Element Al Si Ca Ti Mn Fe Cu Zn Rb Sr Ba S K Zr
Al 1 -0.1323 -0.0827 0.8341 -0.0687 0.9166 0.4265 0.2467 0.6313 0.0095 -0.0254 0.1328 0.9773 0.8954
Si -0.1323 1 -0.9361 -0.2715 0.1590 -0.0972 -0.1877 0.2306 -0.1740 -0.9285 -0.1860 0.3428 -0.0960 -0.1923
Ca -0.0827 -0.9361 1 0.1156 -0.2032 -0.0965 0.0822 -0.4010 0.0803 0.9792 0.2004 -0.3793 -0.1179 0.0231
Ti 0.8341 -0.2715 0.1156 1 -0.0431 0.9421 0.5843 0.1008 0.5984 0.2373 -0.0695 0.1103 0.8718 0.9126
Mn -0.0687 0.1590 -0.2032 -0.0431 1 -0.0271 0.6409 0.5687 -0.2146 -0.1641 0.0478 0.1615 -0.0194 -0.0647
Fe 0.9166 -0.0972 -0.0965 0.9421 -0.0271 1 0.5254 0.2550 0.6489 0.0250 -0.1157 0.1346 0.9455 0.9577
Cu 0.4265 -0.1877 0.0822 0.5843 0.6409 0.5254 1 0.3395 0.1146 0.1893 0.0804 0.0270 0.4726 0.5155
Zn 0.2467 0.2306 -0.4010 0.1008 0.5687 0.2550 0.3395 1 0.0745 -0.3901 -0.0923 0.1193 0.2833 0.1872
Rb 0.6313 -0.1740 0.0803 0.5984 -0.2146 0.6489 0.1146 0.0745 1 0.1226 0.1740 -0.0280 0.6558 0.6317
Sr 0.0095 -0.9285 0.9792 0.2373 -0.1641 0.0250 0.1893 -0.3901 0.1226 1 0.1649 -0.3511 -0.0187 0.1493
Ba -0.0254 -0.1860 0.2004 -0.0695 0.0478 -0.1157 0.0804 -0.0923 0.1740 0.1649 1 -0.3471 -0.0248 -0.1262
S 0.1328 0.3428 -0.3793 0.1103 0.1615 0.1346 0.0270 0.1193 -0.0280 -0.3511 -0.3471 1 0.1716 0.0427
K 0.9773 -0.0960 -0.1179 0.8718 -0.0194 0.9455 0.4726 0.2833 0.6558 -0.0187 -0.0248 0.1716 1 0.9003
Zr 0.8954 -0.1923 0.0231 0.9126 -0.0647 0.9577 0.5155 0.1872 0.6317 0.1493 -0.1262 0.0427 0.9003 1
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Table 5.2. Correlation matrix for elemental counts in TAN1302-97. Strong correlations are highlighted. 

 

 

 

 

Elements Al Si Ca Ti Mn Fe Cu Zn Rb Sr Ba S K Zr
Al 1 -0.5468 0.3899 0.9464 0.0442 0.9328 0.3377 0.1012 0.4268 0.4563 0.5975 -0.4756 0.9358 0.9225
Si -0.5468 1 -0.9685 -0.4965 0.0250 -0.3565 -0.1604 0.2305 0.0437 -0.9737 -0.6093 0.6103 -0.3346 -0.4654
Ca 0.3899 -0.9685 1 0.3461 -0.0353 0.1877 0.1101 -0.3669 -0.1332 0.9908 0.5623 -0.5694 0.1627 0.3140
Ti 0.9464 -0.4965 0.3461 1 0.0138 0.9625 0.4036 0.0869 0.4285 0.4084 0.7133 -0.4830 0.9333 0.9221
Mn 0.0442 0.0250 -0.0353 0.0138 1 0.0327 0.5043 0.2335 -0.2994 -0.0248 -0.1466 0.2733 0.0140 0.0065
Fe 0.9328 -0.3565 0.1877 0.9625 0.0327 1 0.3977 0.1929 0.5131 0.2555 0.5806 -0.3987 0.9583 0.9175
Cu 0.3377 -0.1604 0.1101 0.4036 0.5043 0.3977 1 0.1988 -0.0997 0.1348 0.3374 -0.1238 0.3148 0.3443
Zn 0.1012 0.2305 -0.3669 0.0869 0.2335 0.1929 0.1988 1 0.1003 -0.3653 -0.2332 0.1705 0.1852 0.0806
Rb 0.4268 0.0437 -0.1332 0.4285 -0.2994 0.5131 -0.0997 0.1003 1 -0.1193 0.1961 -0.0002 0.5512 0.4191
Sr 0.4563 -0.9737 0.9908 0.4084 -0.0248 0.2555 0.1348 -0.3653 -0.1193 1 0.6009 -0.6050 0.2341 0.3859
Ba 0.5975 -0.6093 0.5623 0.7133 -0.1466 0.5806 0.3374 -0.2332 0.1961 0.6009 1 -0.5705 0.5822 0.5625
S -0.4756 0.6103 -0.5694 -0.4830 0.2733 -0.3987 -0.1238 0.1705 -0.0002 -0.6050 -0.5705 1 -0.3514 -0.4680
K 0.9358 -0.3346 0.1627 0.9333 0.0140 0.9583 0.3148 0.1852 0.5512 0.2341 0.5822 -0.3514 1 0.8913
Zr 0.9225 -0.4654 0.3140 0.9221 0.0065 0.9175 0.3443 0.0806 0.4191 0.3859 0.5625 -0.4680 0.8913 1
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5.5.2 Terrigenous material  

There are many elements used in literature that reflect inputs of terrigenous sediment, 

including Fe, Ti, K, Al and Si (Croudace and Rothwell, 2015). These elements are often 

used to normalise biogenic elements that can also be lithogenic in origin, such as Si and 

Ca. 

TAN1302-96 

All well-established terrigenous proxies are strongly correlated in TAN1302-96, where r2 

> 0.83. The most abundant terrigenous element in the core is Fe followed by Al, with 

highest concentrations reaching ~30,000 and 15,000 ppm respectively. The top meter of 

the core is dominated by low concentrations of terrigenous material, before a large spike 

occurs at 110 cm (Figure 5.16).  Concentrations return to low levels for most of 

TAN1302-96, with the exception of a small peak beginning at 170 cm and a second 

significant peak near the end of the core, at 322 cm. The Fe/Ca ratio peaks slightly before 

this, at 98 cm (Fe/Ca > 4), and the other significant peak observed in the elemental records 

at 322 cm is significantly less defined in the Fe/Ca record (~ 0.5). The elemental peaks in 

this core are bimodal, and peaks occur synchronously with peaks observed in both the 

IRD and δ18O (‰) records.   

TAN1302-97 

TAN1302-97 shows very strong correlations between the terrigenous elements, ranging 

from 0.89 – 0.96. There are five significant peaks in the core, the first at 50 cm, followed 

by 226, 266, 328 and 402 cm (Figure 5.17). Again, Fe has the highest concentrations 

within this supply of terrigenous material, with peaks reaching ~25,000 ppm, and lower 

levels ranging from ~5,000 – 10,000 ppm. Fluctuations in the Fe/Ca ratio in this core are 

more consistent with the other elemental records (i.e. Fe, Ti, K, Al, Zr) both in timing and 

in magnitude with the exception of a smaller first peak (Fe/Ca ~1.7 at 50cm). Similarly 

to the -96 core, the significant peaks in terrigenous material occur simultaneously with 

the IRD and δ18O (‰) records, however, all elemental profiles don’t pick up the small 

IRD peak observed at 190 cm (Figure 5.9).  
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Figure 5.16. Element profiles (ppm) indicative of terrigenous sedimentation obtained through XRF scanning along TAN1302-96 (at 2 cm scale) and δ18O (‰) in blue. Fe (red) and Ti (grey) 

are highly correlated (r2 = 0.94). Fe/Ca (yellow) records changes in Fe with respect to Ca (i.e. biological material). Al, K, Zr elemental profiles not shown but are very similar to those of 

Fe and Ti.  
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 Figure 5.17. Element profiles (ppm) indicative of terrigenous sedimentation obtained through XRF scanning along TAN1302-97 (at 2 cm scale) and δ18O (‰) in blue. Fe (red) and Ti 

(grey) are highly correlated (r2 = 0.96). Fe/Ca (yellow) records changes in Fe with respect to Ca (i.e. biological material). Al, K, Zr elemental profiles not shown but are very similar to 

those of Fe and Ti.
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5.5.3 Biological inputs  

XRF 

Two distinct biological components were identified in Principal Component Analyses 

(Figure 5.14 and Figure 5.15), those being Si and Ca (r2 > -0.94). Ratios of Si/Fe, Si/Ti, 

and Si/Al are commonly used proxies for biogenic opal (Agnihotri et al., 2008; Dickson 

et al., 2010). Similarly, Ca/Fe has been used to track relative changes in biogenic 

carbonate versus lithogenic sedimentation (Croudace and Rothwell, 2015). Comparing 

the Ca concentrations measured from XRF with CaCO3 % yields strong positive linear 

relationships (r2 > 0.85 – see Appendix A) compared to the relationships observed 

between CaCO3 % and Ca/Fe, Ca/Ti and Ca/Al (r2 <0.55 in TAN1302-96 and r2 < 0.49 

in -97). Ba/Fe has been extensively used in paleoclimatology as a proxy for documenting 

changes in export productivity (Jaccard et al., 2013; Studer et al., 2015). The Ba/Fe ratio 

in the TAN cores appears to record changes in both Si-based biological input and changes 

in biogenic carbonate (Figure 5.18 and Figure 5.19).  

TAN1302-96 

The amount of Ca in TAN1302-96 varies from ~1,500 – 230,000 ppm (Figure 5.18). The 

top 70 cm shows little variation around ~100,000 ppm, however, this drops to ~1,500 

ppm at 98 cm. The data show small peaks at 178 cm and 326 cm (~110,000 ppm and 

100,000 ppm respectively), and a significantly large peak at 288 cm, which is the highest 

concentration of Ca in the core. The same trend is observed in Ca/Fe, however the smaller 

peak at 178 cm is less defined.  

Elemental analysis shows Si is the dominant material in the PFZ cores (average ~43 wt 

% in TAN1302-96). Concentrations vary from ~225,000 – 545,000 ppm, at 288 and 312 

cm, respectively. Significant peaks in Si are more defined in Si/Fe, where the input of Si 

relative to the input of terrigenous material is highest (Si/Fe >150) at 152, 218 and 346 

cm. Likewise, the troughs in the Si record at 110, 180, 288 and 332 cm are more 

pronounced in Si/Fe (Si/Fe ~ 14 – 40). 

The amount of Ba relative to Fe remains relatively high throughout the core (Ba/Fe ~ 

0.25), however, distinct troughs are apparent at 110 and 318 cm (Ba/Fe < 0.08). This 

coincides with troughs in Si/Fe, low Ca, and peaks in δ18O (‰).  
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TAN1302-97 

The concentration of Ca in TAN1302-97 varies from ~35,000 – 290,000 ppm, and is on 

average 2 times higher than TAN1302-96. Significant peaks are observed at 216, 250, 

306, 340 and 394 cm (>195,000 ppm). Similarly to the upper section of the -96 core, after 

a relatively stable upper 40 cm, the Ca concentration drops to 45,000 ppm at 60 cm. 

Again, the Ca/Fe record is very similar to the Ca concentration.   

The amount of Si in the -97 core is 10 % lower than -96, however, Si still makes up a 

significant amount of the core material compared to other elements. The Si record 

generally shows more variation than TAN1302-96, (~125,000 – 470,000 ppm). This 

variability is more pronounced in the Si/Fe record, with significant peaks above 75 at 60, 

116, 382 and 426 cm.  

The Ba/Fe profile in TAN1202-97 on average is less than half that observed in TAN1302-

96, averaging around 0.12. A significant peak in Ba/Fe occurs simultaneously with Ca at 

354 cm, however, typically peaks in Ca are associated with troughs in Ba/Fe and Si/Fe. 

Similarly to TAN1302-96, significant troughs in Ba/Fe (<0.06 at 50, 226, 266, 330 and 

402 cm) are coincident with peaks in δ18O (‰). 
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Figure 5.18. Elemental concentrations (ppm) and ratios along TAN1302-96 obtained from XRF scanning (at 2 cm scale) and δ18O (‰) in blue. Ratios are commonly used proxies for 

biogenic silica (Si/Fe – dark grey) and export productivity (Ba/Fe – light green). These profiles represent key biological inputs, i.e. Ca in purple and Si in green, determined by high 

correlation coefficients and Principal Component Analysis.  
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Figure 5.19. Elemental concentrations (ppm) and ratios along TAN1302-97 obtained from XRF scanning (at 2 cm scale) and δ18O (‰) in blue. Ratios are commonly used proxies for 

biogenic silica (Si/Fe – dark grey) and export productivity (Ba/Fe – light green). These profiles represent key biological inputs, i.e. Ca in purple and Si in green, determined by high 

correlation coefficients and Principal Component Analysis.  
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Diatom assemblage analysis 

TAN1302-96 

At 270 cm, over 75% of the entire assemblage is F. kerguelensis, where the Polar Open 

Ocean and Seasonal Ice Tolerant (POOSIT) group comprises ~88% of the diatoms at this 

time (Figure 5.20). The proportion of Sea Ice (SI) diatoms is 8%, composed of F. 

separanda and F. ritscheri (5 and ~3% respectively). In comparing the assemblage at 320 

cm to 270 cm, the relative proportion of SI diatoms is approximately double. This is 

concomitant with a decrease in the abundance of POOSIT diatoms (~77%) and a similar 

proportion of Polar Front and Northwards (PFAN) diatoms to the proportion observed at 

270 cm (~3-4%). 

TAN1302-97 

  In contrast to TAN-96, the amount of SI diatoms at 210 cm is insignificant (~1%) (Figure 

5.20). The POOSIT group makes up 91% of the diatoms at this time, where the majority 

(~72%) of all diatoms present is F. kerguelensis. The proportion of SI diatoms at 230 cm 

is 9 times that observed at 210 cm, where similarly to TAN-96, the relative abundance of 

POOSIT diatoms decreases by ~8%. Interestingly, the proportion of PFAN diatoms 

increases from 2-6% between 210 and 230 cm respectively.  

 

In comparing the length and valve areas of F. kerguelensis between the two samples 

selected, no significant difference is observed in TAN1302-96 or TAN1302-97 (see 

Appendix A).  

 

 

 

 



50 
 

 

Figure 5.20. Diatom assemblages at MIS 6 and MIS 5e in TAN1302-96 (left) and TAN1302-97 (right). Light blue = Sea Ice group (SI); dark blue = Polar Open Ocean and Seasonal Ice 

Tolerant group (POOSIT); grey = Polar Front and Northwards group (PFAN); light grey = Other. Note greater percentage of SI diatoms during MIS 6 versus MIS 5e in both cores.   
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Scanning Electron Microscopy 

SEM imaging revealed coccoliths were present in both cores, but in relatively low 

abundances even at peak CaCO3 %. No discernible difference in species composition was 

observed between samples, or between cores, although the most common species present 

were Gephyrocapsa oceanica and Calcidiscus leptoporus, as well as Gephyrocapsa 

caribbeanica. The condition of the coccoliths were typically poor, although C. leptoporus 

coccoliths were generally well-preserved (Figure 5.21)  

 

           

           

Figure 5.21. A selection of SEM images taken to check the presence of coccolithophores. From top left (clockwise): 

G. oceanica, C. leptoporus (centre), G. caribbeanica, and G. oceanica. 
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5.6 Age model 

5.6.1 Radiocarbon 

Successful radiocarbon dates were used to help constrain the upper section of the cores. 

OxCal was used to calibrate the dates, and the reservoir age used was 850±40 yrs.  

Table 5.3. Radiocarbon dates run for TAN1302-96. 

Depth (cm) 14C (yrs BP) 
Error 

(yrs BP) 

Calibrated age 

(CalyrBP) 

Error 

(yrs) 

20 - 21 4,130 20 3,100 150 

50 - 51 7,940 30 7,570 100 

70 - 71 10,570 40 10,630 150 
 

Table 5.4. Radiocarbon dates run for TAN1302-97. 

Depth (cm) 14C (yrs BP) 
Error 

(yrs BP) 

Calibrated age 

(CalyrBP) 

Error 

(yrs) 

10 - 11 5,450 30 4,810 150 

40 - 41 11,100 40 11,270 160 

80 - 81 > 50,000 N/A - - 

5.6.2 δ18O  

Age models for TAN1302-96 and TAN1302-97 were developed using the lineage 

function in “Analyseries,” a commonly used software for analysing time-series data 

(Paillard et al., 1996). Tie points were selected between the δ18O records from N. 

pachyderma in each core to the global benthic δ18O stack (Lisiecki and Raymo, 2005), 

and were constrained using radiocarbon dates in the upper core sections (Table 5.3 and 

Table 5.4). TAN1302-96 was correlated to the LR04 stack using 9 tie points (Figure 5.22), 

and 11 tie points were used for TAN1302-97 (Figure 5.23). Tie points were chosen at 

positions of maximum change in δ18O, i.e. significant changes in global ice volume 

(glacial-interglacial transitions). Adjustments were made to the TAN1302-96 age model 

due to clear timing discrepancies in the upper section of the core, and resulted in the 

adjustment of two tie points (110 and 320 cm) to peak δ18O values (Figure 5.22). 
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TAN1302-96 goes back to ~160 ka and TAN1302-97 goes back to ~270 ka. There is 

some uncertainty when attempting to correlate the older section of the TAN1302-97 δ18O 

record to the global LR04 stack due to nondescript changes in the record through this 

lower section of the core. For this reason, other data such as the elemental counts from 

XRF was used to assist correlation for the lower 80 cm of this core where the uncertainty 

in δ18O is greatest.   

 

Figure 5.22. Age model for TAN1302-96. Dashed red lines represent tie points between δ18O record in TAN96 (grey) 

and LR04 (black). Orange circles indicate depths of 14C dates. Marine Isotope Stages indicated by bars at the base of 

the LR04 stack. Shaded bars denote glacial stages. 

 

Figure 5.23. Age model for TAN1302-97. Dashed red lines represent tie points between δ18O record in TAN97 (grey) 

and LR04 (black). Orange circles indicate depths of 14C dates. Marine Isotope Stages indicated by bars at the base of 

the LR04 stack. Shaded bars denote glacial stages. 
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MIS 3 and MIS 5 are identifiable in both cores, although the δ18O deviation associated 

with MIS 5e (270cm in TAN1302-96 and 210cm in TAN1302-97) appears to be of a 

smaller magnitude than expected. This is likely due to sampling resolution, where the 

peak of MIS 5e has been missed in the 10cm sampling intervals. TAN1302-96 extends 

back to at least MIS 6, however determining the extent of TAN1302-97 is more difficult, 

as the signature becomes relatively ambiguous in the lower metre of the core. MIS 7d is 

distinguishable at 320cm, thus the core dates back to at least the end of MIS 7.  

5.7 Linear Sedimentation Rates and Mass Accumulation Rates 

The age models were used to calculate linear sedimentation rates (LSRs) (Table 5.5), and 

mass accumulation rates (MARs) for both cores (Figure 5.24 and Figure 5.25).  

Table 5.5. Summary of linear sedimentation rates in TAN1302-96 and TAN1302-97. 

Core 
LSR minimum 

(cm/kyr) 
Depth (cm) 

LSR maximum 

(cm/kyr) 
Depth (cm) 

TAN1302-96 1.40 210 - 258 cm 7.02 2 - 48 cm 

TAN1302-97 0.82 232 - 260 cm 5.36 432 - 480 cm 

 

LSRs are higher in interglacial periods (~3.37 cm/kyr) compared to glacials (~2.74 

cm/kyr) in TAN1302-96 (Figure 5.24). LSRs in TAN1302-97 are marginally lower 

during glacial periods compared to interglacials (~2.38 and 2.62 cm/kyr respectively). 

CaCO3 MARs are highest in the Holocene in both cores (~6.69 and 4.49 g/cm2/kyr in -96 

and -97 respectively). Additionally, CaCO3 MAR peaks in TAN1302-96 and -97 are 

observed at MIS 5e, although the magnitude is higher in -96 (>0.3 g/cm2/kyr vs ~0.2 

g/cm2/kyr) (Figure 5.25). LSRs and CaCO3 MARs in MIS 7 – MIS 8 are significantly 

higher than the rest of the core (LSRs ~2.75 and 5.36 cm/kyr, and MARs ~0.20 and 0.23 

g/cm2/kyr, respectively), however, this is likely due to the position of tie points.  

  



55 
 

 

Figure 5.24. CaCO3% mass accumulation rates (black) and linear sedimentation rates (grey) throughout TAN1302-96. 

Marine isotope stages numbered at the top with glacial stages shaded. 

 

 

Figure 5.25. CaCO3% mass accumulation rates (black) and linear sedimentation rates (grey) throughout TAN1302-97. 

Marine isotope stages numbered at the top with glacial stages shaded. 

 

5.8 Total Organic Carbon 

The Total Organic Carbon calculated in both TAN1302-96 and -97 was much higher than 

expected (~8.3% and 7.2%, respectively). It is likely that the water was not fully removed 

before combustion, due to the fibrous diatom matrices. For this reason, the TOC results 

will not be discussed further.  
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Figure 5.26. Total Organic Carbon (TOC) (%) in TAN1302-96 at 10 cm intervals. 

 

 

 

Figure 5.27. Total Organic Carbon (TOC) (%) in TAN1302-97 at 10 cm intervals. 
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Chapter 6 Discussion 

This section discusses the results presented in Chapter 1, and compares these findings and 

interpretations with literature pertaining to the Pacific and Atlantic sectors. First, aspects 

relating to the glacial Southern Ocean are described, including; 1) the relative input of 

terrigenous material with a strong focus on sediment source, 2) oceanic conditions with 

regards to SST and WSI extent, and 3) the productivity observed in the PFZ. Next, 

deglaciation sequences are described, with particular focus on glacial Terminations I (TI) 

and II (TII). The timing of productivity changes and differences within the PFZ are 

discussed, and potential reasons for this outlined. Finally, the interglacial Southern Ocean 

setting is described. Similar conditions will be covered as in the glacial Southern Ocean 

section, with emphasis on productivity dominance across MIS 3 and MIS 5.  

6.1 The glacial Southern Ocean 

Periods of glacial maxima are identified in δ18O records from TAN1302-96 and -97, 

where Marine Isotope Stages (MIS) 2, 4 and 6 are evident in both cores (Figure 5.6 and 

Figure 5.7). The northern PFZ core (TAN1302-97) extends back to MIS 8, however the 

early part of the MIS 8 glaciation is not present in this record. During peak glaciation, 

viz. MIS 2, 6 and 8, dramatic increases (> 2 times) in the concentration of elements 

associated with terrigenous material (e.g. Fe, Al, Ti, K, Zr, see Table 5.1 and Table 5.2) 

occur simultaneously with peaks in observed quartz grains and coarse rock fragments 

(>180 µm) counted under the microscope.  

Fe is commonly used as a proxy for aeolian dust (Jaccard et al., 2013; Lamy et al., 2014; 

Croudace and Rothwell, 2015).  Data presented in Chapter 5, however, show peaks in Fe 

occur in tandem with increases in coarse (>180 µm) material, indicating that a substantial 

amount of Fe is supplied as IRD. The punctuated, periodic timing of greater terrigenous 

deposition during peak glaciation (Figure 5.8 and Figure 5.9) provides additional 

evidence for this hypothesis. This signal is consistent with other distal records of iceberg 

deposition during glacials in the southwest Pacific Ocean (Carter et al., 2002). Likewise, 

the mineralogy of the coarse material (e.g. quartz) is similar to other records of IRD in 

the SO (Pudsey, 2000; Carter et al., 2002).  
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Figure 6.1. Raw Fe concentrations (ppm) from TAN1302-96 (orange) and TAN1302-97 (red). Raw XRF data were 

used to compare against two dust records; 1) raw Fe counts (cps) in light grey from PS75/93-1, located further east in 

the South Pacific (Lamy et al., 2014); and 2) dust concentrations (µg/kg) in dark grey from EPICA Dome C ice core 

(Bereiter et al., 2015). Marine Isotope Stages (MIS) numbered along the top with glacial stages shaded.  

Although other studies have suggested dust has reached further east in the Pacific, 

proximal to the PFZ cores (e.g. Lamy et al., 2014), dust accumulation rates in the 

southwest Pacific sector are among the lowest of any ocean region (Chase et al., 2003). 

Based on modelled dust distributions, between 0.6-1.2 g/m2/y is estimated to reach the 

PFZ cores during the Last Glacial Maximum (LGM; Lamy et al., 2014) (Figure 6.2). The 

influence of such minor concentrations cannot be completely discounted, although this 

aeolian contribution is considered unlikely to have a significant impact on the Fe 

concentrations, compared to the IRD source.   

Figure 6.2. Model of dust MAR during the LGM. White stars indicate the location of PFZ cores used in this 

study. From Lamy et al. (2014).  
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Modelled iceberg trajectories suggest the IRD observed in our cores likely originated 

from the Amery Ice Shelf (Figure 6.3) (Gladstone et al., 2001). The composition of IRD, 

and the elemental data, are consistent with the geology of the surrounding peninsula; 

which is largely composed of quartzo-feldspathic and feldspathic gneisses, as well as 

biotite-rich granites (Manton et al., 1992). Recently revised trajectory models suggest 

once entrained in the Antarctic Circumpolar Current (ACC), icebergs are transported 

further east than originally thought, notably so in the south Pacific (Merino et al., 2016). 

This has important implications for paleoclimate studies focusing on Fe inputs in this 

sector of the SO, whereby Fe records are commonly interpreted solely in terms of dust 

(Wolff et al., 2006; Jaccard et al., 2013; Lamy et al., 2014; Martinez-Garcia et al., 2014) 

but may still contain a significant contribution from IRD. 

Redistribution and deposition of sediment by ocean currents can have large effects on 

marine sedimentary records, especially in the Southern Ocean, due to strong flows of the 

ACC (Kohfeld and Harrison, 2001) (see Section 2.1.3). The potential for reworked 

sedimentation is of specific concern to TAN1302-97, which is located east of Macquarie 

Ridge. It is possible that some alkaline to sub-alkaline basaltic material arrived to this 

northern PFZ core via sediment focussing and transport through gaps in the Macquarie 

Ridge (Conway et al., 2012). This effect could be responsible for the elevated background 

levels of Fe, Ti, Al, K and Zr, observed in TAN1302-97 compared to -96 (see Appendix 

A).  The composition of Macquarie Ridge is dominantly SiO2 (>45 wt. %) with <12 wt. 

% FeOT (Conway, 2011). Though some sediment reworking is likely, the contribution of 

Figure 6.3. Major sources of iron to the Southern Ocean (Boyd and Ellwood, 2010). Dust deposition (brown) and 

trajectories of icebergs depositing Fe-IRD (white) discussed in this thesis. Location of Amery Ice Sheet circled in 

black. 
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this to TAN1302-97 is considered insignificant due to the scale of the relative elemental 

changes observed.  

The prevalence of IRD in these records provides some insight into the glacial SO setting. 

If it is assumed that the amount of terrigenous debris carried by icebergs is constant 

through time, increased IRD deposition may indicate; 1) increased iceberg discharge from 

the East Antarctic Ice Sheet (Pudsey, 2000), 2) better survival of icebergs due to the 

expansion of cooler waters (Carter et al., 2002), 3) increased iceberg dispersal as a result 

of a more vigorous ACC (Neil et al., 2004), or a combination of all these processes.  

The timing of significant peaks in IRD during glacial maximum in the PFZ cores suggests 

that SSTs in the Pacific SO, particularly during MIS 2 and MIS 6, were cool enough to 

prevent iceberg melt close to Antarctica, allowing extensive dispersal and survival of 

icebergs. Conversely, IRD records from sites proximal to the polar continent, in both the 

Pacific and Atlantic Oceans, show peaks in IRD deposition during deglaciation and 

interglacials, reflecting deglacial calving and enhanced ice melt due to warmer SSTs 

(Kanfoush et al., 2000; Carter et al., 2002; Diekmann et al., 2004). With the exception of 

records proximal to the Antarctic Peninsular and ‘iceberg alley’, South Atlantic records 

of IRD are consistent with the PFZ cores in that maximum deposition occurs during 

glacials, specifically MIS 2 and 6 (Diekmann et al., 2004).  

The input of IRD during MIS 4 is significantly lower than in other glacials in both PFZ 

cores, (~10 grains/gram vs >25 grains/gram). This smaller peak has been observed in 

other IRD records off the Campbell Plateau (Carter et al., 2002). The Fe/Ti record in 

TAN1302-96 shows a distinct increase in the amount of Fe relative to Ti in the beginning 

of MIS 4 (reaching up to 2 times the total glacial-interglacial average Fe/Ti ~10). This 

relative input of Fe is more consistent with dust records showing Fe peaks during this 

time that are similar to the dust input during other glacials (Figure 6.4) (Wolff et al., 2006;  

Lamy et al., 2014; Martinez-Garcia et al., 2014).  
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Figure 6.4. Fe/Ti records in TAN1302-96 (orange) and TAN1302-97 (red). Average Fe/Ti = 9.5 in TAN96 and 9.7 in 

TAN97. Dust concentrations (µg/kg) from EPICA Dome C ice core (grey) from Bereiter et al. (2015). 

Global ice volume during MIS 4 was far less compared to other glacials (McCave et al., 

2008). Reduced ice volume in MIS 4 could be a consequence of warmer SSTs, where 

mass ice loss has been associated with ocean warming (Mackintosh et al., 2011). This 

would likely result in iceberg melt more proximal to Antarctica (Carter et al., 2002), and 

could account for less IRD reaching the mid-latitudes. Reconstructions of winter sea ice 

(WSI) cover during MIS 4 for this region of the SO suggest sea ice was absent or at most 

unconsolidated in the Emerald Basin (Ferry et al., 2015), supporting the idea that SSTs 

were too warm for substantial amounts of ice to persist this far north of Antarctica. 

Additionally, the absence of persistent glacial sea ice would allow Fe-borne dust to be 

deposited at the PFZ. This could explain the higher dust input apparent during MIS 4 

(Figure 6.4). Future work should look at SST in these cores during MIS 4 to test this.  

Diatom assemblages from MIS 6 and MIS 5 in both TAN cores show a 7-8% increase in 

the proportion of sea ice diatoms in the glacial versus the interglacial (Figure 5.20). 

Additionally, the distinct sea ice diatom F. curta (Armand et al., 2005) is over 4 times 

more abundant in the MIS 6 sample from TAN1302-96 than in the MIS 5e sample. This 

could indicate an expansion of sea ice cover during glacials that is consistent with 6-8° of 

latitude north from the modern WSI limit in the southwest Pacific, and is congruous with 

other regions of the SO (Figure 6.5) (Crosta et al., 2004; Gersonde et al., 2005; Carter 

and Cortese, 2009; Fraser et al., 2009; Benz et al., 2016). Until recently, the extent of sea 

ice in the Pacific sector was less clear due to the relatively poor regional coverage of 

paleoecology studies, particularly in the Subantarctic (Gersonde et al., 2005; Kucera et 

al., 2005). Further detailed diatom assemblage counts on MIS 2, 4 and 8, particularly in 
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TAN1302-97, will contribute to improving reconstructions of glacial WSI limits in the 

Pacific SAZ.  

 

Figure 6.5. Sea ice extent at the LGM. Yellow stars indicate core locations used in this study (TAN1302-96 southern 

core; TAN1302-97 northern core). From Bostock et al. (2013). 

Diatom productivity estimated from Si/Fe in TAN1302-96 is on average 2-3 times higher 

than TAN1302-97 (Figure 6.6), and is highly likely related to the position of these sites 

relative to the PF. Regardless of observed glacial variability, opal is consistently low (with 

Si/Fe ratios of ~67 in TAN1302-96 and ~36 in TAN1302-97) during periods of maximum 

IRD deposition, i.e. glacial maxima. The coincident timing of peak Fe deposition with 

decreased biogenic silica suggests that either; 1) the IRD- supplied Fe is not bioavailable 

and is therefore not being utilised by the diatoms, or 2) the Fe-rich surface waters 

promoted nitrate consumption relative to silicate (Robinson et al., 2005; Studer et al., 

2015). This would reduce silicification and increase the chance of frustule dissolution 

during sinking to the sea floor, and ultimately reduce the preservation of opal in the 

sediments.  

 

Figure 6.6. Opal productivity of PFZ cores compared to biogenic opal measured in SO136-111 (red) from Sturm (2003). 

TAN1302-96 opal in light grey and TAN1302-97 in darker grey. Glacial Marine Isotope Stages shaded (top). 

Previous research has shown that Fe sourced as nanoparticulate IRD can be bioavailable, 

and is in fact comparable to concentrations of Fe-borne dust (Raiswell et al., 2008). On 

this basis, the reduction in opal productivity observed in the TAN cores during glacials is 
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interpreted to be associated with reduced opal preservation as a consequence of 

dissolution.  

Evidence of WSI and low Ba/Fe (<0.1) presented in this thesis suggests that low opal 

accumulation could also relate to reduced diatom productivity. Reduced productivity has 

been attributed to a number of factors, including light or nutrient limitation as a result of 

sea ice expansion, reduced upwelling, or stratification (e.g. Chase et al., 2003; 

Hillenbrand and Cortese, 2006; Watson and Naveira Garabato, 2006; Robinson and 

Sigman, 2008; Sigman et al., 2010; Skinner et al., 2010). Light limitation due to sea ice 

expansion seems unlikely at the TAN core sites given sea ice is most extensive during 

winter months when the number of daylight hours are significantly reduced and there is 

reduced phytoplankton productivity.  

The amount of biogenic opal produced in the SO is thought to be limited by the supply of 

dissolved Si (Anderson et al., 2009). Weakened upwelling as a result of glacial 

equatorward migration of the westerly winds, or a northward shift of the PF due to 

increased sea ice, would contribute to low levels of dissolved Si in the PFZ. The efficiency 

and position of SO upwelling during the LGM and past glacials, however, is heavily 

debated (Anderson et al., 2002; Skinner et al., 2010). In the southwest Pacific region in 

particular, strong bathymetric controls are likely to have prevented significant northward 

migration of the ACC fronts and the associated Circumpolar Deep Water upwelling limb 

(Neil et al., 2004; Sokolov et al., 2006; Bostock et al., 2015).  

Due to poor consensus regarding glacial upwelling conditions, it is difficult to attribute 

the low diatom productivity to changes in upwelling. Although these theories cannot be 

ruled out, further geochemical analyses such as δ15Ndiatoms and δ30Sidiatoms will help to 

determine if changes in the glacial nutrient utilisation (supply versus demand) are the 

reasons behind low diatom productivity during glacial periods in these cores. 

Additionally, 231Pa/230Th will help elucidate the true flux of material to the seafloor, to 

understand the effects of dissolution and potential sediment focussing or erosion on the 

material in the cores. 

Nitrogen isotopes measured on diatoms from cores in the South Pacific sector of the SO 

(NBP9802-6 and 5) show that there is an increase in δ15Ndiatoms associated with a decline 

in opal flux during the LGM (Robinson and Sigman, 2008). Robinson and Sigman (2008) 

argue that there was an increase in nitrate utilisation from reduced nutrient supply. Silicon 

isotopes in diatoms from the Emerald Basin are low during the glacial (Rousseau et al., 
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2016), indicating low silica utilisation, reduced demand or plenty of supply. These 

observations provide further evidence for increased diatom dissolution during glacials, 

indicating both increased dissolution and reduced productivity are likely impacting low 

Si/Fe.   

Low diatom productivity in the PFZ cores is consistent with other records of opal south 

of the PF, both during the LGM and past glacials (Chase et al., 2003; Hillenbrand and 

Cortese, 2006; Bostock et al., 2013). This is in contrast to opal records north of the PF 

that document greater diatom productivity during glacials, especially in the Atlantic 

sector (Charles et al., 1991; Bradtmiller et al., 2009; Hendry and Brzezinski, 2014; Benz 

et al., 2016). This has been attributed to a northward shift of the opal belt, either as a 

consequence of increased sea ice, or alternatively, due to increased silica availability in 

lower latitudes from the excess generated in the higher latitudes, as explained by the 

“Silicic Acid Leakage Hypothesis” (Brzezinski et al., 2002; Matsumoto et al., 2002). 

Recent studies, however, show diatom productivity in the equatorial Pacific was generally 

low during the LGM also (Dubois et al., 2010; Costa et al., 2017). This suggests excess 

silicic acid was not present at the lower latitudes during this time, and therefore greater 

opal production north of the PF is more likely to be associated with a northward migration 

of the PF and opal belt in regions of poor bathymetric constraint, e.g. central South Pacific 

and South Atlantic basins. 

Based on glacial averages, calcium carbonate productivity in TAN1302-97 (~18 wt %) is 

much higher than TAN1302-96 (~8 wt %). This is almost certainly due to core location 

as TAN1302-97 sits north of the PF, where calcium carbonate deposition dominates 

sedimentation (Honjo, 2004). Similar to biogenic silica, calcium carbonate % in both PFZ 

cores is generally low during glacials compared to interglacials, i.e. between 5-13% in 

TAN1302-96 and between 14-24% in TAN1302-97 (Figure 6.7). This translates to low 

CaCO3 accumulation rates (Figure 5.24 and Figure 5.25; <0.1 g/cm2/kyr and <0.2 

g/cm2/kyr in -96 and -97 respectively), and could represent; 1) decreased biogenic 

carbonate productivity during glacials, 2) increased dissolution, or some combination of 

both. The condition of individual N. pachyderma tests from all glacial periods were often 

fragile, therefore carbonate ion concentrations in the deep waters bathing these cores may 

have been lower during glacials, enhancing dissolution. 
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Figure 6.7 Calcium carbonate (CaCO3 wt %) productivity of the PFZ cores compared to carbonate productivity 

measured in SO136-111 (grey) from Sturm (2003). TAN1302-96 in dark green, TAN1302-97 in light green.  

The present-day lysocline near the Emerald Basin is located at ~3,600 m water depth 

(Sturm, 2003), and is thought to have been >400 m shallower during glacials though this 

is strongly contested, where estimations vary considerably throughout the ocean basins 

(Sturm, 2003; Bostock et al., 2013). The effects of dissolution are more likely to affect 

the deeper PFZ core (TAN1302-97; 3,544 m) during glacial shoaling of the lysocline, 

however, this is not clearly reflected in the CaCO3 % or CaCO3 MAR records. Sturm 

(2003) suggested pronounced minima in carbonate concentrations observed in the 

Emerald Basin (core SO136-111), particularly in MIS 6 and MIS 8, relate to strong 

carbonate dissolution during glacial periods prior to 150 ka. This may represent 

shallowing of the lysocline during glacials preceding MIS 4 (Sturm, 2003). Calcium 

carbonate concentrations in TAN1302-97 are on average 2-3 times higher in MIS 6 and 

MIS 8, respectively, than the proximal Emerald Basin core SO136-111 (Figure 6.7). This 

could indicate the depth of the lysocline during MIS 6 and MIS 8 is similar to today, or 

perhaps even deeper. This would explain the higher carbonate concentrations in 

TAN1302-97 and the lower concentrations observed in the deeper SO136-111 core (3,912 

m) in the Emerald Basin.  

The abundance of larger (>250 µm) N. pachyderma individuals in TAN1302-96 during 

glacials was much lower than in interglacials, if present at all (see Appendix A). Because 

the presence of smaller (>180 µm) foraminifers did not change dramatically, the ability 

of tests to reach maturity appears limited. This may be a consequence of limited nutrient 

supply as a result of reduced upwelling or vertical mixing, either due to a northward 

displacement of the westerly winds or increased sea ice over the more southern core site. 

(Toggweiler et al., 2006; Anderson et al., 2009).  
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Records in the South Pacific and South Atlantic are in broad agreement with glacial 

observations of low carbonate accumulation in this thesis (Sturm, 2003; Jaccard et al., 

2013; McCave et al., 2014; Lamy et al., 2014). Regardless of this, South Atlantic records 

in particular are commonly interpreted as preservation records (Jaccard et al., 2013). 

Although some evidence in this thesis suggests low biogenic carbonate during glacials is 

influenced by dissolution, low carbonate MARs and low Ba/Fe ratios particularly at MIS 

2 and MIS 6 glacial maxima, support reduced carbonate productivity during glacials 

(Figure 6.10). This raises important concerns involving the assumptions made when 

interpreting paleoproductivity records.  

The observed glacial reduction in both productivity modes in this region is likely linked 

to nutrient availability and effects of dissolution (Figure 6.8). The evidence presented in 

this thesis is not enough to ascertain the exact mechanisms behind the observed patterns, 

however, further geochemical analyses will provide clarification.  

 

Figure 6.8. Schematic diagram of the glacial Southern Ocean setting. Cooler air and SSTs result in expansion of WSI 

over the modern PFZ. This forces the PF (red dashed line) and the associated Circumpolar Deep Water upwelling limb 

(black) slightly northwards, leading to reduced nutrient supply in the region of the modern PFZ. Reduced export 

production recorded in PFZ cores (grey arrow) due to low nutrient supply, which limits biogenic silica and calcium 

carbonate productivity. Additionally, increased dissolution from a shallower lysocline (red line) compared to modern, 

and reduced silicification due to increased Fe that lowers frustule silicification (i.e. low Si:N), results in poor 

preservation of biogenic carbonate and biogenic silica respectively. Collectively, these processes result in decreased 

export production during glacials. Small red arrows indicate direction of movement. ANT = Antarctica, EQP = 

equatorial Pacific.   
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6.2 Deglaciation sequence of events 

The PFZ cores used in this study highlight key differences in productivity that exist north 

and south of the PF during glacial terminations (Figure 6.9). In the modern ocean, the PF 

is a key biogeochemical boundary, separating Si-rich waters to the south from carbonate 

ion-rich waters to the north (Honjo, 2004). South of the PF, diatom productivity in 

TAN1302-96 increases between 3- and 5-fold during deglaciation after the LGM (opal 

peak at ~17-13 ka) and during Termination II (TII) at the MIS 6/5 boundary (136-130 

ka), respectively. The initiation of glacial terminations is suggested to require a 

combination of factors involving; 1) increased Northern Hemisphere summer insolation, 

2) extensive Northern Hemisphere ice sheet collapse, 3) a reduction in the Atlantic 

Meridional Overturning Circulation leading to a southward shift in the Intertropical 

Convergence Zone, 4) southward shift of the Southern Hemisphere westerly winds over 

the core of the ACC, and 5) rising Antarctic temperatures and outgassing CO2 from 

increased upwelling in the Southern Ocean (Anderson et al., 2009; Denton et al., 2010).  

It has previously been suggested that increased opal flux during the deglaciation was a 

result of increased upwelling of nutrient rich waters to the surface of the SO (Anderson et 

al., 2009). Another key consequence following rising Antarctic air temperatures and SSTs 

post-LGM would be the removal of the IRD Fe source in the South Pacific sector due to 

iceberg melt. The reduction in Fe would increase the Si:N uptake ratio similar to the 

modern SO, thereby increasing silicification and enabling better preservation of opal 

productivity in TAN1302-96.  

Interestingly, the timing of the opal peak (~15 ka) during Termination I (i.e. MIS 2/1 

transition; TI) coincides with a distinct increase in the area of individual F. kerguelensis 

valves near the PF in the South Atlantic (PS1654-2; 5.72638889, -50.162500) (Cortese 

and Gersonde, 2007). This peak in valve area has been associated with proximity to the 

PF and cooling of surface waters during TI (Cortese and Gersonde, 2007). Although valve 

areas were not calculated across glacial terminations in detail, valve areas from MIS 6 

and MIS 5e in TAN1302-96 did not show a significant size difference (see Appendix A). 

Further work undertaking high resolution measurements and calculations on F. 

kerguelensis valves across the MIS 2/1 transition is required to test if this SST cooling 

event recorded in valve area at 12-14 ka is present in the southwest Pacific region.  
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Following the peak in opal during TI and TII in TAN1302-96, the productivity mode 

shifts to one dominated by calcium carbonate (Figure 6.9 A and B). Carbonate 

concentrations increase from <5% to ~20% across TI, continuing into the Holocene, and 

are double this (>40%) in MIS 5e following TII. The proliferation of diatoms following 

deglacial initiation provides calcium carbonate zooplankton, e.g. N. pachyderma, with an 

abundant food source. This could be a reason for the shift from Si-based phytoplankton 

to grazing foraminifera, however, this seems unlikely given there is a 2-5 ka delay in the 

biological response. An alternative explanation involves surface nutrient concentrations. 

Surface waters are heavily depleted in Si and other nutrients after extensive diatom 

blooms (Anderson et al., 2009). This leaves the niche open for coccolithophores that have 

no silicate requirement and do well in nutrient-limited conditions, such as E. huxleyi, and 

G. oceanica.  

These coccolithophore species have previously been found to form blooms during early 

interglacial phases in the Subantarctic waters of the South Pacific (e.g. Duncan et al., 

2016). This calcifying phytoplankton source could encourage high foraminifera 

abundances which would contribute to the high accumulation of calcium carbonate in the 

latter half of the glacial terminations. Coccoliths from E. huxleyi were rarely observed 

compared to coccoliths from other species in the SEM samples from these cores. Given 

this species accounts for upwards of 50% of coccolithophore assemblages at the mid-

latitudes and above (McIntyre and Bé, 1967), it is likely they were present at higher 

abundances than observed in TAN1302-96  in particular. Future high resolution SEM 

imaging across glacial terminations will reveal if this is the case.  

In theory, heightened diatom productivity should draw down atmospheric CO2 

concentrations due to enhanced carbon fixation during photosynthesis (Watson et al., 

2000). Perhaps this enhanced productivity could contribute to the Antarctic Cold 

Reversal, a short-lived cooling event between 12.5-14.5 ka (Ferry et al., 2015). It has 

been suggested that reversal events such as the Antarctic Cold Reversal are a feature of 

glacial terminations, hinting that the deglaciation is a two-step process (Carter and 

Cortese, 2009). The bi-modal productivity pattern observed in the Antarctic SO zone 

could be a key factor in completing glacial terminations. Subsequent carbonate 

productivity following the period of enhanced opal production could then contribute to 

increasing atmospheric CO2 through the carbonate counter pump, completing the glacial 

termination (Rost and Riebesell, 2004). 
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In contrast to TAN1302-96, the productivity pattern following deglaciation in TAN1302-

97 is reversed (Figure 6.9 C & D). Carbonate concentrations at this site increase from 

~15-20% to >25 and ~50% from LGM and MIS 6 concentrations respectively. Peaks in 

opal occur 2-5 kyrs later, and could be due to a supply of silicic acid from the lower 

latitudes developed during coccolithophore and foraminifera blooms south of the PF 

occurring at the same time. Although reasons for this productivity shift are speculative, 

this pattern from calcium carbonate dominated productivity to biogenic silica is regional 

within the southwest Pacific, as it is also recorded during TII in the adjacent Emerald 

Basin core SO136-111 (Sturm, 2003).  

During TI, carbonate productivity is briefly interrupted at ~14 ka, coinciding with the 

Antarctic Cold Reversal. During this time, SO SSTs and Antarctic air temperatures cooled 

by 2-3°C (Barker et al., 2009; Maher et al., 2010), facilitating the expansion of winter sea 

ice and the northward migration of the ACC fronts (Cortese and Gersonde, 2007; Ferry 

et al., 2015). A northward shift in the PF would expand the southern Si-rich waters over 

TAN1302-97, consistent with reduced carbonate productivity and a small peak in opal at 

this time (Figure 6.9 C).  

The difference in the productivity mode during glacial terminations between TAN1302-

96 and -97 is likely related to the position of the PF. The productivity pattern in 

TAN1302-97 suggests the PF must have shifted south of its glacial position by at least 16 

ka and 134 ka, concurrent with retreating sea ice. This accounts for the growth of 

carbonate productivity in the Emerald Basin following the resumption in upwelling post-

glacial conditions (Anderson et al., 2009), and is consistent with other records both in the 

southwest and northwestern Pacific (Sturm, 2003; Brunelle et al., 2010). The repetition 

of these patterns across multiple deglaciations, and its presence in other cores elsewhere 

in the Pacific SO (e.g. SO136-111 and PC13) suggests a common mechanism across the 

Pacific basin. These consistent patterns coincide with increasing atmospheric CO2, and 

therefore highlight the potential importance of these productivity shifts in completing 

glacial-interglacial transitions.  
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Figure 6.9. Productivity sequence (blue shading = carbonate mode; green shading = opal mode) following glacial maxima (black dashed line). A) TAN1302-96 deglacial transition across 

MIS 2 – MIS 1, i.e. Termination I (TI); B) TAN1302-96 MIS 6 – MIS 5, i.e. Termination II (TII); C) TAN1302-97 MIS 2 – MIS 1, i.e. TI; D) TAN1302-97 MIS 6 – MIS 5, i.e. TII. Blue 

= calcium carbonate; green = opal productivity; grey = Fe input from IRD; black = atmospheric CO2 concentration from EPICA Dome C ice core (Bereiter et al., 2015).
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6.3 The interglacial Southern Ocean  

The terrigenous input recorded throughout the interglacials (MIS 1, 3, 5 and 7) in the PFZ 

cores is extremely low (e.g. IRD concentrations <4 grains/gram). The low fluctuations of 

detrital material observed in these cores is likely to represent the small input from material 

redistribution along the sea floor (Figure 6.4 and see Appendix A).   

Although 88-91% of the diatoms in the PFZ cores indicate polar open ocean/seasonal sea 

ice tolerant species dominate this region during MIS 5e, 8% of the peak interglacial 

assemblage in TAN1302-96 is comprised of sea ice indicative diatoms (viz. 5% F. 

separanda) (Figure 5.20). This could suggest that some degree of sea ice was present in 

the southern PFZ during MIS 5e. F. separanda, however, has been noted to have a wide 

temperature range, and therefore may have a relatively poor relationship to sea ice 

(Armand et al., 2005).  

Regardless of this, the species is most abundant (2-5%) in the Ross Sea and Prydz Bay, 

(i.e. regions of more prevalent sea ice) which is consistent with the proportion observed 

in TAN1302-96. It is suggested that global temperatures were up to 3°C warmer in MIS 

5e than modern (Carter and Cortese, 2009), although regional temperature differences 

have been observed in the Australian-New Zealand sector of the southwest Pacific 

(Cortese et al., 2013). Warmer temperatures during MIS 5e may have increased ice sheet 

instability, a process associated with the 5-9 m sea level rise during the Last Interglacial, 

~129 – 116 ka (LIG, i.e. MIS 5e) (O’Leary et al., 2013; Dutton et al., 2015). Mass calving 

events in relation to ocean warming and sea level rise could potentially account for ice 

reaching the PFZ during the LIG. A peak in IRD (~25 grains/gram) in TAN1302-97 at 

~105 ka, given age model errors, could correspond to late interglacial collapse of the 

Antarctic ice sheets (O’Leary et al., 2013). This is supported by IRD records in the South 

Atlantic PFZ that have been associated with ice sheet instability due to sea level rise in 

“rapid” interstadials (Kanfoush et al., 2000).  

Armand et al. (2005) note F. separanda can be heavily silicified, and consequently may 

survive iceberg dispersal further north relative to other diatoms. This could mean that 

icebergs were present and relatively common during this time, or that there is a 

preservation bias. This highlights the need for further diatom assemblage analysis and 

higher resolution IRD counts on these cores to clarify if sea ice was present, before 

evaluating potential links to ice sheet instability during the LIG. 
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Figure 6.10. Export productivity estimated by Ba/Fe; light blue = TAN1302-96 and dark blue = TAN1302-97, with 

atmospheric CO2 concentrations from EPICA Dome C in black (Bereiter et al., 2015). Grey bars indicate interglacial 

periods with glacial maxima highlighted by dashed lines. 

In contrast to glacial periods, productivity (both opal and carbonate) is up to 3 times 

higher during interglacials. Glacial-interglacial productivity differences estimated by 

Ba/Fe are more pronounced in TAN1302-96 (Figure 6.10). This could be related to 

stronger sea ice influence at this southern core site during glacials and associated 

weakened upwelling, or glacial-interglacial migrations of the PF. The fronts in this region 

are heavily constrained by bathymetry (Weaver et al., 1998), therefore significant 

latitudinal shifts, particularly to the north, are unlikely. Regardless of the observed 

differences, both interglacial records from TAN1302-96 and -97 highlight the inverse 

correlation between silicon and calcium carbonate dominated productivity (r2 > -0.94).  

Biogenic carbonate productivity is generally high (44-49 %) throughout early MIS 5, 

whilst diatom productivity is low (Si/Fe ~12-36), with a clear switch at ~ 110 ka (Figure 

6.11). These results differ from productivity records in the South Atlantic, which show 

high opal productivity in MIS 5e (e.g. Hillenbrand and Cortese, 2006; Sigman et al., 

2010). Many South Atlantic records also document similar early interglacial carbonate 

patterns (e.g. ODP 1094, ODP 1090), however, these records are commonly interpreted 

to reflect preservation changes rather than productivity signals (e.g. Jaccard et al., 2013). 

Increased CaCO3 MARs in TAN1302-96 and TAN1302-97 during MIS 5e, and a 

concomitant increase in Ba/Fe suggests the carbonate records in these cores reflect 

enhanced productivity (see sections 5.2 and 5.7). This is consistent with Ca/Fe and Ba/Fe 
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records in the South Atlantic AZ, which show significant increases during peak 

interglacials (Jaccard et al., 2013), and therefore may represent increased productivity as 

well as increased preservation.    

Along with the elemental proxies, SEM images and foraminifera counts revealed the 

presence of significantly greater volumes of biological material during MIS 5e in both 

PFZ cores compared to late MIS 5 and MIS 7c (see section 5.5.3). Presently, high 

abundances of N. pachyderma occur in the zone of maximum chlorophyll abundance, i.e. 

regions of high primary productivity, where zooplankton can utilize the prolific food 

source (Kohfeld et al., 1996). Because the abundance of diatoms in MIS 5e is relatively 

low (Figure 6.6), a different phytoplankton source must be present to account for the 

abundance of large N. pachyderma individuals, and the high carbonate concentration 

during MIS 5e.  

The most common calcifying phytoplankton in the MIS 5e samples were coccolithophore 

species C. leptoporus and G. oceanica, a prominent bloom former and genetically very 

similar to E. huxleyi (Rost and Riebesell, 2004; Balch, 2018). The presence of G. oceanica 

in MIS 5e suggests SSTs in the PFZ were likely warmer than present SSTs ~4-10°C 

(‘World Ocean Database’, 2005), but by how much remains uncertain. Some research 

suggests increasing atmospheric CO2 concentrations can increase carbon fixation in 

photosynthesis, specifically in G. oceanica and E. huxleyi (Rost and Riebesell, 2004), 

where growth of these species appears carbon-limited at low CO2 concentrations 

(Krumhardt et al., 2017). Following the rapid increase in atmospheric CO2 from MIS 6 

(~190 to ~290 ppmv, Figure 6.10), G. oceanica could have a competitive advantage over 

other phytoplankton, such as diatoms, that are less sensitive to CO2 changes (Rost and 

Riebesell, 2004).  

In contrast to G. oceanica, which has no clear silicate requirement, C. leptoporus grows 

malformed coccoliths under very low silicate concentrations (Durak et al., 2016). This 

suggests the PFZ waters during early MIS 5e had relatively low-moderate silicate 

concentrations, given that the C. leptoporus coccoliths found in both PFZ cores were well-

formed. This appears to be particularly the case for TAN1302-97, which has up to 4 times 

less diatom productivity than TAN1302-96 (Figure 6.6). The relatively low-Si waters in 

the northern PFZ could be due to; 1) a southward shift in the position of the PF closer to 

the -96 core, 2) weakened upwelling north of the PF, or a combination of both. On the 

Campbell Plateau (ODP Site 1120) extensive coccolithophore blooms during MIS 5e 

have been associated with enhanced stratification as a result of reduced windiness and 
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circulation (Duncan et al., 2016). Reduced windiness would have a direct effect on the 

strength of upwelling at the PF. Weakened upwelling and the associated nutrient 

availability may be a key factor in determining which productivity mode dominates the 

early interglacials.  

Interestingly, the sequential productivity pattern in MIS 5 is reversed in MIS 3, with 

diatom productivity prevailing throughout the early interglacial (~50-30 ka), followed by 

peaks in calcium carbonate after ~30 ka (Figure 6.11). In contrast to MIS 5e, CO2 

concentrations are >60 ppmv lower in MIS 3 (Bereiter et al., 2015). This could mean 

calcifying phytoplankton such as G. oceanica do not have the same competitive 

advantage that may have existed in MIS 5e, leaving the niche open for diatoms. 

Alternatively, there was enough upwelling of silicate to the surface waters to give diatoms 

a competitive advantage.  

 

Figure 6.11. Composite productivity record in the PFZ cores. Biogenic silica = light grey shaded (TAN96) and dark 

grey shaded (TAN97). Calcium carbonate = dark blue line (TAN96) and light blue line (TAN97). MIS 3 and MIS 5 

highlighted.  

Although lower CO2 could be a contributing factor to this opal productivity, perhaps the 

most compelling explanation involves the silicate and nitrate concentration in the ocean. 

During glacials, increased Fe input as IRD led to reduced Si-utilisation due to higher 

consumption of nitrate (Robinson and Sigman, 2008), thereby increasing the chance of 

frustule dissolution during sinking to the sea floor (Figure 6.8). Conversely, in MIS 3, the 

low Fe input at this time, as estimated by low IRD and low terrigenous deposition relative 

to biological input (i.e. Fe/Ca ~0.1), would have promoted Si-utilisation relative to nitrate. 

This is thought to increase silicification and thus preservation of the diatoms (Figure 

6.12). Principal Component Analysis (PCA) revealed the silicon concentrations during 

MIS 3 have a different affinity to other elements relative to the rest of the core, especially 

in TAN1302-97. This may represent the increased preservation in addition to enhanced 
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productivity during this time, and is consistent with equatorial Pacific records that 

document this apparent preservation event (Kienast et al., 2006; Dubois et al., 2010).  

The peak in opal productivity during MIS 3 is not typically well defined in the SAZ or 

AZ in the SO, where opal flux is strongly correlated to dust flux in the South Atlantic in 

particular (e.g. PS2498-1) (Charles et al., 1991; Diekmann and Kuhn, 2002; Anderson et 

al., 2014). The southwest Pacific PFZ records from this study expand the results of the 

equatorial Pacific, and suggest this event is largely related to the lack of Fe across the 

Pacific in contrast to the South Atlantic.  

While increased CO2 may have enhanced coccolithophore productivity in the LIG, very 

high levels of CO2 show detrimental effects to growth, evolutionary plasticity, fitness and 

calcification (Riebesell et al., 2000; Jin and Gao, 2015). Therefore under current rising 

CO2 concentrations, it is unlikely that carbonate productivity will show the same response 

in the future as in the LIG (Jin and Gao, 2015). Additionally, modern observations show 

a southward shift in the westerly winds over the last several decades, in conjunction with 

strengthening of the bathymetrically constrained ACC fronts, and upwelling in the South 

Pacific (Fernandez et al., 2013). These differences will likely have a large influence over 

which productivity mode thrives in the future.  

Both competitive advantages and nutrient availability appear to dictate the productivity 

that dominates during interglacials. Key differences in interglacial productivity and 

inferred circulation changes have been highlighted in the southwest Pacific PFZ in this 

thesis. Understanding these differences and what causes them will be extremely beneficial 

for anticipating the response of the oceans in the future, in regards to biological, chemical 

and physical changes.  
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Figure 6.12. Schematic diagram of the interglacial Southern Ocean setting. Modern PFZ: PF separates CaCO3-

dominated sedimentation in the north from Si-dominated sedimentation in the south. Following glacial terminations, 

air temperatures and SSTs warm, resulting in the retreat of glacial sea ice, and the subsequent poleward migration of 

the PF (red dashed line) and the Circumpolar Deep Water upwelling limb (black lines). High calcium carbonate 

productivity in the early interglacial potentially due to; 1) competitive advantage during rapid CO2 increase, 2) 

low/moderate Si concentrations, or 3) southward migration of the PF to its southern-most position. High biogenic silica 

productivity during late interglacials could be due to; 1) lowered CO2 concentrations, 2) sufficient dissolved Si supply 

or 3) expansion of Si-rich waters following a northward shift in the position of the PF.  Better preservation of 

productivity due to a deeper lysocline (red line) and increased silicification (high Si:N) as a result of low Fe input. 

Small red arrows indicate the direction of early interglacial movement. Dark grey arrows indicate increased export 

production recorded in the PFZ records, as a result of both increased productivity and decreased dissolution. ANT = 

Antarctica, EQP = equatorial Pacific.  
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Chapter 7 Conclusions and future work 

The main purpose of this thesis was to investigate potential processes responsible for 

productivity changes in the southwest Pacific PFZ over glacial-interglacial timescales. 

Two gravity cores from the PFZ were analysed using a combination of geochemical, 

sedimentological and biological methods to reconstruct glacial-interglacial changes in 

terrigenous input and paleoproductivity. Using well-established proxies, together with 

δ18O stratigraphy and 14C chronology, a series of conclusions were reached: 

• IRD likely came from the Amery Ice Sheet, and travelled to the southwest Pacific 

due to cooler SSTs. The co-occurrence of peak IRD and peak iron concentrations 

suggests a substantial contribution of Fe is from IRD.  

• Sea ice reached the northern PFZ (~57°S) during glacials, apart from MIS 4. Low 

concentrations of IRD suggests SSTs were slightly warmer in MIS 4 than other 

glacials, thus icebergs did not survive to the PFZ.  

• Glacial periods are characterised by low productivity and increased dissolution, 

potentially due to reduced upwelling of nutrients, shoaling of the lysocline, and 

increased Fe deposition. Increased glacial sea ice cover could have forced the PF 

slightly northwards, moving the Circumpolar Deep Water upwelling limb and the 

belt of increased opal and calcite accumulation equatorward. The addition of Fe 

sourced from IRD during glacial maxima could increase the uptake of nitrate 

relative to silicate, resulting in reduced silicification and increasing the chance of 

frustule dissolution during sinking to the sea floor. 

• Glacial terminations TI and TII are characterised by a sequence of key 

productivity changes that influence atmospheric CO2 concentrations. North of the 

PF, calcium carbonate productivity dominates the early termination for ~5 kyr 

after peak glaciation, followed by biogenic silica. South of the PF, biogenic silica 

productivity dominates the early termination, followed by calcium carbonate 

production after 2-5 kyr. The difference in the leading productivity mode 

following peak glaciation is likely due to position relative to the PF.  

• Early interglacial productivity is characterised by enhanced calcium carbonate 

productivity, followed by diatom productivity during the later interglacial. This 
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could be due to coccolithophore species present having a competitive advantage 

over diatoms during periods of higher CO2 concentrations. Alternatively, this 

could be due to relatively low-Si waters as a consequence of reduced upwelling, 

a southward migration of the PF, or a combination of both.  

 

Future work 

This research highlights the need for future work to resolve some of the uncertainties 

regarding oceanographic interpretations made. Some recommendations include: 

• Further detailed diatom assemblage analysis. This will better constrain winter sea 

ice extent in the PFZ during other glacial periods, i.e. MIS 2, 4 and 8, particularly 

in TAN1302-97. Additionally, assemblages could be grouped differently to obtain 

different oceanographic information, such as SST and surface stratification. This 

would clarify some of the interpretations made regarding upwelling and SST in 

this thesis. 

• Geochemical analyses such as δ15Ndiatoms and δ30Sidiatoms. This will help to 

determine if changes in the glacial nutrient utilisation (supply versus demand) are 

the reasons behind low diatom productivity during glacial periods in these cores. 

Additionally, 231Pa/230Th will help elucidate the true flux of material to the 

seafloor, to understand the effects of dissolution and potential focussing or erosion 

on the sediments in the cores.  

• Further work undertaking high resolution measurements and calculations on F. 

kerguelensis valves across the MIS 2 – MIS 1 transition in the TAN cores used in 

this study, and in neighbouring PFZ cores. This would reveal if the signal 

observed in the South Atlantic is a basin-wide phenomenon.  

• Higher-resolution IRD measurements on the TAN cores used in this study. This 

would clarify if large-scale ice-sheet instability during periods of rapid sea level 

rise are documented in the PFZ IRD records.  
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Appendix A 

A1) TAN1302-96 CaCO3 content (wt %) vs Ca concentration acquired from XRF 

 

 

A2) TAN1302-97 CaCO3 content (wt %) vs Ca concentrations acquired from XRF  
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A3) Series of plots showing combined opal dataset for TAN1302-96 (blue) and 

TAN1302-97 (orange) against biogenic silica proxies, i.e. Si, Si/Ti and Si/Fe.  
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A4) Non-linear relationships between opal content vs Si/Fe (bottom). Correlation 

coefficients improved in TAN1302-96 opal data from Tasmania (blue) and TAN1302-97 

(orange) compared to linear relationships. Correlation between Dalhousie University opal 

data and Si/Fe in TAN1302-96 (blue with black outline) does not improve with non-linear 

regression.  

 

 

A5) Cross correlation between opal % and the water content (%) of TAN1302-96 (blue) 

and TAN1302-97. TAN1302-96 opal data from Dalhousie University outlined in black. 

 

 

 

 

 

 

 

y = 22.385e0.0157x

R² = 0.0329

y = 1.1482e0.0469x

R² = 0.2174

y = 0.6401e0.051x

R² = 0.5121

0

20

40

60

80

60 62 64 66 68 70 72 74 76 78 80

op
al

 %

Water content (%)



99 
 

A6) TAN1302-96 δ18O record with the number of large (>250µm) N. pachyderma picked 

 

 

A7) TAN1302-97 δ18O record with the number of large (>250µm) N. pachyderma picked 

 

 

A8) Valve area comparison between MIS 5e (270 cm) and MIS 6 (320 cm) in TAN1302-

96 
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A9) Valve area comparison between MIS 5e (210 cm) and MIS 6 (230 cm) in TAN1302-

97 
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A10) Elemental profiles in TAN1302-96 obtained via XRF scanning. Elements shown 

are associated with terrigenous input  
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A11) Elemental profiles in TAN1302-97 obtained via XRF scanning. Elements shown 

are associated with terrigenous input  
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Appendix B 

B1) Code used in OxCal to calibrate radiocarbon dates 

Options() 

 { 

 Curve="Marine13.14c"; 

 }; 

 Plot() 

 { 

 Curve("Marine13","Marine13.14c"); 

  Delta_R("LocalMarine",850,40); 

  R_Date("96 20cm", 4127, 24); 

  R_Date("96 50cm", 7936, 32); 

  R_Date("96 70cm", 10566, 37); 

 }; 

 

Appendix C 

See CD 

 

 


