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8.3.3.3. NBP0101 Site JPC43B 

Two samples from NBP0101 Site JPC43B were assessed using the SEM prior to δ18Odiatom analysis. 

Images revealed a clean, well-preserved diatom assemblage with minimal dissolution or visible 

contamination (Figures 18-19). Sponge spicules were present (Figure 19) but were not abundant 

in the samples examined. 
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Figure 18. (upper four images) SEM images from NBP0101 JPC43B, 1047-1048 cm. XRF-

measured Al/Si is 0.0060and δ18Odiatom is 44.1‰. Diatom preservation was very good, with many 

Corethron setae and girdle bands. 

 

Figure 19. (lower four images) SEM images from NBP0101 JPC43B, 1119-1120 cm. XRF-

measured Al/Si is 0.0232 and δ18Odiatom is 33.4‰. Diatom preservation is generally good, with 

many Corethron fragments. A sponge spicule can be seen crossing both lower images (yellow 

arrows). 

 

8.3.4. Al/Si versus δ18Odiatom 

Section 8.3.2 demonstrated a strong correlation between Al/Si and δ18Odiatom at both ODP Sites 

1165 and Site 744. To contextualise this relationship, unpublished δ18Odiatom and Al/Si datasets 

have been provided by J. Pike, J. Williams and Pike, J. Smith & Williams (unpublished data, 2019; 

12-0 ka, Antarctic margin; see Section 8.2.3). These unpublished data are considered alongside 

Sites 1165 and 744, and the only published record that includes geochemical data and δ18Odiatom 

(Maier et al., 2018; 50-5 ka, Bering Sea) (Figure 20; Table 6).  
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Figure 20. Al/Si versus δ18Odiatom at the different sites considered in this study (Figure 2 for 

locations, plus Bering Sea site from Maier et al., 2018), including linear regression lines. 

Correlation coefficients and p-values are given in Table 6. 

 

Table 6. Pearson’s r correlation coefficients and associated p-values for Al/Si versus δ18Odiatom 

linear regressions at unpublished and published sites investigated for this study (Figure 2 for 

locations, plus Bering Sea site of Maier et al., 2018). Unpublished data were provided by J. Pike 

and J. Williams (2019) for Sites JPC43B, TC46/GC47, GC114 and BC423B (Section 8.2.3). The only 

published study for which both δ18Odiatom and Al/Si data are available is Site SO202-27-6 in the 

Bering sea (Maier et al., 2018). Sites below are listed in order of age, with the oldest samples 

first. Significant relationships are indicated by p-values of <0.01; red shading indicates 

statistically insignificant relationships. 

 

Site Location Age 
Depth 

(mbsf) 

Pearson’s 

r 

Al/Si 

range 
P value 

744 
Kerguelen 

Plateau 

Miocene (12-15 

Ma) 
54-60 -0.98 

0.01-

0.04 
<0.01 

1165 Prydz Bay 
Pliocene (3.45-

3.75 Ma) 
33-39 -0.86 

0.01-

0.08 
<0.01 

SO202-27-6 Bering Sea 
Pleistocene 

(55-5 ka) 
0-3 0.42 

0.01-

0.08 
<0.01 

JPC43B 
Iceberg 

Alley 

Holocene 

(12-0 ka) 
0-24 -0.09 

0.01-

0.07 
0.42 

TC46/GC47 
Anvers Shelf 

(WAP) 

Holocene (3912 

- 211 cal yr BP) 
0.05-1.67 -0.06 

0.01-

0.04 
0.61 

GC114 

Boyd 

Straight 

(WAP) 

Holocene (3822 

-76 cal yr BP) 
0.05-3.25 -0.06 

0.01-

0.05 
0.69 

BC423B 
Amundsen 

Sea 

Holocene (594 - 

-76 cal yr BP) 
0-0.3 -0.54 

0.01-

0.05 
<0.01 

 

Presented Al/Si and δ18Odiatom data (Table 6) suggest that Al/Si is significantly negatively 

correlated with δ18Odiatom at Sites 744 (r=-0.98, p=<0.01), 1165 (r=-0.86, p=<0.01), BC423B (r=-

0.54, p=<0.01) and SO202-27-6 (r=-0.42, p=<0.01). Al/Si was found not to be significantly 
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correlated with δ18Odiatom at Sites JPC43B (r=-0.09, p=<0.42), TC46/GC47 (r=0.06, p=0.61), and 

GC114 (r=-0.06, p=0.69). Apart from Site BC423B (0-0.3 mbsf, youngest age samples) which is 

strongly correlated, the strength of the correlation seems to increase with age and/or depth 

(Table 6). Correlation appears largely unrelated to the range or absolute values of Al/Si at each 

site. 

 

8.4. Discussion 

This discussion will consider whether δ18Odiatom at ODP Site 1165 reflects an environmental signal 

and, thus, whether δ18Odiatom can be used as a paleoceanographic proxy in Neogene sediments 

more generally, including implications for the Pliocene climate interval investigated at Site 1165. 

Finally, the causes for the correlations between Al/Si and δ18Odiatom will be explored, and whether 

Al/Si can be used as a proxy for sample contamination. 

 

8.4.1. Particulate contamination 

The strong correlation (r=-0.86, p=<0.01) between Al/Si and δ18Odiatom at ODP Site 1165 must be 

investigated before δ18Odiatom can be interpreted as a record of past ocean change. Previous 

studies have used Al/Si as a measure of particulate contamination (Maier et al., 2018), 

particularly from clay particles, because these non-diatom particles have low δ18O and, as such, 

their unaccounted for presence can artificially reduce the true δ18Odiatom signal. If particulate 

contamination is affecting the δ18Odiatom signal at Site 1165, it should be possible to remove the 

contaminated portion of the signal, which can be estimated from the geochemical data, via mass 

balance modelling (Brewer et al., 2008). The mass-balance equation of Swann & Leng (2009) 

was therefore applied to δ18Odiatom data from Site 1165:  

 

Different possible contaminant end-member δ18Odiatom were modelled (2-30‰ δ18O) to 

encompass the maximum possible range of clay mineral δ18O values, which ranged from 12-

21‰ in samples from the Antarctic peninsula (Xu & Gao, 1988) and 13-29‰ in other globally-

distributed samples (Savin & Epstein, 1970). Removal of the contaminated outer layer of diatom 

silica during the SWF process was also accounted for by modelling 50% yields, meaning 50% of 

material was removed prior to analysis. 50% represents an extreme end-member for the 

maximum possible amount of material removed during SWF (G. Swann, personal 

communication). 
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Mass balance modelling does not change the structure and major trends of the δ18Odiatom record 

at Site 1165 (Figure 21). XRF data suggests that if all of the Al is from particulate aluminosilicate 

clay contamination, the contaminated material would represent up to 8% of the sample. 

However, even when yields of 50% and end-member δ18Ocontamination values of 2‰ are assumed, 

8% contamination cannot account for the 15‰ range in δ18Odiatom values at Site 1165. Further, 

the SEM images (Figures 12-15) indicate that particulate contamination does not represent up 

to 8% of the highest Al/Si samples at Site 1165. 

 

 

Figure 21. Mass balance modelling of δ18Odiatom at ODP Site 1165 accounting for the most 

extreme possible end-members for potential particulate contamination of δ18O; 30‰ and 2‰. 

Maximum (50%) yield (the amount of material removed by stepwise fluorination) is also 

presented. 

 

Mass balance modelling also did little to change the structure of the Pleistocene Bering Sea 

record of Maier et al. (2018) (Figure 22), where Al/Si ranged between 0.01-0.08 and an Al/Si 

versus δ18Odiatom correlation of r=-0.42 (p=<0.01) was documented (Figure 20, Table 6). The 

inadequacy of mass balance modelling at both of the marine sites (OPD Site 1165 and Site 

SO202-27-6), as well as the relatively particulate-free SEM images, therefore suggests that 

particulate contamination alone cannot explain the strong Al/Si versus δ18Odiatom correlation, and 

cannot account for the range of δ18Odiatom. Instead, Al (and potentially the other less abundant 
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metals), may be incorporated into the diatom silica intrinsically, making them invisible under 

SEM, thus, a different process (than particulate contamination) must be responsible for the close 

association between δ18Odiatom and Al/Si. 

 

 

Figure 22. Mass balance modelling of δ18Odiatom at Site SO202-27-6 using the record of Maier et 

al. (2018). Data have been modelled using the most extreme possible end-members for 

potential particulate contamination of δ18O, 30‰ and 2‰. 

 

8.4.2. Intrinsic incorporation of metals within diatom silica 

Section 8.4.1 concluded that Al/Si is not reflecting particulate contamination, therefore, the Al 

(and perhaps also other metals) must be intrinsically incorporated in the diatom silica. This 

section will explore whether the metals could accumulate as a surficial layer via adsorption to 

the silica lattice, or whether they penetrate more deeply into the silica lattice. I will explore 

whether accumulation occurs as a result of live processes, perhaps representing a true surface-

water environmental signal, or due to post-depositional processes, metal accumulation 

represents a diagenetic signal. 

 

8.4.2.1. Live bioaccumulation 

Diatom silica naturally contains some intrinsic aluminium, which seems to vary by species (Table 

7). The amount of Al in diatom silica is also assumed to relate, at least in part, to the 
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concentration of dissolved Al within the water column (van Benneken et al., 1991). Natural 

processes largely control the distribution of Al, for example, ice-covered waters contain higher 

concentrations of dissolved Al (c. 3 nM) than ice-free waters (c.1-1.5 nM) in the Weddell-Scotia 

Seas (van Bennekom et al., 1991). Glacial discharge also contains glacially-eroded clay minerals 

and, therefore, clay contamination and δ18Odiatom could co-vary as a result of diatoms 

incorporating more Al into their frustules (higher Al/Si) when higher amounts of Al are released 

within glacial discharge (lower δ18Odiatom). Alternatively, the incorporation of Al into diatom silica 

could, hypothetically, increase with temperature although, to my knowledge, no studies have 

yet investigated the effect of temperature on Al incorporation. The correlation between Al/Si 

and δ18Odiatom could therefore theoretically result from environmental processes operating in 

tandem with primary oxygen isotope fractionation and, thus, the Al/Si versus δ18Odiatom 

correlation could be a true representation of environmental processes and δ18Oseawater. 

 

Table 7. Concentrations of Al found in diatom silica.  Grey shading indicates the new results from 

the analysis of ODP Sites 1165 and 744. 

 

Sample type Location Species Al/Si Reference 

Diatom cultures  Porosira glacialis 0.00007 Gehlen et al. (2002) 

Diatom cultures  
Thalassiosira 

nordenskjioldii 
0.0013 Gehlen et al. (2002) 

Diatom cultures  
Thalassiosira 

nordenskjioldii 
0.0038 Gehlen et al. (2002) 

Diatom cultures  Lauderia annulata 0.007 Gehlen et al. (2002) 

Diatom cultures  
Thalassiosira 

punctigera 

0.0012-

0.0031 
Koning et al. (2007) 

Surface water  Biddulphis spp. 0.0036 
van Bennekom et al. 

(1989) 

Surface water  Biddulphis spp. 0.0108 
van Bennekom et al. 

(1989) 

Surface water North Sea Biddulphia sinensis 0.0083 Ren et al. (2013) 

Sediment traps 

at 3444m water 

depth 

Southern 

Ocean 
Multiple species 0.00023 Dixit et al. (2001) 
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Sediment 

surface 

Wadden Sea 

tidal flat 

Benthic 

assemblage 
0.008 Ren et al. (2013) 

Sediment 

surface 

Scotia Sea 

surface tidal 

flat 

Multiple species 0.021 Rickert et al. (2002) 

Sediment 

surface 

Marguerite 

Bay 
Multiple species 

0.0021-

0.0031 

Hendry & Rickaby 

(2008) 

Sediment 

surface 

Marguerite 

Bay 
Multiple species 

0.000021-

0.0003 
Hendry et al. (2010) 

Sediment 

surface 

Marguerite 

Bay 
Multiple species 

0.007-

0.029 
Hendry et al. (2010) 

Sediment 

surface 

Southern 

Ocean 
Multiple species 

0.00014-

0.0198 
Andersen et al. (2011) 

Downcore 
Southern 

Ocean 
Multiple species 

0.0007-

0.0299 
Lal et al. (2006) 

Downcore 
Zaire deep-

sea fan 
Multiple species 

0.13-

0.165 

van Bennekom et al. 

(1989) 

Downcore Enderby Basin Multiple species 0.0027 
van Beusekom et al. 

(1997) 

Downcore Crozet Basin Multiple species 0.011 Ren et al. (2013) 

Downcore Bering Sea Multiple species 
0.003-

0.09 
Ren et al. (2013) 

Downcore Bering Sea Multiple species 0.01-0.08 Maier et al. (2018) 

Downcore 
Site 1165; 

Prydz Bay 
Multiple species 0.01-0.08 This study 

Downcore 

Site 744; 

Kerguelen 

Plateau 

Multiple species 0.01-0.04 This study 

Downcore Iceberg Alley Multiple species 0.01-0.07 
J. Pike (unpublished 

data, 2019) 

Downcore 
Marguerite 

Bay 
Multiple species 0.01-0.04 

J. Williams 

(unpublished data 

2019) 
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Downcore 
Amundsen 

Sea 
Multiple species 0.02-0.05 

J. Williams 

(unpublished data 

2019) 

Downcore 

Anvers Shelf, 

West 

Antarctic 

Peninsula 

Multiple species 0.01-0.04 

J. Williams 

(unpublished data 

2019) 

Downcore 

Boyd Straight, 

West 

Antarctic 

Peninsula 

Multiple species 0.01-0.04 

J. Williams 

(unpublished data 

2019) 

 

Whilst it is possible that natural processes could explain the correlation between δ18Odiatom and 

Al/Si in cleaned sedimentary diatom silica samples, for example at Site 1165, the amount of 

aluminium present in live diatom silica from water column or culture samples is around an order 

of magnitude lower than what is found in fossil samples (Table 7). Al/Si of <0.008 are found in 

culture and water column samples (Van Benneken et al., 1991) versus Al/Si of up to 0.08 at Site 

1165. The Al/Si of cultured diatom silica does not seem to exceed c. 0.008 even when diatoms 

are grown in high aluminium sea water, suggesting a biophysical limit to live metal accumulation 

(Van Beusekom, 1989; Vrieling et al., 1999). As such, live-bioaccumulated aluminium is not likely 

the source of the Al found in samples at Site 1165, or in the other sedimentary diatom samples 

investigated in my study and detailed in Table 7. 

 

8.4.2.2. Post-depositional accumulation 

If the majority of Al is unlikely to be incorporated into diatom silica during frustule synthesis in 

the surface waters (Section 4.2.1), it therefore must increase within diatom silica upon burial. 

Notably, no sample from sedimentary diatoms in Figure 20, or within the published studies 

detailed in Table 7, has an A/Si of <0.008. Rapid post-mortem accumulation of Al into diatom 

silica has been suggested to occur once bacteria have broken down the protective diatom cell 

membranes upon cell-death (Lewin, 1961; Koning et al., 2007). This section will therefore 

investigate the likely source of post-depositional metals, their mechanistic association with the 

diatom silica lattice, and their possible impact upon δ18Odiatom. 

 

Source of post-depositionally-accumulated metals 
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Aluminium is the most abundant metal measured by XRF in cleaned diatom samples from ODP 

Sites 1165 and 744 and Site SO202-27-6 (almost double that of the next most abundant), 

followed by Na, Fe at Sites 1165 and 744, and Ca, Ti and K at all three sites. A likely potential 

source of post-depositionally accumulated Al (and possibly other metals) within diatom silica is, 

therefore, the aluminosilicate clays in which samples are buried. In support of this hypothesis, 

Al/Si ratios of cleaned diatom silica samples from Pleistocene Bering Sea sediments correlated 

with the aluminosilicate:opal ratio of bulk sediment (R2 = 0.57) in the study of Ren et al. (2013), 

although they did not go on to measure δ18Odiatom. In the same record, Mg/Si, Fe/Si and Ca/Si 

also all exhibited the same patterns as Al/Si, with over a third of the metals measured within 

samples remaining even after extensive cleaning techniques including density separation, 

reductive and oxidative processes (Ren et al., 2013). Al/Si ratios of these cleaned Bering Sea 

samples were between 0.01 and 0.09; directly comparable to those from Site 1165. 

 

Samples from ODP Site 744, where carbonate is the parent sediment, show a maximum of c. 

0.04 Al/Si; less than samples from Site 1165, where clay is the parent sediment, and Al/Si ratios  

reach c. 0.08. However, this is not the case at other sites such as at NBP0101 JPC43B and the 

West Antarctic Holocene Sites (Table 6), where diatom ooze and terrigenous clay are the parent 

sediments and maximum Al/Si is lower than at Site 1165. Further, the similarly strong 

correlations between Al/Si and δ18Odiatom at Sites 1165 (r=-0.88, p=<0.01) and 744 (r=-0.99, 

p=<0.01), despite stark differences in parent sediment, suggest the associated relationship 

between metal accumulation and δ18Odiatom is more complicated than simply a linear affect 

depending on the type of source material/abundance of clays present.  

 

When Al substitutes for Si within the silica lattice, a charge compensation must be provided. The 

charge can come from Ca and K, with Mg and Na potentially also involved, although this may 

change depending on the availability of elements in the parent sediment (van Bennekom et al., 

1989). This would imply coherent behaviour between the elements, to some extent. However, 

multivariate analysis of XRF data at Sites 1165 and JPC43B showed Ti, Ca, K plotting together 

while Al, Mg, Na and Fe plotted separately, and not together (Figures 7 and 11). These 

distributions suggest distinct sources and/or chemical behaviours for different elements. Thus, 

the element ratio distributions may represent independent contaminant sources. For example, 

different areas or lithologies being eroded as erosional/depositional patterns change through 

time. However, even if auminosilicate clay minerals are the most likely the source of the metals, 

the nature of the association with diatom silica remains unclear. Further, the question remains 
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as to whether the metals are absorbed/precipitated at the surface of the diatom, or whether 

they penetrate more deeply into the silica lattice. 

 

Adsorption onto the surface of the silica lattice 

Aluminium, and possibly other metals, can adsorb onto the surface of the silica lattice. This has 

been demonstrated in the study of Koning et al. (2007), who showed that when the protective 

organic membrane is removed from pristine cultured diatom silica frustules, which were then 

exposed to Si and Al concentrations mimicking conditions at the sediment/water interface, a 

tetrahedral aluminosilicate phase precipitates at the silica surface, remaining even after acid 

cleaning (Koning et al., 2007). As such, it is possible that the Al (and perhaps also the other 

metals) documented in samples from my study are only adsorbed onto the surface of the diatom 

silica. This does not, however, explain the correlation between metal concentrations and 

δ18Odiatom, since measurement of the latter was performed after removal of the outer silica layer 

during SWF. 

 

Penetration into the silica lattice 

In addition to the adsorption/precipitation of metals at the silica surface, post-mortem 

alteration and the penetration of metals into the inner –Si–O–Si layer of diatom frustules has 

been documented (van Bennekom et al., 1989; Ren et al., 2013). For example, in sediments from 

the upper Zaire deep-sea fan, Al has substituted for Si throughout the entire diatom frustule, as 

well as throughout the skeletons of most other siliceous microfossils (van Bennekom et al., 

1989). Some dissolution of diatoms was visible using the SEM, but siliceous sheets and 

areolation were preserved and minimal clay contamination was observed. Al/Si ranged between 

0.13-0.16 in clean, purified Zaire Fan sedimentary diatom samples; approximately double the 

maximum Al/Si at Site 1165, but Al/Si was only 0.02 in living diatoms from the water column 

above. Al/Si was also relatively consistent between different siliceous organisms. The source of 

Al in the Zaire samples was assumed to be the Al-rich clay minerals kaolinite and gibbsite with 

which the diatom silica was buried (van Bennekom et al., 1989).  

 

The stepwise fluorination (SWF) method used to measure δ18Odiatom at Sites 1165 and 744 is 

designed to remove the outer layers of diatom silica and should, therefore, also remove any 

external metal contaminants prior to the analysis of δ18Odiatom. The fact δ18Odiatom measured from 

the internal silica layer correlates with metal ratios measured prior to SWF suggests that the 

process responsible for incorporating metals into the silica lattice (either surficial adsorption or 
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more intrinsic penetration) is associated with secondary oxygen isotope exchange within the 

previously supposed stable inner silica layer. As such, incorporation of metals into the inner layer 

at Site 1165 seems more likely than merely surficial adsorption. 

 

8.4.3. Secondary isotope exchange associated with metal incorporation 

A rapid decrease (up to 5‰) of δ18Odiatom within cultured diatom silica upon experimental 

sedimentation has been recently documented (Dodd et al., 2017), coincident with a decrease in 

total silanol group abundance. δ18Odiatom was measured by Dodd et al. (2017) via SWF, the same 

technique as used in this study, which removes the outer hydroxyls prior to analysis. The 

decrease in δ18Odiatom must therefore be associated with an exchange of oxygen atoms within 

the inner, stable silica lattice. Some exchange of oxygen between –OH and Si–O–Si groups has 

also been demonstrated during the removal of exchangeable oxygen components associated 

with laboratory processing of raw silica samples (namely, heating to 90°C) by Menicucci et al. 

(2017). Total silanol dehydroxylation would have occurred within 150 days under the 

experiential aging conditions of Dodd et al. (2017), while Menicucci et al. (2017) suggest full 

maturation could take up to 5-6 million years (e.g. samples older than the Late Miocene would 

be fully mature). However, if age-dependant dehydroxylation was the only process affecting 

post-depositional isotope exchange, and this process completely overprinted the environmental 

signature, δ18Odiatom should increase with age. This is not what has been documented in this 

chapter; at Site 1165, for example, some of the lowest δ18Odiatom values from any Antarctic 

sediments are documented (up to 30‰ δ18Odiatom) during the Pliocene (Figure 3). The correlation 

between δ18Odiatom and Al/Si does, however, appear to increase with age. 

 

As well as rapid post-depositional changes in δ18Odiatom (Dodd et al., 2017), rapid post-

depositional Al-uptake into diatom silica has been observed (Koning et al., 2007). Combined with 

observed correlations between Al/Si and δ18Odiatom, this does suggest a relationship between 

heavy metal accumulation and secondary isotope exchange, although not necessarily a 

causative one. Whatever the mechanism, increased frustule Al is associated with decreased 

δ18Odiatom. It is difficult to ascertain whether the relationship is just an association, for example, 

metal accumulation occurs as a biproduct of whatever process causes secondary isotope 

exchange, or vice versa, or whether Al and/or other metal incorporation into the silica lattice is 

playing a more active role in driving post-depositional secondary oxygen isotope exchange. 
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Potential mechanisms remain speculative, however, it could be that the accumulation of metals, 

perhaps subject to the abundance and/or mineralogy of clays within the parent sediment, 

affects dehydroxylation of the silanol layer, which has been shown to cause secondary isotope 

exchange (Dodd et al., 2017). Alternatively, the presence of aluminium within biogenic silica is 

also known to substantially reduce the dissolution rate by inducing negative charges on the silica 

surface, repelling the hydroxyl ions which catalyze silica dissolution (van Benneken et al., 1991). 

However, since dissolution causes dehydroxylation, which is associated with decreased 

δ18Odiatom, increased Al would therefore be associated with relatively increased δ18Odiatom, which 

is the opposite of what is seen in this study.  

 

The negative correlation (r=-0.54, p=<0.01) between Al/Si and δ18Odiatom at the Holocene Site 

BC423 (Amundsen Sea) suggests the relationship between metal accumulation and δ18Odiatom 

could also be site-dependant rather than age-dependant. The correlation between Al/Si and 

δ18Odiatom is generally strongest at sites that contain detectable levels of Mg (at Sites 1165 and 

744); none is detected at the other sites discussed in this record (these data are not available 

for Site SOS202-27-6). Further, Mg/Si correlates even more strongly with δ18Odiatom than Al/Si at 

Site 1165 (r=-0.88, p=<0.01; Table 1). As such, it is possible that the presence of a Mg-containing 

phase, e.g. smectite, could be influencing secondary isotope exchange. Indeed, at Site 1165, 20% 

of the clay mineral assemblage is smectite (Shipboard Scientific Party, 2001), while at Site 744, 

although clay minerals are less abundant overall within the carbonate parent sediment, smectite 

makes up around 70-90% of those present. However, BC423B does not contain significant Mg. 

 

Secondary isotope exchange has previously been documented affecting silicon isotope 

fractionation within diatom silica (Demarest et al., 2009; Wetzel et al., 2014). Given that siloxane 

bonds have higher activation energies than silanol bonds, diagenetic isotope fractionation is 

controlled by siloxane bonds as a rate-limiting step (Wetzel et al., 2014). If activation energies 

are reduced by changes in pH, for example, isotopic fractionation could change. Changes in pH, 

perhaps as a result of porewater interactions within parent sediments, therefore provide 

another mechanism by which secondary isotope exchange could occur. However, the same 

studies suggested that the effect of pH on silicon isotope fractionation, at least, is small (0.1-

0.3‰), although it is likely dependent on Al concentration of the bulk sediment (Wetzel et al., 

2014). 

 

8.4.4. What does Al/Si indicate, and is it useful? 



Neogene diatoms from the Southern Ocean; tiny fossils, big questions 
 

 
200 

If particulate clay contamination is present in a 

cleaned, purified sample to be analysed for 

δ18Odiatom, it will be recorded by Al/Si measured by 

XRF. However, Al/Si may also be recording intrinsic 

metal accumulation into the silica lattice, 

associated with secondary isotope exchange if 

Al/Si and δ18Odiatom are correlated. The way to 

distinguish between these two scenarios is via 

microscopy, preferably SEM; if samples appear 

clean but Al/Si remains high, this indicates intrinsic 

accumulation. If Al/Si and δ18Odiatom are correlated 

as well, secondary isotope exchange is implicated, 

as suggested in this chapter. If this is the case, 

additional processing and cleaning of the sediment 

samples will not be able to reduce the Al/Si or to 

extract a primary environmental signal from the 

δ18Odiatom record; rather, it will provide a record of 

environmental variability overprinted by 

diagenetic processes. 

 

If samples appear clean using the SEM, and Al/Si is 

low, δ18Odiatom could still record a primary 

environmental signal. In previous studies, sample 

contamination of up to a few percent Al/Si has 

been acceptable for analysis; for example, where 

the impact of contamination on δ18Odiatom is less 

than analytical error (e.g. Swann et al., 2006; 

Abelmann et al., 2015). However, this assumes 

that Al/Si represents particulate contamination. If 

Al/Si represents intrinsic metal accumulation and  

 

Figure 25. Al/Si versus δ18Odiatom at ODP Site 1165, with different Al/Si cut-off values. Pearson’s 

r correlation coefficient and p-values are shown for each linear regression.  p-values <0.01 are 

considered significant. 
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associated secondary isotope exchange, the slope of the linear regression line describing the 

correlation between Al/Si and δ18Odiatom for the dataset at Site 1165 (y=-0.0038x + 0.191, 

whereby x= δ18Odiatom and y = Al/Si), which is similar to regression lines for Sites 744 and BC423 

(Figure 20), suggests that a 0.01 increase in Al/Si is related to a 2.2‰ isotope exchange-related 

decrease in δ18Odiatom. As such, even a threshold of 0.02 Al/Si (2% contamination) could 

incorporate an isotope exchange-related decrease of 4.4‰ in δ18Odiatom, which is much larger 

than analytical error (generally around 0.3‰). Only using data with Al/Si <0.02 reduces the slope 

of the linear regression (Figure 23) and the Al/Si to δ18Odiatom correlation becomes statistically 

insignificant (Figure 25). However, removing a substantial number of samples from a record 

would also completely change its structure and resolution. 

 

8.4.5. Implications for the use of δ18Odiatom in Neogene material 

I have demonstrated a correlation between δ18Odiatom and Al/Si in cleaned Pliocene samples from 

ODP Site 1165, and in a pilot study of Miocene samples from ODP Site 744. In the context of 

other Antarctic sites, the correlation seems to increase with age, being strongest at Miocene 

Site 744 (r=-0.99, p=<0.01) and lowest in Holocene samples (generally not statistically 

significant). However, Holocene samples from Site BC423 (Amundsen Sea) do show a moderate 

correlation (r=-0.54, p=<0.01), suggesting that the correlation could be site-dependant instead 

of, or in addition to, age-dependant. Further work is needed to confirm the role of sample age, 

and whether Neogene material is necessarily more problematic. However, it seems most likely 

that the correlation relates to clay mineral-mediated secondary isotope exchange upon burial 

of the diatom silica, and possibly to the presence of a Mg-containing phase, e.g. smectite. As 

such, even if samples appear free from particulate contamination, δ18Odiatom may reflect the 

diagenetic overprint of an environmental signal rather than a primary surface water signal. Thus, 

δ18Odiatom should be interpreted with caution, particularly older records where Al/Si and 

δ18Odiatom correlate but samples appear free from particulate contamination.  

 

8.4.6. Implications for Pliocene climate 

The evidence presented in this chapter suggests that the primary environmental signal recorded 

by δ18Odiatom at IODP Site 1165 is most likely overprinted by clay mineral-mediated secondary 

isotope exchange. However, I cannot completely rule out that δ18Odiatom reflects, at least to some 

extent, a primary environmental signal if lithological contamination, measured using Al/Si, 

increases in tandem with lowered δ18Odiatom via co-dependent processes. For example, 

substantial glacial discharge that should lower δ18Oseawater, thus δ18Odiatom, may also increase the  
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Figure 24. δ18Odiatom at ODP Site 1165 with published climate proxy records. A) δ18Oforam (Lisiecki 

& Raymo, 2005 benthic stack). B) δ18Odiatom at ODP Site 1165, this study. C) % Dictyocha at ODP 

Site 1165, reflective of sea surface temperature (Whitehead et al., 2003). D) % Clay at ODP Site 

1165 (Passchier, 2011). E) % IRD at ODP Site 1165 (Passchier, 2011). All data from ODP Site 1165 

are presented using the revised age model (Section 4.4). 

 

amount of glacially-eroded clay released into the Southern Ocean or enhance temperature-

dependent Al-incorporation into the silica lattice. As such, I will interpret the δ18Odiatom record 
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from Site 1165 as an environmental signal of surface water processes, in the context of Pliocene 

climate and other environmental reconstructions at Site 1165, with the substantial caveat that 

the primary signal maybe overprinted. 

 

Between 3.75 and 3.55 Ma, δ18Odiatom varies at Site 1165 between 38-46‰ (Figure 24b). 

δ18Odiatom shows low sensitivity to the proposed circum-Antarctic episode of SST warming prior 

to 3.7 Ma (Escutia et al., 2009), indicated at Site 1165 by silicoflagellate abundances (Whitehead 

et al., 2003) (Figure 24). δ18Odiatom decreases slightly (to c. 38‰) at 3.62 Ma, which could have 

been a response to increased Southern Ocean freshwater release as a result of warming. If the 

proposed freshwater release affected ocean circulation and/or climate feedbacks, it could have 

played a role in forcing the transition to lower amplitude glacial cycles after 3.63 Ma (Zachos et 

al., 2001) (Figure 14a). Following the short trough in δ18Odiatom, it returns to higher values until c. 

3.56 Ma. 

 

From 3.56 Ma, δ18Odiatom decreases to the lowest levels of the record, c. 30‰ and remains low 

until 3.48 Ma. These are some of the lowest δ18Odiatom values documented in the Southern Ocean 

to date, and, if a primary environmental signal, represents freshwater discharge and/or EAIS 

retreat on a scale not documented during the Holocene or Pleistocene. The freshwater event 

coincides with, and follows, an episode of increased IRD accumulation at Site 1165 at 3.55 Ma 

(Passchier, 2011) (Figure 24e), interpreted as the retreat of the EAIS into the Aurora subglacial 

basin (Williams et al., 2010). The proportion of clay in sediments at Site 1165 also increases after 

c. 3.57 Ma (Figure 24d), but does not stay high throughout the interval of low δ18Odiatom 

(Passchier, 2011). The sample resolution of the clay and IRD records is lower than δ18Odiatom, so 

it is difficult to better establish the relationship between clay and δ18Odiatom. However, increased 

glacial discharge (lower δ18Odiatom) and clay mineral release could be associated with either a 

more active hydrological cycle or EAIS retreat between 3.55 and 3.5 Ma. 

 

8.5. Conclusions and further work 

The data presented in this chapter indicates either that (1) δ18Odiatom correlates with Al at some 

Antarctic sites, including Sites 1165 and 744, perhaps because more clay is released alongside 

glacial discharge; or that, more likely, (2) clay minerals can mediate post-depositional oxygen 

isotope fractionation within the inner, supposedly stable siloxane layer and, therefore, can 

cause over-printing of δ18Odiatom. This effect may be age and/or site dependent; however, further 

work is required to delineate and/or to confirm the mechanism by which secondary oxygen 
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isotope fractionation is affected. For example, a larger dataset of δ18Odiatom with co-analysed XRF 

data from different sites and of varying ages could confirm whether the Al/Si to δ18Odiatom 

correlation is age- or site-dependant, and whether the presence of a Mg-phase, for example 

smectite, enhances the process. Culture studies could confirm whether and/or to what extent 

frustule Al incorporation is affected by temperature, both live and post-depositionally, while 

water column samples could be used to investigate the extent to which glacial discharge could 

affect δ18Odiatom and Al/Si, simultaneously. This chapter also highlights that future δ18Odiatom 

should be published with Al/Si data and, preferably, geochemical analyses of sample purity, as 

well as stressing the need for caution when interpreting δ18Odiatom as a primary record of the 

environment, particularly in Neogene age sediments. 
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9. Conclusions and further work 

This section addresses the “big questions” outlined in the Introduction (Chapter 1, Section 1.5), 

and will discuss to what extent the work presented in this thesis is able to answer them. I will 

also recommend ways in which these questions could be further explored in the future. 

 

9.1. How did the Southern Ocean and Antarctic Ice Sheet vary through the Neogene, and 

is there evidence of substantial warmth and/or retreat? 

 

Figure 1. Schematic showing the palaeoceanography at ODP Site 1165 based on diatom 

assemblages. The inferred presence/absence of the Amery Ice Shelf in Prydz Bay is shown in 

the lower bar, based on evidence from Site 1165 diatom assemblages and terrestrial outcrops, 

for example, the Pagodroma Group, surrounding Prydz Bay. 

 

The diatom assemblages from ODP Sites 747, 744 and 1165 that I presented in Chapter 6 

indicate that the Southern Ocean was warm and stratified, particularly over Site 1165, prior to 

the Middle Miocene Climatic Transition (MMCT; Mi3) at c. 13.8 Ma. The abundance of neritic 

and, especially, benthic diatom species at Site 1165, as well as minimal IRD, indicate a lack of 

marine ice in Prydz Bay at this time (Chapter 6) (Figure 1). 

 

Following the expansion of the Amery Ice Shelf into Prydz Bay at the MMCT (Figure 1), 

Southern Ocean diatom assemblages became overwhelmingly dominated by the cool, open 

water indicator Denticulopsis simonsenii/vulgaris until c. 7 Ma. However, within this cool Late 
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Miocene interval, transient peaks in the warm, open water indicator Actinocyclus ingens 

occurred at 10.20 Ma and c. 7.5 Ma (Chapter 7). I suggest the 10.20 Ma peak may have 

coincided with deposition of the Actinocyclus ingens-dominated, terrestrially-exposed Fisher 

Bench Formation (Whitehead et al., 2004), implying an associated >300 km retreat of the EAIS 

at this time (Chapter 7). 

 

During the Messinian period (7.2-5.3 Ma), a transition to generally cool but variable 

oceanographic conditions occurred at Site 1165, indicated by the simultaneous abundance of 

warm water species Thalassionema nitzschioides var. parva and peak abundances of cool, sea 

ice-indicator species such as Fragilariopsis praecurta and Rouxia peragaalii. Better 

characterization of Late Miocene diatom paleoecology (Section 9.4) could further resolve the 

interpretation of assemblages from this interval, although independent proxy records 

document decreased Southern Ocean SSTs at this time (Herbert et al., 2016). Based on 

increased %BSi deposition at some circum-Antarctic sites and hiatuses at others, I infer in 

Chapter 7 the onset of modern ACC circulation during this period, associated with coincident 

full-volume NADW upwelling (Billups et al., 2002). 

 

The Early Pliocene (5.3-3.6 Ma) saw the deposition of Thalassionema nitzschioides, 

Thalassiothrix and Trichotoxon diatoms at high latitude circum-Antarctic sites. My new 

complete diatom record at Site 1165 demonstrates that these palaeoceanographic conditions, 

which I interpret as indicative of increased upwelling (Chapter 7), are unique within the last 15 

million years. This interval may also coincide with deposition of the Thalassiothrix/Trichotoxon-

dominated terrestrially-exposed Bardin Bluffs Formation (Whitehead et al., 2004) and/or the 

Sørsdal Formation in the Vestfold Hills (Harwood et al., 2001), implying a further >250 km 

retreat of the EAIS in the Prydz Bay region (Figure 1). 

 

I have interpreted higher Thalassiosira spp. abundance at Site 1165 as indicating an 

increasingly well-mixed water column, and higher sea ice diatom abundance as indicating 

expanded sea ice cover and sea surface cooling during the Late Pliocene (Figure 1 and Chapter 

7). Cooling continued through the Pleistocene, although MIS 31 was marked by a climatic 

amelioration, inferred from increased Actinocyclus ingens abundance and the deposition of 

carbonate at Site 1165, indicating substantial oceanic warmth. A coincident small increase in 

benthic diatoms at Site 1165 hints at EAIS retreat and/or absence of the Amery Ice Shelf during 

MIS 31 (Figure 1). 
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In summary, diatom assemblages at Site 1165 suggest that the Southern Ocean never fully 

returned to the warm, stratified state that existed prior to the MMCT. Nonetheless, substantial 

changes in palaeoceanography and episodes of dramatic EAIS retreat are inferred. 

 

9.2. What role did the Southern Ocean play in forcing changes in Neogene climate and 

the Antarctic Ice Sheet? 

Using the records presented in this thesis, I have provided new insight into the role of the 

Southern Ocean in forcing changes in the EAIS and Neogene climate. For example, diatom 

assemblage records in Chapter 6 confirm that high latitude Southern Ocean cooling 

commenced from 14.2 Ma, which would have reduced heat transport to the Antarctic ice 

sheet and could have played a role in driving ice growth at the MMCT at 13.8 Ma (Chapter 6) 

and possibly also subsequent Miocene glaciation episodes (Chapter 7). During the Late 

Miocene, although speculative, I have also suggested that expanded sea ice and invigorated 

ACC circulation during the Messinian (7.2-5.3 Ma) could have been related to coincident 

intensification of the Asian monsoon (Ao et al., 2016; Holbourn et al., 2018) (Chapter 7, 

Section 7.4.2.2).  

 

Following the Messinian, the inferred oceanic upwelling of warm deep waters at the highest 

latitudes during the Early Pliocene could have provided a source of heat to the EAIS, driving ice 

sheet retreat. The correspondence I have identified between peak high latitude Thlx group 

abundances and high atmospheric CO2 also suggests that upwelling, in the context of reduced 

sea ice cover, could have increased CO2 outgassing, in turn contributing to increased 

atmospheric CO2 and increased global temperatures during this interval. However, further high 

resolution studies reconstructing atmospheric CO2 could confirm the structure and timing of 

the CO2 increase, while modelling could mechanistically test its association with increased 

upwelling and potential implications for Early Pliocene global ocean circulation and climate. 

 

As discussed in Section 9.1, I have linked increased Actinocyclus ingens abundance at Site 

1165, which indicates high SSTs (Chapter 5), with retreat of the EAIS at 10.20 Ma and 

tentatively during MIS 31 (Figure 1 and Chapter 6). EAIS retreat is also associated with 

oceanographic conditions (likely increased upwelling) inferred from distinct Thlx-dominated 

diatom assemblages during the Early Pliocene. This highlights that EAIS retreat can be driven 

by, or occur during, different Southern Ocean forcing modes; and also, that the EAIS is 

sensitive to relatively transient Southern Ocean SST increases, e.g. at 10.20 Ma. 
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9.3. How was the Southern Ocean affected by changes in Neogene climate and Antarctic 

Ice Sheet volume? 

Whilst the previous section described how the Southern Ocean has affected the Antarctic Ice 

Sheet through the Neogene, this thesis also aimed to investigate ways in which the ice sheet 

has affected the ocean. In Chapter 6, I demonstrated that the surface water warming detected 

at ODP Sites 1165 and 747 at c. 13.7 Ma (Chapter 6, Section 6.3.4), immediately following the 

MMCT, was likely driven by wind-mediated warming caused by an expanded EAIS, as proposed 

by Knorr & Lohmann (2014). Further, the IRD record at Site 1165 demonstrates that this 

warming event was associated with substantial iceberg discharge. Middle Miocene diatom 

records at Site 747 (Chapter 6) also document 100 kyr eccentricity-paced fluctuations in SST at 

Site 747 following Mi3, likely indirectly driven by the impact of an expanded Antarctic ice sheet 

on the global climate system. This is the first explicit demonstration of eccentricity-paced 

cyclicity in Southern Ocean temperature palaeoceanographic following Mi3.  

 

Whilst the high resolution diatom records at three Southern Ocean Sites presented in Chapter 

6 facilitated identification of the direction of ice/ocean interactions during the Middle Miocene 

(e.g. whether the ocean was forcing the ice sheet, or vice versa), unpicking this relationship 

was more difficult through the remainder of the Neogene where only relatively lower 

resolution records, e.g. at Site 1165, were available (Chapter 7). Higher resolution diatom and 

other proxy records, perhaps targeting particular intervals, e.g. 11-9 Ma or 6-3 Ma, at 

additional high latitude sites could help to unpick and determine causative mechanisms, rather 

than just associations, that explain ice/ocean dynamics during the Late Miocene and Pliocene. 

 

9.4. Did diatoms play a role in carbon drawdown during key episodes of Neogene 

climate change? 

In Chapter 6, I showed that Southern Ocean sedimentary diatom concentrations, and thus 

diatom productivity, at ODP Sites 747, 744 and 1165 increased following the MMCT rather 

than playing a role in driving the climate transition. However, I suggest increased siliceous 

productivity and/or vigorous ACC circulation likely did play a role in carbon drawdown and 

climate cooling during Mi4 at c. 13 Ma. 

 

Within the last fifteen million years, silicofossil (diatoms/radiolarians/silicoflagellates) 

concentrations at Site 1165 were highest during the late Middle Miocene and Early Pliocene 

(Chapter 7). As such, if high latitude siliceous productivity did contribute to atmospheric CO2 
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drawdown and climate cooling, it would have been during these periods. However, these 

intervals generally show opposing trends in atmospheric CO2, which was lower during the late 

Middle Miocene and higher during the Early Pliocene. As such, the relationship between high 

latitude siliceous productivity and atmospheric CO2 drawdown is clearly complex, and likely 

modulated by Southern Ocean circulation. The association between Southern Ocean 

productivity and atmospheric CO2 could be investigated further using independent proxies for 

marine productivity, such as barite or silicon isotopes, since sedimentary diatom 

concentrations can be biased by changes in the supply of other sedimentary components. 

Further, to better constrain Southern Ocean modulation of the relationship between Neogene 

Southern Ocean productivity and CO2, further studies constraining Southern Ocean circulation, 

as well as numerical modelling, are required. 

 

9.5. To what extent are diatom proxies able to address key questions in Antarctic 

Neogene paleoclimatology, and how may they be developed in future? 

Finally, in this thesis I have substantially developed understanding of both geochemical and 

assemblage-based Neogene diatom proxies. In Chapter 5 and Appendix 1, I have better 

characterised extinct Neogene diatom palaeoecologies, providing palaeoecological context for 

future studies. In Chapters 5, 6 and 7 I have demonstrated that Neogene Southern Ocean 

diatom assemblages can be as sensitive to environmental parameters as geochemical proxies, 

for example: the correspondence between % Actinocyclus ingens abundance and δ18Oforam at 

ODP Site 747 during the Middle Miocene (Chapter 5, Figure 2). This correspondence supports 

the paleoecological interpretation presented in Chapter 5 and Appendix 1, however, many 

fossil diatom species, predominantly from the Late Miocene, require further investigation and 

characterisation in order to better resolve their ecological preferences. Better characterisation 

could be achieved by generating more high-resolution diatom assemblage records alongside 

independent environmental proxy records. For example, for sea surface temperatures, 

preferably from the same core samples, which would provide the opportunity to test for 

statistical correlations with individual diatom species. 

 

Stable oxygen isotopes preserved within biogenic silica (δ18Odiatom) have revolutionary potential 

to track past fluctuations of glacial discharge and meltwater from the Antarctic ice sheets and 

changes in diatom productivity. However, the correlation between Al/Si and δ18Odiatom at ODP 

Sites 1165 and 744 (Chapter 8) that I have demonstrated, for the first time, requires that 

caution be taken when interpreting a palaeoenvironmental signal from the isotope records. 
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The correlation between Al/Si and δ18Odiatom indicates that post depositional clay mineral-

mediated secondary isotope exchange has occurred, causing a diagenetic overprint on the 

paleoenvironmental signal. Fundamental proxy development work must therefore be carried 

out before this geochemical diatom proxy can be used to reconstruct past fluctuations in 

Neogene δ18Oseawater or SST. Additional δ18Odiatom and XRF data from different sites could 

determine whether the correlation is age-dependant or site-dependant, and future studies 

could further investigate the mechanism by which metal accumulation is associated with 

secondary isotope exchange. It is imperative that future δ18Odiatom studies on samples of any 

age must therefore include a geochemical assessment of elemental concentrations and 

illustrate the Al/Si versus δ18Odiatom regression before the proxy can be used to interpret the 

palaeoenvironment. 
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11. Appendix 1: Assignment of Neogene diatom species’ palaeocological 
preferences 
 
1. Group 1: warm water species 
 

1.1.1. Extant taxa 

Actinocyclus ehrenbergii (maximum observed abundance at ODP Site 1165 <1%; 

documented at ODP Site 1165 between 10.62 - 9.32 Ma): A. ehrenbergii has been found with 

brackish species in outcrops from Arizona (Bradbury & Krebbs, 1995). However, it is primarily a 

planktonic cosmopolitan diatom species (Winter, 2001) and, as such, is included in the warm 

group at Site 1165. 

 

Actinoptychus senarius (<1%; 14.73 - 7.52 Ma): A. senarius is generally considered a long-

ranging, cosmopolitan diatom (Winter, 2001) and, between 15-12 Ma, is more abundant at 

Site 747 (4%) than at Site 1165 (<1%). I have included it in the warm water group, however, it 

has also been suggested that A. senarius could be meroplanktonic (Winter, 2001; Abrantes, 

1988). 

 

Coscinodiscus marginatus (1%; present prior 2.50 Ma): Coscinodiscus marginatus is a 

cosmopolitan diatom (Barron, 1985) and is more abundant at Site 747 (13%) than at Site 1165 

(1%), at least during the Middle Miocene. It is frequently documented in equatorial regions 

(Lyle & Baldauf, 2015) and, therefore, likely indicates relatively warm waters in the Southern 

Ocean. 

 

Dactyliosolen antarcticus (valves <1%, but girdle bands are more numerous; present 

throughout the 15 Ma record): D. antarcticus is assigned a warm, open-ocean ecology based 

on its previous use as a warm-water indicator in Antarctic Pliocene diatom assemblage records 

(Sjunneskog & Winter, 2012; Whitehead et al., 2001; Whitehead & McMinn, 2002). 

Considering silicoflagellate sea surface temperature (SST) associations (Whitehead & McMinn, 

2002), D. antarcticus is assumed to proliferate at SSTs of c. 4°C. Unfortunately, valves are 

rarely preserved. Girdle bands are preserved, however, girdle bands were not included in 

quantitative diatom assemblage analysis because the number of girdle bands per valve varies, 

and so an accurate quantification of valve numbers using girdle bands is impossible. 

 

Fragilariopsis pseudonana (<1%; 10.12 Ma - present): F. pseudonana is a cosmopolitan diatom 

species which, within the Southern Ocean, is most abundant north of the Subantarctic Front, 
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proliferating at SSTs of between –1.33°C and 14.06°C (Cefarelli et al., 2010). It is first 

documented at Site 1165 at 10.12 Ma, although its early appearances may represent an 

ancestor or early form, rather than the true first appearance of F. pseudonana. 

 

Fragilariopsis rhombica (<1%; only documented in one sample at 0.25 Ma): F. rhombica is an 

endemic Southern Ocean species documented at SSTs of between –1.6 to 13.35°C (Cefarelli et 

al., 2010). It is found throughout the Southern Ocean north of the sea ice edge, however, its 

higher relative abundance within the subantarctic zone (Cefarelli et al., 2010) is the reason for 

its inclusion in the warm group. 

 

Hemidiscus cuneiformis (1%; 9.79 - 5.21 Ma), Hemidiscus karstenii (& karstenii f.1) (1%; 9.04 - 

5.66 Ma), Hemidiscus ovalis (<1%; only documented in one sample at 5.21 Ma), Hemidiscus 

triangularis (<1%; only documented in two samples between 7.30 - 6.91 Ma): The Hemidiscus 

spp. group occur at low abundances at Site 1165. H. karstenii and H. triangularis are endemic 

to the Southern Ocean, however, Censarek (2002) inferred warm water preferences for all 

Hemidiscus species given the usual association of the modern taxa with warmer waters (Hasle 

et al., 1996). H. karstenii is more abundant in the Southern Ocean during Pleistocene 

interglacials than glacials (Burckle, 1982), while H. triangularis has been documented in the 

Southwest Pacific (Ciesieski, 1983). Censarek (2002) also documented the co-occurrence of H. 

triangularis and Azpeitia tabularis at subantarctic ODP Sites 1092 and 1088. As such, I have 

included the Hemidiscus spp. group within the warm species group. 

 

Shionodiscus tetraoestrupii (19%; 5.23 Ma - present): S. tetraoestrupii is a modern 

subantarctic species generally associated with SSTs of 5 to 20°C (Winter et al., 2010). It also co-

occurs with Stellarima stellaris, Thalassiosira teres, Fragilariopsis laqueata and Fragilariopsis 

bohatyii in the late Pliocene ANDRILL core (Sjunneskog & Winter, 2012) and was assigned a 

warm, summer ecology. This species was also noted to be less tolerant of fresher water than 

some others (namely Thalassiosira vulnifica and Rouxia antarctica) (Sjunneskog & Winter, 

2012), but is likely most strongly associated with warm waters at Site 1165. 

 

Shionodiscus tetraoestrupii var. reimerii (1%; 2.41 Ma - 1.30 Ma): Based on the palaeo-

occurrences of S. tetraoestrupii var. remerii (Sjunneskog & Winter, 2012), this species is more 

abundant north of the Polar Front and so represents warmer water at Site 1165. It has also 
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been linked to water column stratification (Winter et al., 2010) but, for this study, I keep this 

species in the warm group. 

 

Stellarima stellaris (2%; 9.86 Ma - present): S. stellaris is a modern subantarctic (Winter et al., 

2010) and, even, cosmopolitan (Winter, 2001) diatom species. Within Pliocene records, based 

on its co-occurrence with Shionodiscus tetraoestrupii and Thalassiosira teres in the ANDRILL 

core (Winter et al., 2010), Sjunneskog & Winter (2012) assigned S. stellaris to temperate 

summer conditions. 

 

Thalassionema nitzschioides var. parva (6%; present throughout the entire 15 Ma record): T. 

nitzschioides var. parva was documented at the equatorial Pacific IODP Site U1338 throughout 

the Neogene (Lyle & Baldauf, 2015), where it was linked to warm SSTs. In my records, It is 

more abundant at ODP Site 747 (15%) than Site 1165 (<6%) between 15-12 Ma and, as such, is 

assigned to the warm water group. 

 

1.1.1.1. Extinct taxa 

Actinocyclus ingens (54%; present from 15 Ma until 0.89 Ma): A. ingens is a cosmopolitan 

diatom frequently documented in low latitude regions (Lazarus, 1994; Barron, 1985). It is more 

abundant at Site 747 (up to 83%) than Site 1165 (up to 54%) and is, thus, assumed to indicate 

warm waters at Site 1165 (Figure 2 in Chapter 5 for additional support for warm-associated 

interpretation). 

Actinocyclus ingens var. nodus (15%; 14.63 - 10.41 Ma): Including A. ingens var. nodus within 

the ‘A. ingens group’ improves the comparison with δ18Oforam at Site 747 (Figure 2, Chapter 5). 

A. ingens var. nodus is also much more abundant at Site 747 (up to 72%) than at Site 1165 

(15%) and, as such, can be considered a relatively warm water indicator species. 

Actinocyclus ingens var. ovalis (2%; 8.76 - 5.87 Ma): A. ingens var. ovalis is an endemic 

Southern high latitude species (Censarek, 2002), however, it co-occurs with other varieties of 

A. ingens which prefer warmer waters (Gersonde & Burkle, 1990). Further, it was suggested by 

Gersonde (1990) that A. ingens var. ovalis was, in fact, Hemidiscus karstenii f. 1 (Ciesielski, 

1983), which has a subantarctic distribution. As such, A. ingens var. ovalis has been described 

as a warm associated diatom (Censarek (2002). 
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Actinocyclus sp. nov #2 (1%; 14.10 - 6.20 Ma, although the younger occurrences may 

represent reworking): This is a new species (see Appendix 2 for full description) and is 

assigned to the warm group because it is more abundant at Site 747 (5%) than at Site 1165 

(<1%) from 15-12 Ma. 

 

Azpeitia species (<2%; present for the entire 15 Ma interval): Species of Azpeitia are generally 

assumed to indicate relatively warm waters (Sims et al., 1989). The Azpeitia spp. group is more 

abundant at Site 747 (17%) than Site 1165 (<2%) and, as such, the unidentified (to species 

level) Azpeitia species that comprise this group are assigned a warm water ecology. 

 

Azpeitia tabularis group (Azpeitia endoi and Azpeitia tabularis) (27%; present for the entire 

15 Ma interval): A. endoi and A. tabularis are combined here (see Appendix 2), however, A. 

tabularis is extant, while A. endoi is extinct. In terms of palaeoecology, A. tabularis is 

associated with the subantarctic zone in the modern Southern Ocean (Nair et al., 2015; Crosta 

et al., 2005). Based on morphological and taxonomic similarities between the two, as well as 

common low latitude occurrences of A. endoi in fossil assemblages (e.g. Schrader, 1974), A. 

endoi is also assumed to prefer warmer conditions. Futher, the group is generally more 

abundant between 15-12 Ma at Site 747 (>13 %) than at Site 1165 (<4 %, except for one 

anomalous Site 1165 sample at 13.44 Ma which contains >27%). 

 

Caviatus jouseanus (1%; present from the beginning of the record to 14.17 Ma): C. jouseanus 

is considered a cosmopolitan Neogene diatom (Barron, 1985) and is more abundant at Site 747 

(25%) than at Site 1165 (1%). 

 

Crucidenticula nicobarica (2%; 14.30 - 12.65 Ma): Crucidenticula is generally considered a low 

latitude genus, where it can comprise up to 50% of the diatom assemblage (Yanagisawa & 

Akiba, 1990). C. nicobarica is much more abundant at Site 747 (38 %) than at Site 1165 (2%), so 

is included in the warm group. 

 

Fragilariopsis interfrigidaria (3%; 3.80 - 2.18 Ma): F. interfrigidaria was associated with 

relatively high-nutrient, warm sea surface temperature conditions based on its co-occurrence 

with Thalassionema nitszchioides in the Late Pliocene AND-1B core (Winter et al., 2010). It is 

also common in the northern Southern Ocean (Lazarus, 1994). 
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Fragilariopsis matuyamae (<1%; documented in only one sample at 2.50 Ma): F. matuyamae 

is found in the upper Pliocene of northern Southern Ocean sites and, thus, is assumed to be a 

relatively warm-water Fragliariopsis species (Gersonde & Barcena, 1998). 

 

Nitzschia porteri (<1%; 14.01 - 9.66 Ma): N. porteri has a cosmopolitan distribution (Barron, 

1985) and has been documented in the equatorial Pacific Ocean (Baldauf, 2013).  

 

Fragilariopsis praeinterfrigidaria (10%; 6.91 - 2.82 Ma): F. praeinterfrigidaria likely had similar 

ecological preferences to its descendant, F. interfrigidaria, and has been described as a warm 

species based on its co-occurrence with Thalassiosira inura in the Late Pliocene AND-1B core 

(Winter et al., 2010) and its occurrences in the northern Southern Ocean (Lazarus, 1994). 

 

Fragilariopsis weaveri (2%; 3.22 - 2.41 Ma): Most Fragliariopsis species are associated with 

cold water or sea ice (Crosta et al., 2005; Armand et al., 2005), however, F. weaveri is 

interpreted as a subantarctic species that proliferates north of the Polar Front and has been 

used to reconstruct movements of the Polar Front during the Pliocene (Taylor-Silva & 

Riesselman, 2018). The first occurrence of this species in the Southern Ocean is between 4.31 

and 3.1 Ma (3.22 Ma at Site 1165), during the relatively warm Pliocene (Cody et al., 2008). 

 

Fragilariopsis clementia (<1%; 5.35 - 2.41 Ma): F. clementia first occurs at IODP Site U1361 

(situated at 64°S; a similar latitude to Site 1165) during a Pliocene interglacial at 3.15 Ma, and is 

used to infer the incursion of warmer waters (and a poleward shift of the Polar Front) at that 

site (Taylor-Silva & Riesselman 2018). It also co-occurs with Fragilariopsis weaverii in the same 

record and, as such, is assigned warm water preferences. At Site 1165, F. clementia appears 

earlier at 5.35 Ma, in line with its proposed first occurrence (FO) in the Southern Ocean, which 

is at 8.85 Ma at slightly lower latitudes (Sangiorgi et al., 2018), and indicates the southward 

migration of warm waters during the Pliocene. 

 

Fragilariopsis miocenica (1%; 8.71 - 6.10 Ma): F. miocenica is a cosmopolitan diatom found at 

low latitudes, for example, in the equatorial Pacific (Baldauf, 2013). 

 

Fragilariopsis reinholdii (3%; 5.23 - 3.06 Ma): F. reinholdii exhibits a warm water ecology. This 

interpretation is based on its cosmopolitan distribution (Barron, 1985) and highest abundances 

within warmer water masses (Sancetta and Silvestri, 1986; Barron, 1992). Censarek (2002) also 
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documented F. reinholdii only at their northern-most Southern Ocean ODP sites (Sites 1088 

and 1092, not at Sites 689 and 690). 

 

Rouxia californica (3%; 9.04 - 3.96 Ma): R. californica has a lower latitude distribution 

compared to other Rouxia species found at Site 1165 (Lazarus, 1994), and is used as a 

biostratigraphic marker in mid-latitude records, e.g. in the California Basin (Barron, 1985). 

 

Rouxia peragalli (13%; 8.65-5.23 Ma): R. peragalli is a cosmopolitan species documented from 

equatorial regions and the northern mid-high latitudes as well as in the Southern Ocean 

(Lazarus, 1994). 

 

Shionodiscus praeoestrupii (2%; 8.35 - 4.39 Ma): S. praeoestrupii likely has a warm-associated 

ecology based on its palaeo-occurrences and the preferences of its descendent S. oestrupii, 

which is most abundant at ODP Sites underlying relatively warm waters (Sjunneskog & Winter, 

2012). 

 

Thalassiosira complicata (4%; 5.77 - 2.52 Ma): T. complicata is inferred to be a warm-

associated species based on its co-occurrence with Thalassiosira inura in the Late Pliocene 

AND-1B core, within units assumed to be deposited under a warm, wind-mixed and unstable 

water column (Winter et al., 2010). 

 

Thalassiosira convexa var. aspinosa (4%; documented in one sample only at 6.10 Ma): T. 

convexa var. aspinosa is a cosmopolitan diatom species common at low latitudes (Lazarus, 

1994).  

 

Thalassiosira elliptipora (1%; 4.27 - 3.18 Ma): T. elliptipora is an endemic Southern Ocean 

species (Barron, 1985), however, it is most frequently documented at sites north of the Polar 

Front (Lazarus, 1994) and as such likely represents relatively warm waters at Site 1165. 

 

Thalassiosira insigna (33%; 5.07 - 2.34 Ma): The biogeography and palaeoecological 

preferences of T. insigna are not well known, however, it is commonly documented north of 

the Subantarctic Front, for example, from ODP Sites 1171, 1170, 1088, 1090, 1089, 699, 751 

(Lazarus, 1994) and, as such, is assumed to prefer relatively warm waters. Its first appearance 
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at Site 1165 is documented earlier (5.07 Ma) than in the literature (4.22 Ma; Sangiorgi et al., 

2018), evolving during the warm Early Pliocene. 

 

Thalassiosira inura (8%; 5.07 - 2 Ma): T. inura is generally found in warmer, more northern 

Southern Ocean waters within the subantarctic zone (Sjunneskog & Winter, 2012; Winter et 

al., 2010). 

 

Thalassiosira miocenica (9%; 6.38 - 5.87 Ma): T. miocenica is a cosmopolitan diatom and has 

been documented from, and provides biostratigraphic constraints in, the equatorial Pacific, for 

example at IODP Sites U1338 and U1334 (Baldauf, 2013). 

 

Thalassiosira nativa (5%; 9.79 - 4.21 Ma): T. nativa is a cosmopolitan diatom species 

documented throughout the low latitudes, for example in the Indian monsoon gyres, California 

upwelling regions and at the Pacific equatorial divergence, as well as in the Southern Ocean 

(Lazarus, 1994). Thus, it indicates warmer waters at Site 1165, but potentially also upwelling 

conditions. 

 

Thalassiosira torokina (7%; 8.96 - 1.77 Ma): T. torokina is documented throughout the 

Southern Ocean, however, its frequent occurrence within the subantarctic zone, for example, 

offshore of New Zealand (Lazarus, 1994), suggests it is tolerant of relatively warm SSTs. 

 

Thalassiosira vulnifica (28%; 3.22-2.41 Ma): This species generally co-occurs with T. insigna at 

Site 1165, assigned warm water preferences, and becomes an important and abundant 

biostratigraphic marker in the Middle Pliocene. It has been suggested that T. vulnifica can 

tolerate fresh waters better than other species (Sjunneskog & Winter, 2012), however, its 

palaeo-occurrences suggest it is most abundant within or just north of the Polar Frontal Zone 

(Sjunneskog & Winter, 2012), and, as such, it is assigned warm water preferences. 

 

Trinacria excavata (9%; present for the entire 15 Ma interval): T. excavata is a cosmopolitan 

marine species frequently observed alongside Actinocyclus ingens, Coscinodiscus marginatus 

and Rouxia peragaalii (McCollum, 1972), and it is much more abundant prior to the Middle 

Miocene Climate Transition (c. 13.8 Ma) at Site 1165. As such, I have assigned T. excavata to 

the warm species group for my study. However, this species is only seen at Site 1165, and not 

at ODP Sites 747 or 744, for at least the Middle Miocene interval (12-15 Ma), and generally co-
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occurs with benthic species at Site 1165, so further study may uncover either a neritic ecology 

and/or an association with conditions different to the species groups used in my study. 

 

2. Group 2: Cool water species 

1.1.1.1. Extant taxa 

Coscinodiscus oculus-iridus/asteromphalus (1%; present prior to 3.29 Ma): This species group 

is only documented at Site 1165 and not at ODP Sites 747 or 744. Both C. oculus-iridus and C. 

asteromphalus are primarily documented south of the Polar Front in the modern Southern 

Ocean (Watanabe, 1982; Garrison et al., 1987; Ishikawa et al., 2001). 

 

Eucampia antarctica var. recta (4%; present throughout the entire 15 Ma record): E. 

antarctica has two varieties in the modern Southern Ocean; a symmetrical, southerly form (E. 

antarctica var. recta) and an asymmetrical, northerly form (E. antarctica var. antarctica) 

(Leventer, 2002).  Only the symmetrical, southerly form was observed at Site 1165 and, as 

such, indicates cool waters. E. antarctica is also more abundant in Southern Ocean sediments 

during Pleistocene glacial periods, such that its abundance can be used as a stratigraphic tool 

(Burckle & Cook, 1983). 

 

Fragilariopsis kerguelensis (76%; early form present from 2.55 Ma, modern form from 1.88 

Ma): The modern form of F. kerguelensis is an endemic Southern Ocean species that comprises 

up to 80% of the Southern Ocean sedimentary diatom assemblage between the sea ice edge 

and the Subantarctic Front, and is the major contributor to the Southern Ocean opal belt 

(Crosta et al., 2005). It is most abundant in sea surface temperatures of 1-8°C and has been 

documented surviving in SSTs of up to c. 18°C (Crosta et al., 2005), but is most abundant south 

of the Polar Front. 

 

Fragilariopsis separanda (2%; 1.31 Ma - present): F. separanda first appears at Site 1165 at 

1.31 Ma. It is most abundant south of the Polar Front in SSTs of between –1.15 and 4.33°C 

(Cefarelli et al., 2010) and, as such, both the extant species and its early form likely indicate 

cool waters at Site 1165. A few valves that morphologically similar to F. separanda were also 

observed at Site 1165 as early as 4.85 Ma, but it is unclear whether these represent a true first 

appearance, an early ancestor or laboratory contamination. I included these early appearances 

in the Fragilariopsis spp. group which is also assigned to the cool water group. 
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Thalassiosira lentiginosa (11%; 3.55 Ma - present): T. lentiginosa shows similar distribution 

patterns to F. kerguelensis in the Southern Ocean, peaking in abundance between the sea ice 

edge and the Subantarctic Front, but most abundant south of the Polar Front (Crosta et al., 

2005). 

 

Thalassiosira oliveriana (7%; 8.71 Ma - present): T. oliveriana is an ice-tolerant extant species 

generally associated with cold, open waters south of the Polar Front (Winter et al., 2010; 

Whitehead & McMinn, 2002). 

 

1.1.1.2. Extinct taxa 

Actinocyclus karstenii (16%; 10.88 Ma – present): A. karstenii is more abundant south of the 

Polar Front during the Pliocene (Sjunneskog & Winter, 2012). 

 

Denticulopsis crassa (4%; 13.86 - 4.12 Ma): D. crassa has been described as having a mid-high 

latitude distribution, and is related to other cool water Denticulopsis species (Yanagisawa & 

Akiba, 1990). On average, D. crassa is slightly more abundant at ODP Site 747 (5%) than Site 

1165 (1%), however, its abundance peak (4%) occurs at Site 1165 at c. 9 Ma.  

 

Denticulopsis delicata (37%; 13.91 - 2.93 Ma): D. delicata is an endemic Southern Ocean 

species (Yanagisawa & Akiba, 1990). It first appears at Site 1165 during major Middle Miocene 

cooling and is not documented at all at ODP Site 747 between 15-12 Ma. 

 

Denticulopsis dimorpha (48%; 12.57 - 10.62 Ma, with some likely reworked younger 

occurrences): Like Denticulopsis hyalina and Denticulopsis praedimorpha, D. dimorpha is more 

abundant at ODP Site 747 (69%) than at Site 1165 (48%) from 15-12 Ma. However, its 

abundance does not peak at Site 1165 until 11.05 Ma. D. dimorpha is also considered a middle-

high latitude species and evolves following major Middle Miocene cooling (Yanagisawa & 

Akiba, 1990). Based on my data and published records, within the Southern Ocean D. 

dimorpha may be concentrated at the Polar Frontal Zone. 

 

Denticulopsis dimorpha var. areolata (1%; 10.71 - 10.41 Ma; sporadic reworked specimens 

occur until 5.21 Ma): D. dimorpha var. areolata has a relatively high latitude distribution 

(Yanagisawa & Akiba, 1990). Along with its morphologically-close relative, D. dimorpha, I have 

assigned this variety a cool water ecology. 
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Denticulopsis hustedtii (1%; 10.06 - 5.07 Ma): D. hustedtii is a mid-high latitude species 

(Yanagisawa & Akiba, 1990).  It is present only sporadically in low abundances at Site 1165 

during the Late Miocene, and is present in only one sample at ODP Site 747 at 12.26 Ma. 

 

Denticulopsis hustedtii var. aspera (3%; 9.16 - 8.65 Ma): D. hustedtii var. aspera is a short-

lived Late Miocene species documented at Site 1165, and is included in the cool water group 

based on its palaeo-occurences and relationship with cool-assigned D. hustedii (Yanagisawa & 

Akiba, 1990). However, further discussion of this variety is presented in Appendix 2, and it 

likely should be transferred to a species category (e.g. Denticulopsis aspera). 

 

Denticulopsis hyalina (17%; 14.43 - 13.90 Ma): D. hyalina is considered a middle- to high-

latitude species (Yanagisawa & Akiba, 1990), and is more abundant at ODP Site 747 (27%) than 

at Site 1165 (17%) between 15-12 Ma. However, D. hyalina only appears during peak Middle 

Miocene cooling, associated with cool SSTs (Shevenell et al., 2004). 

 

Denticulopsis lauta (22%; present from the beginning of the record to 13.42 Ma, with 

sporadic younger occurrences assumed to represent reworking): D. lauta has been 

documented at low abundances in equatorial regions, but is generally considered a middle-

high latitude species (Yanagisawa & Akiba, 1990). It is more abundant at Site 1165 (22%) than 

at Site 747 (4%). 

 

Denticulopsis maccollumii (16%; present from the beginning of the record until 14.14 Ma, 

with a few sporadic younger appearances likely reworked): D. maccollumii has a relatively 

high latitude global distribution (Yanagisawa & Akiba, 1990). Between 15-12 Ma D. 

maccollumii is more abundant at Site 744 (77%) than at Sites 747 (18%) or 1165 (16%). This 

may be because D. maccollumii was strongly concentrated around the latitude of Site 744, 

perhaps associated with a proto-Southern Antarctic Circumpolar Current Front. 

 

Denticulopsis maccollumii var. A (1%; present from the beginning of the record until 13.96 

Ma): Showing an almost identical abundance distribution to its relative D. maccollumii, I have 

recognized a new variety (following Bohaty, unpublished plates 2013), D. maccollumii var. A, 

distinguished by punctuation on the valve face. D. maccollumii var. A is present in low 

abundances at Site 1165 prior to 13.96 Ma but relatively high abundances at Site 744 (22%). 
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The distinctive punctuation of this variety could occur as a result of either phenotypic plasticity 

or genetic adaptation, possibly in response to an environmental trigger. 

 

Denticulopsis ovata (49%; 11.05 - 10.31 Ma): D. ovata is a short-ranging but abundant species 

at Site 1165. It is endemic to the Southern Ocean, and is likely a descendent of D. dimorpha 

var. areolata; a relatively cool water species (Yanagisawa & Akiba, 1990), and is assigned to the 

cool water group based on its relative abundance at higher latitude ODP Sites 689/689 vs. 

lower latitide Sites 1092/1088 in the study of Cansarek (2002). 

 

Denticulopsis praedimorpha (28%; 12.87 - 10.83 Ma): D. praedimorpha, like D. dimorpha, is 

more abundant at ODP Site 747 (44%) than at Site 1165 (28%) from 15-12 Ma, with peak Site 

1165 abundance occuring at 12.46 Ma. However, like D. dimorpha, it is generally considered a 

cool-associated, mid-high latitude species (Censarek, 2002) and evolved following major 

Middle Miocene cooling (Yanagisawa & Akiba, 1990). 

 

Denticulopsis simonsenii/vulgaris (70%; 14.30 - 4.24 Ma): D. simonsenii has a relatively 

cosmopolitan global distribution, however, it is more abundant, and has a longer stratigraphic 

range, at higher latitudes (Yanagisawa & Akiba, 1990). It was probably introduced to the low 

latitudes as a result of Middle Miocene cooling (Barron, 1986). D. vulgaris shows a similar 

distribution to D. simonsenii (Yanagisawa & Akiba, 1990). The distinction between D. 

simonsenii and D. vulgaris in the Southern Ocean is unclear; many transitional specimens exist 

between the two species and the punctation on the valve face that distinguishes the two can 

be affected by dissolution and is not always easy to identify using a light microscope. Thus, in 

my study I did not separate D. simonsenii and D. vulgaris, following Gulick et al. (2017). 

Denticulopsis simonsenii/vulgaris is substantially more abundant at Site 1165 (70%) than Site 

747 (20%) between 15-12 Ma and, as such, likely prefers cooler waters. The species group first 

occurs at 14.30 Ma, but is most dominant between 14-7 Ma. 

 

Denticulopsis sp. 3 (2%; 13.85 - 5.22 Ma): I have distinguished Denticulopsis sp. 3 (described in 

Appendix 2) from D. simonsenii/vulgaris by its centrally flared valve outline. It is only identified 

at Site 1165, not at Sites 747 and 744 and, as such, likely preferred cooler SSTs, like its 

morphologically-close relative D. simonsenii/vulgaris. 
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Eucampia antarctica var. twista (3%; present from the beginning of the record until 12.85 

Ma): E. antarctica var. twista is distinguished from the extant Eucampia antarctica var. recta 

by its twisted valve morphology. E. antarctica var. twista, which is most abundant at Site 1165 

when Chaetoceros (Hyalochaete) species resting spores are also most abundant (prior to the 

Middle Miocene Climate Transition at c.13.8 Ma), could indicate seasonal stratification of the 

water column. However, given its increased abundance at Site 1165, absence at Site 747 and 

appearance in only one sample at Site 744, as well as the cool ecological preferences of E. 

antarctica var. recta, I have included E. antarctica var. twista in the cool water paleoecological 

group. 

 

Fragilariopsis arcula (3%; 7.80 - 3.96 Ma): Like Fragilariopsis aurica, F. arcula evolved earlier, 

and is more abundant, in the high latitude Southern Ocean (e.g. at ODP Sites 690/689) than 

further north (e.g. at ODP Sites 1088/1092) (Censarek, 2002), and as such is placed in the warm 

group. However, it is more abundant during the warm Early Pliocene. 

 

Fragilariopsis aurica (5%; 8.65 - 3.29 Ma): Like Fragilariopsis arcula, F. aurica evolved earlier, 

and is more abundant, in the high latitude Southern Ocean (e.g. at ODP Sites 690/689) than 

further north (e.g. at ODP Sites 1088/1092) (Censarek, 2002). However, I note, also like F. 

arcula, it is most abundant during the warm Early Pliocene. 

 

Fragilariopsis barronii (23%; 3.96 - 1.31 Ma): As an ancestor of, and showing similar 

distributional patterns to, Fragilariopsis kerguelensis (Lazarus, 1994), and due to the existence 

of many transitional specimens between the two, F. barronii likely had similar ecological 

preferences to F. kerguelensis. However, although I include it in the cool water group with F. 

kerguelensis, based on its occurrence in the early Pliocene when SSTs at Site 1165 were slightly 

higher than present (Whitehead & Bohaty, 2003), F. barronii probably preferred slightly 

warmer SSTs than F. kerguelensis. 

 

Fragilariopsis claviceps (3%: 14.10 - 9.87 Ma): F. claviceps is present in relatively low 

abundances at Site 1165. Between 15-12 Ma, it is not documented at ODP Site 747, and only a 

few valves were identified at Site 744.  

 

Fragilariopsis donahuensis (5%; 14.30 - 5.77 Ma): F. donahuensis first appeared during the 

onset of Middle Miocene cooling (Shevenell et al., 2004). At Site 1165, peak abundance 
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occurred at 10.62 Ma. Between 15-12 Ma it is slightly more abundant and more consistently 

present at Site 1165 (2%) than at Site 747 (1%).  

 

Fragilariopsis efferans (1%: 14.07 - 9.03 Ma): F. efferans is morphologically similar to 

Fragilariopsis claviceps. F. efferans is also more abundant at Site 1165 than at Site 747, where 

no more than 3 valves were identified within any one sample. 

 

Fragilariopsis januaria (11%; 14.14 - 5.77 Ma): F. januaria is slightly more abundant at ODP 

Site 747 (2%) than Site 1165 (<1%) between 15-12 Ma. However, together with Fragilariopsis 

efferans, Fragilariopsis claviceps and Fragilariopsis pseudokerguelensis, F. januaria is part of a 

radiation of the Fragilariopsis genus the occurred at the onset of Middle Miocene cooling 

(Chapter 6). Peak abundances of F. januaria at Site 1165 occurs at 6.38 Ma; a documented 

interval of particularly low Southern Ocean surface temperatures (Herbert et al. (2016). 

 

Fragilariopsis januaria var. A (3%; 9.71 - 5.21 Ma): This is a new variety of F. januaria, 

described in Appendix 2, following Bohaty (unpublished plates). This Late Miocene variety is 

closely related to F. januaria and co-occurs with F. januaria. As such, it is assigned similar 

ecological preferences. 

 

Fragilariopsis lacrima (<1%; 4.85 - 3.64 Ma): F. lacrima is an endemic Southern Ocean species, 

with palaeo-occurrences at high latitude Southern Ocean Sites, for example, ODP Site 1095 

(Winter & Iwai, 2002). It is not abundant at Site 1165, but has been included in the cool water 

group based on its taxonomic relationship to the generally cool-water Fragilariopsis genus and 

its presence at Antarctic Peninsula Site 1095 (Iwai & Winter, 2002). 

 

Fragilariopsis pseudokerguelensis (<1%; 14.07 - 13.17 Ma): This short-ranging species is rare 

at Site 1165 and Site 747 (1%). I have included it in the cool water group on the basis of its 

morphological resemblance to Fragilariopsis kerguelensis, one of the most abundant extant 

Southern Ocean cool-water species. F. pseudokerguelensis is also part of the group of 

Fragilariopsis species that evolved around the time of peak Middle Miocene cooling (Shevenell 

et al. (2004, Chapter 6). 

 

Fragilariopsis sp. nov #1 (most abundant prior to 13.66 Ma; later occurences may be 

reworked, 2%), Fragilariopsis sp. A (14.39-13.73 Ma, <1%), Fragilariopsis sp. nov # 2 (present 
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in one sample at 6.66 Ma, <1%), Fragilariopsis sp. nov #3 (9.79-5.07 Ma, <1%), Fragilariopsis 

sp. nov #4 (13.07-12.83, Ma, <1%): These five new Fragilariopsis species (after Bohaty, 

unpublished plates 2013) occur in low abundances at Site 1165, and are described in Appendix 

2. Due to their sporadic low abundances, range estimates may not be entirely accurate since it 

is diffuclt to distinguish last appearances from reworking. I have grouped them 

palaeoecologically here based on morphological similarity; all are relatively small (<25 μm in 

length) and finely silicified. They are included in the cool water group because the majority of 

Fragilariopsis species, particularly those that occur in the Southern Ocean, are associated with 

relatively cool waters (Cefarelli et al., 2010). Further, none of the five species are documented 

at Sites 747 or 744, at least between 15-12 Ma. However, it is possible that some could also be 

associated with sea ice.  

 

Fragilariopsis spp. (7%): This group includes Fragilariopsis species not yet described, as well as 

Fragilariopsis valves that were encountered as fragments, recognisable as Fragilariopsis but 

not to species level. This group has been included within the cool water group because 

Fragilariopsis is generally considered a cool water genus. Many of the valves counted as part of 

this group were morphologically similar to the extinct F. aurica and F. arcula that are included 

in the cool water group, as well as to sea ice taxa such as Fragilariopsis curta, Fragilariopsis 

praecurta and Fragilariopsis cylindrus, but morphologically different to the warm water 

Fragilariopsis such as Fragilariopsis interfrigidaria and Fragilariopsis weaveri that tend to be 

more robustly silicified. It is possible that at least some of the Fragliariopsis species I have 

included in the Fragilariopsis spp. group represent sea ice at Site 1165, however, this group is 

relatively low in abundance at Site 1165 (up to 7% but generally <3%) and, as such, an incorrect 

paleoecological assignment should not greatly bias conclusions. 

 

Nitzschia denticuloides (7%; 13.96 - 12.71 Ma): N. denticuloides is an endemic Southern Ocean 

species (Yanagisawa & Akiba, 1990; Barron & Baldauf, 1995) and first appears during peak 

Middle Miocene cooling (Shevenell et al., 2004). It is more abundant at ODP Site 747 (32%) 

than Site 1165 (7%), however, I include it in the cool water group because Censarek (2002) 

assigned this group a PFZ distribution. 

 

Nitzschia sp. 17 (1%; 13.95 - 13.44 Ma): This variety exhibits several small holes or pores in the 

hyaline middle section of the valve face but generally co-occurs with Nitzschia denticuloides at 
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Site 1165, as well as at Sites 744 and 747, thus, is assigned to the cool water group alongside 

N. denticuloides. 

 

Nitzschia grossepunctata (5%; 14.60 - 12.79 Ma): N. grossepunctata is an endemic Southern 

Ocean species (Lazarus, 1994). Nitzschia denticuloides and N. grossepunctata have similar 

distribution patterns, were both more abundant at Site 747 (19%) than Site 1165 (5%), and 

seem to be concentrated within the PFZ (Censarek, 2002). 

 

Rouxia isopolica (9%; 9.89 - 2.46 Ma): R. isopolica co-occurs with Rouxia antarctica and Rouxia 

naviculoides in Pleistocene records from the southern Kerguelen region (Whitehead & 

McMinn, 2002). However, R. isopolica was less abundant during intervals associated with pack 

ice (Whitehead & McMinn, 2002), so I have included it in the cool water group rather than the 

sea ice group. 

 

Rouxia spp. (6%): This group includes valves identifiable to the Rouxia genus but not to species 

level. They have been included in the cold water paleoecological group on the basis that Rouxia 

species are generally cold-water associated in the Southern Ocean, with the exception of 

Rouxia californica and Rouxia peragallii. The Rouxia spp. group is more abundant at Site 1165 

(5%) than Site 747 (1%). 

 

Thalassiosira kolbei (1%; 3.80 - 2.41 Ma): T. kolbei is ice-tolerant, but generally prefers cool, 

open waters (Winter et al., 2010).  

 

Thalassiosira mahoodii (5%; 9.36 - 5.96 Ma): T. mahoodii has been documented from south of 

the Polar Front, for example, at ODP Leg 178 sites offshore of the Antarctic Peninsula (Iwai & 

Winter, 2002) and at ODP Site 746 on the southern Kerguelen Plateau (Baldauf & Barron, 

1991), and is therefore likely tolerant of cooler waters. 

 

Thalassiosira oliveriana var. sparsa (13%; 9.50 - 1.77 Ma): T. oliveriana var. sparsa has a close 

taxonomic relationship to Thalassiosira oliveriana and palaeo-occurrences of T. oliveriana var. 

sparsa largely mirror those of its cool water (Winter et al., 2010; Whitehead & McMinn, 2002) 

relative, T. oliveriana (Lazarus, 1994).  
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Thalassiosira striata (<1%; 4.27 - 3.22 Ma): T. striata has been associated with cold sea surface 

temperatures but not sea ice (Winter et al., 2010). It has been suggested that this species is an 

ancestor of the extant cool water-associated Thalassiosira lentiginosa (Winter et al., 2010). 

 

Thalassiosira torokina (7%; 8.96 - 1.77 Ma): T. torokina has been associated with cold, 

nutrient-rich waters (Winter et al., 2010). 

 

Thalassiosira cf. antarctica (3%: 9.76 - 3.39 Ma): This species is morphologically similar to, and 

may be the ancestor of, Thalassiosira antarctica; an ice-tolerant, cool water, extant species 

(Armand et al., 2005). 

 

3. Group 3: High productivity species  

Extant species 

Chaetoceros (Hyalochaete) species resting spores (CRS) (36%; present throughout the 15 Ma 

record): Chaetoceros (Hyalochaete) are found throughout the global oceans associated with 

high nutrient conditions because their relatively small size and large surface area provides a 

physiological advantage in nutrient uptake (Donegan & Schrader, 1982; Armand et al., 2005). 

Resting spores (CRS) are produced towards the end of the vegetative bloom in response to 

nutrient depletion (Crosta et al., 1997). Vegetative Chaetoceros (Hyalochaete) are rarely 

preserved in the sediments, but CRS are most abundant in sediments where over-lying water 

column nutrient concentrations were highest, for example, along the Antarctic margin where 

sea ice melt and glacial discharge create ideal high-nutrient conditions for blooms to occur 

(e.g. Sjunneskog & Taylor, 2002; Allen et al., 2010). 

 

Liradiscus species resting spores (6%; sporadically present throughout the record but 

consistently present prior to 14 Ma): Liradiscus resting spores are most abundant at Site 1165 

where CRS are also most abundant – prior to c. 14 Ma. Liradiscus resting spores often co-occur 

with CRS at other sites, thus it has been suggested that Liradiscus species flourish in a similar 

environmental niche to CRS (Suto, 2004).  

 

Thalassionema nitzschioides (28%; present throughout the entire 15 Ma record): T. 

nitzschioides is a cosmopolitan diatom commonly associated with high productivity, upwelling 

conditions in equatorial regions (Romero et al., 2009; Baldauf & Lyle, 2015). 
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Thalassiothrix/Trichotoxon spp. (33%; present throughout the 15 Ma record): Species of 

Thalassiothrix and Trichotoxon are morphologically similar, both having long, thin, needle-

shaped valves. As such, I have grouped them together. Thalassiothrix species are generally 

associated with areas of high productivity in the modern ocean. For example, Thalassiothrix 

longissima accumulates beneath upwelling regions of high biological productivity in the 

equatorial Pacific (Lyle & Baldauf, 2015), while increased T. longissima abundance coincided 

with relatively high δ30Sidiatom, indicating increased siliceous productivity, during the last 

interglacial in a core from the North Atlantic (Romero et al., 2011). In the Southern Ocean, 

Thalassiothrix antarctica is documented in both the subantarctic and Antarctic zones, but is 

most abundant within the PFZ where upwelling is strongest (Hasle, 2001). High concentrations 

of Thalassithrix species can also occur in sediments as a result of physical oceanographic 

processes rather than surface, nutrient-fuelled blooms (Kemp et al., 2009). High 

concentrations of T. antarctica have been observed at depth south of the Polar Front, being 

advected northwards at rates of 1 cms-1 to the Polar Front region, and deposited to the 

sediment as Thalassiothrix mats (Parslow et al., 2001; Strass et al., 2002). However, strong 

evidence exists for an association between Thalassiothrix species and high productivity 

upwelling regions and, as such, I have assigned this species group high productivity 

palaeoecological preferences.  

 

Trichotoxon reinboldii, the only species described within the Trichotoxon genus, is endemic to 

the Southern Ocean and is closely related to Thalassionema and Thalassiothrix (Hasle, 2001). 

Although its association with high productivity conditions is less well documented, T. reinboldii 

is included in the high productivity group on the basis that it generally co-occurs with 

Thalassiothrix species in the Southern Ocean, for example, in the Holocene sediments of 

Palmer Deep (Leventer, 2002). 

 

3.1.1. Group 4: sea ice species 

3.1.1.1. Extant species 

Actinocyclus actinochilus (2%; 1.88 Ma - present): A. actinochilus is closely associated with 

areas of seasonal sea ice cover in the modern Southern Ocean (Armand et al., 2005). It was 

also included in the sea ice assemblage group in the Late Pliocene AND-1B record, where it had 

a similar distribution to Stellarima microtrias, also a sea ice species (Winter et al., 2010). 
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Fragilariopsis cf. curta (4%; 12.17 Ma – present): The modern form of F. curta has been 

documented from waters of between –1.6 and 13.35°C (Cefarelli et al., 2010) and is most 

abundant south of the winter sea ice edge, in waters with SSTs of between –0.5 and 1°C and 9-

11 months of sea ice cover per year (Armand et al., 2005). F. curta is commonly used as a sea 

ice indicator within Holocene diatom paleoenvironmental reconstructions (e.g. Taylor & 

Sjunneskog, 2002; Crosta et al. 2008; Allen et al., 2010; Alley et al., 2018). Specimens 

resembling F. curta have been included in this study as F. cf. curta (see Appendix 2 for details). 

However, this brings the first appearance of the species much earlier than previously 

documented (4.8 Ma, Cody et al., 2012), although given its similar ecological niche to F. 

vanheurckii, the first appearance of which has also been suggested to be much earlier than 

conventionally thought (Harwood & Boahty, 2007), it seems likely that the same may be true 

for F. curta. 

 

Fragilariopsis cf. linearis (1%; 10.71 - 3.45 Ma). F. cf. linearis and Fragilariopsis curta have a 

close taxonomic relationship and are morphologically similar (Cefarelli et al., 2010), thus, I have 

included F. cf. linearis in the sea ice group. However, this species is rare at Site 1165. 

 

Fragilariopsis cf. vanheurkii (2%; 14.58 Ma - present): In the modern Southern Ocean, F. 

vanheurckii has been found at SSTs of between –1.60 and –0.17°C, often associated with the 

brownish underside of sea ice (Cefarelli et al., 2010). It has been described as a littoral species 

(Hasle, 1965), and is frequently included within sea ice groups in Holocene sea ice 

reconstructions (e.g. Taylor & Sjunneskog, 2002; Barbara et al., 2013). F. vanheurckii has also 

been described from terrestrial Antarctic outcrops of Late Miocene age (Harwood & Bohaty, 

2007), suggesting it could have evolved in the cooler Late Miocene and survived in refugia 

through the warm Early Pliocene. At Site 1165, specimens resembling F. vanheurckii occur in 

low abundances throughout the record, as far back as 14.58 Ma. If these are true F. 

vanheurckii, they would represent its earliest known occurrence. However, these specimens 

could also represent an ancestor or early form of F. vanheurckii, in the same way that early 

forms of Fragilariopsis kerguelensis are documented. 

 

Fragilariopsis obliquecostata (1%; 3.80 Ma - present): F. obliquecostata is most abundant in 

the vicinity of the Southern Ocean summer sea edge, in waters with temperatures of between 

–1 and 0°C and which experience >7 months of sea ice cover per year (Armand et al., 2005). It 



Appendix 1: Assignment of diatom palaecological preferences 
 

 
268 

is frequently used as a sea ice indicator in Holocene diatom assemblage reconstructions, in 

particular as an indicator for the summer sea ice edge (Allen et al., 2011). 

 

Fragilariopsis ritscheri (3%; 4.12 Ma - present): Highest abundances of F. ritscheri in the 

modern Southern Ocean have been documented from waters between 0 and 3°C and covered 

by sea ice for between 2-10.5 months per year, although even here relative abundances of F. 

ritscheri within planktonic samples generally do not exceed c. 4% (Armand et al., 2005). 

 

Fragliariopsis sublinearis (4%; 5.23 Ma - present): F. sublinearis has been found in waters with 

temperatures of between –1.60 and 4.33°C (Cefarelli et al., 2010), and is associated with sea 

ice in the modern Southern Ocean (Armand et al., 2005). 

 

Stellarima microtrias (5%; present throughout the entire 15 Ma record): S. microtrias is most 

abundant in the Southern Ocean within a temperature range of –0.5 to 0.5°C, and where 

seasonal sea ice cover, including land-fast ice and pack ice, exceeds 7.5 months per year 

(Armand et al., 2005). 

 

Thalassiosira tumida (3%; 4.52-2.80 Ma): In the modern Southern Ocean, T. tumida is a sea 

ice associated diatom that thrives in waters with SSTs of 0 to 0.5°C and >8.5 months of sea ice 

cover (Armand et al., 2005). Although it is an extant species, T. tumida is not seen after 2.80 

Ma at Site 1165. 

 

3.1.1.2. Extinct species 

Fragilariopsis praecurta (20%; 14.79 - 3.39 Ma): F. praecurta is abundant in the high latitude 

Southern Ocean (Censarek, 2002). It is likely an ancestor of Fragilariopsis curta (Gersonde, 

1991), an extant sea ice-associated diatom (Armand et al., 2005), although is distinct from the 

forms grouped as F. cf. curta. At Site 1165, F. praecurta occurs earlier than its published first 

Southern Ocean occurrence of either between 8.77-10.11 Ma (Cody et al., 2008) or closer to 

11.2 Ma (Barron, 2010). As with other Fragilariopsis species that I have documented occurring 

earlier at Site 1165 than in the published literature, for example, F. curta and F. vanheurckii, 

the earliest occurrences may represent an early form of F. praecurta. 

 

Fragilariopsis pusilla (5%; present from the beginning of the record until 6.63 Ma): F. pusilla 

is an endemic Southern Ocean species (Censarek, 2002) that had its peak abundance at Site 
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1165 at 13.98 Ma, during the Middle Miocene Climate Transition and, again, at 10.62 Ma. 

Between 15-12 Ma it is more abundant at Site 1165 (5%) than at Site 747 (1%). As such, it is 

included in the sea ice group on the basis that it resembles modern sea-ice associated 

Fragilariopsis curta and the sea-ice associated extinct Fragilariopsis trunctata. The last 

appearance of F. pusilla has previously been documented in the literature at around 15 Ma 

(Sangiorgi et al., 2018) but, after careful checking with images and descriptions of F. pusilla, 

the younger specimens documented at Site 1165 seem to be true specimens. Since the 

abundance of this species co-varies with other sea-ice and cool water species, these 

appearances are not likely reworking and, instead, represent a longer range for the species 

than previously described. 

 

Fragilariopsis robusta (4%; 4.52 - 1.81 Ma): F. robusta is the ancestor of Fragilariopsis 

obliquecosta (Sjunneskog et al., 2012), a modern sea ice species that has been used to 

reconstruct the summer sea ice edge (Allen et al., 2011). F. robusta evolved during the 

establishment of widespread sea-ice cover during Late Pliocene cooling (it peaks in abundance 

at c. 3 Ma) (McKay et al., 2012). 

 

Fragliariopsis bohatyii (1%; 4.12 - 1.88 Ma): F. bohatyii is present in only four samples at Site 

1165. Its evolution was linked to Late Pliocene cooling in the AND-1B core, where it co-

occurred with another potentially sea-ice associated diatom, Fragilariopsis robusta, with 

transitional specimens existing between the two species (Sjunneskog et al., 2012).  

 

Fragliariopsis truncata (<1%; 14.44 - 12 Ma): F. truncata is very rare at Site 1165, and was not 

seen at ODP Sites 747 or 744 between 15-12 Ma. The species was used to infer sea ice during 

the Middle Miocene at the ANDRILL coresite (Levy et al., 2016), and closely resembles modern 

sea ice-associated Fagilariopsis curta. 

 

Nitzschia maleinterpretaria (1%; present from the beginning of the record until 12.61 Ma): N. 

maleinterpretaria has been interpreted as a sea-ice associated diatom at ODP Site 744 

(Farmer, 2011). As such, I have also included in the sea ice group for my study. 

 

Rouxia antarctica (5%; 6.30 - 1.88 Ma): R. antarctica is an endemic Southern Ocean species 

abundant south of the Polar Front (Abelmann et al., 1990). Within the Pliocene section of the 

AND-1B core, R. antarctica co-occurs with extant sea ice species (Winter et al., 2010) and is 
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most abundant during intervals of inferred pack-ice in Pleistocene sediments from the 

southern Kerguelen region (Whitehead & McMinn, 2002). However, R. antarctica also survived 

during the warm Pleistocene interglacials so may be tolerant of a wide range of conditions 

(Whitehead & McMinn, 2002). The first occurrence of R. antarctica at Site 1165, 6.30 Ma, is 

earlier than its previously documented first appearance of 4.95 Ma (Cody et al., 2012). 

 

Rouxia diploneides (23%; 6.20 - 2.41 Ma): R. diploneides co-occurs with extant sea ice diatoms 

in the Late Pliocene AND-1B core (Winter et al., 2010). 

 

Rouxia naviculoides (8%; 10.71 - 1.88 Ma): R. naviculoides is a Southern Ocean species which, 

like Rouxia antarctica, is more abundant south of the Polar Front (Abelmann et al., 1990). It is 

most abundant during cold, pack-ice associated intervals in Pleistocene sediments from the 

southern Kerguelen region where it co-occurs with R. antarctica (Whitehead & McMinn, 2002). 

R. naviculoides also survived during the warm Pleistocene interglacials and, like R. antarctica, 

may be therefore be tolerant of a wide range of conditions (Whitehead & McMinn, 2002). 

 

Synedropsis sp. A, Synedropsis sp. B., Synedropsis sp. C., Synedropsis sp. 1 and Synedropsis 

spp. (specimens unidentifiable to species level). (4%; sporadically present throughout the 

record): The entire Synedropsis genus has been assigned to the sea ice category on the basis 

that modern Synedropsis are mostly sea ice-associated (Hasle et al., 1994). Extinct Synedropsis 

species were also used to infer sea ice presence in the Eocene Arctic, coinciding with IRD 

(Stickely et al., 2009). Further, the morphological similarities between Synedropsis sp. A and 

Crania lacyae, a proposed sea-ice associated diatom (Olney et al., 2009), suggest that the two 

may in fact be synonymous. See appendix 2 for descriptions of each Synedropsis species, most 

of which have not previously been formally described. 

 

3.1.2. Group 5: Stratification species 

Extant Species 

Corethron pennatum (1%; 10.73 Ma - present): C. pennatum is an endemic extant Southern 

Ocean species, commonly found in shelf sediments along the Antarctic margin where it has 

been documented forming sedimentary laminations during the Holocene (Alley et al., 2018; 

Maddison et al., 2012). The ability of Corethron to adjust their buoyancy and, therefore, to sink 

deeper within the water column to access available nutrients makes them especially well-

adapted to highly stratified water conditions (Leventer et al., 2002; Alley et al., 2018). 
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Rhizosolenia costata (1%; 3.29 - 3.18 Ma), Rhizosolenia harwoodii (2%; 3.60 - 2.80 Ma), 

Rhizosolenia hebetata (5%; present throughout the entire 15 Ma record), Rhizosolenia 

hebetata var. hiemalis (4%; present throughout the entire 15 Ma record), Rhizosolenia 

styliformis (12%; present throughout the entire 15 Ma record), plus Rhizosolenia. sp. 1 (<2%; 

9.58-5 Ma), Rhizosolenia. sp. 2 (<1%; 10.02-6.12 Ma), Rhizosolenia. sp. 3 (3%; 3.96 Ma), 

Rhizosolenia. sp. A (1%; 13.79-3.15 Ma) & Rhizosolenia spp. (specimens not identifiable to 

species level) (combined abundance 29%): Like Corethron pennatum that is also included 

within the stratification group, Rhizosolenia are capable of moving vertically within the water 

column in order to access nutrients at depth and sunlight in the surface water. Their large 

surface area:volume ratio may restrict their ability to acquire nutrients in comparison to 

smaller diatoms, putting them at a disadvantage under high nutrient conditions in the surface 

water (Alley et al., 2018). As such, it has been suggested that Rhizosolenia indicate a stratified 

water column (Seeberg-Elverfeldt et al., 2004), perhaps associated with glacial meltwater 

events (Leventer et al., 2002) or relatively high sea surface temperatures. Rhizosolenia species 

comprise up to 35% of the diatom assemblage at Site 1165, although may be slightly over-

represented on account of their strongly silicified, easily recognizable (to genus level) 

rimoportulae. 

 

3.1.3. Group 6: reworked species 

Hemiaulus spp. (1%): The Hemiaulus genus is Oligocene or older in age and therefore 

represent reworking at Site 1165. 

 

Rocella gelida (<1%): Rocella gelida is an Oligocene species and therefore represents 

reworking at Site 1165. 

 

Pyxilla spp. (<1%): Paleocene age Pyxilla spp. are reworked into the 15 myr record at Site 

1165. 

 

3.1.4. Group 7: other species 

It was not possible to assign a number of species to paleoecological groups based on existing 

evidence, however, none of these species make up >6% of the assemblage and their exclusion 

does not preclude the paleoceanographic interpretation of the diatom assemblage records 

that I have presented in this thesis. The species included in this group are: 
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Actinocyclus fasciculatus (2%; 2.80 - 1.88 Ma), Actinocyclus maccollumii (1%; 2.80 Ma), 

Actinocyclus octonarius var. asteriscus (<1%; 9.04 Ma), Actinocyclus spp. (6%; present 

throughout the entire 15 Ma interval), Asteromphalus kenettii (1%; 10.31 - 9.16 Ma), 

Asteromphalus cf. parvalus (<1%; 14.08 - 6.20 Ma), Cavitatus miocenicus (1%; present from 

the beginning of the record until 4.52 Ma), Entopyla spp. (<1%; present from the beginning 

of the record until 14.36 Ma), Eurossia spp. (<1%; 14.53 - 14.30 Ma), Lisitzinia ornata (<1%; 

9.04 Ma), Nitzschia cf. challengerii (<1%; 14 - 13.98 Ma), Proboscia praebarboi/barboi (<1%; 

10.73 - 3.39 Ma), Thalassiosira sp. nov (<1%; 9.40 - 3.11 Ma), Thalassiosira gersondeii (2%; 

9.16 - 4.39 Ma), Thalassiosira jacksonii (<1%; 5.21 - 3.11 Ma), Thalassiosira maculata (1%; 

8.81 Ma - present), Thalassiosira nansenii (<1%; 10.66 Ma), Thalassiosira praelineata (3%; 

9.10 - 5.77 Ma), Actinocyclus sp. nov  #1 (<1%; 13.92 - 13.78 Ma), Thalassiosira spp. (4%). 

 

3.2. Neritic/Shelfal Diatoms 

3.2.1. Extant 

Delphineis spp. (<1%): Although not identified to species level, Delphineis karstenii is a widely 

documented benthic species (Pokras, 1991). Delphineis have also been documented growing 

on sand grains (Round et al., 1990), but are likely primarily neritic rather than benthic. 

 

Ellerbeckia sol (2%; present throughout the 15 Ma record): Designated a neritic species by 

Kato et al. (2016) based on a subarctic record. 

 

Paralia sulcata (2%; present throughout the 15 Ma record): This species has been designated 

a coastal species because its abundance correlates with high nutrient availability and high 

salinities (McQuoid & Nordberg, 2003). 

 

Stephanopysis turris (19%; present throughout the 15 Ma record): Designated 

meroplanktonic based on samples from the Antarctic terrestrial-exposed Sørsdal Formation 

(Harwood et al., 2002), this extant species is also frequently documented in coastal 

environments, for example, the Argentine shelf (Ferrario et al., 2012).  

 

3.2.2. Extinct 

Stephanopyxis sp. B (Harwood & Bohaty, 2000; 14%; present prior to 11.01 Ma). This species 

was only documented at ODP Site 1165, not Sites 747 or 744, between 12-15 Ma. Given that 
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many Stephanopyxis spp. are neritic, for example Stephanopyxis turris, I have designated 

Stephanopyxis sp. B as neritic. 

 

Actinocyclus sp. nov #2, described in Appendix 2 (18%; present prior to 10.98 Ma): I found 

this new species only in Site 1165 samples. Whilst its exclusive appearance at Site 1165 could 

be explained by cooler sea surface temperature (SST) conditions than existed at Sites 747 or 

744, the fact that the species was most abundant when Southern Ocean SSTs were higher 

(Shevenell et al., 2004) and other neritic and benthic species were most abundant, prior to the 

Middle Miocene Climate Transition at 13.8 Ma, suggests Actinocyclus sp. Nov #2 is also neritic. 

 

3.3. Benthic diatoms 

Benthic diatom species require stretches of ice-free coast to survive, since they need ice-free 

water in order to photosynthesize. Site 1165 is located on the continental rise offshore of 

Prydz Bay, so benthic species are transported to the site rather than deposited in-situ. Possible 

benthic diatom transport mechanisms to Site 1165 include delivery via bottom currents, 

attached to the undersides of anchor sea ice (formed as ice freezes to the sea floor at the 

coast and then rises to the surface as sea ice), and/or attached to macroalgae which float 

either in isolation or attached to icebergs or sea ice. The appearance of benthic diatoms at Site 

1165 likely represent periods when marine ice was reduced, or absent, in Prydz Bay, allowing 

benthic diatoms to flourish along the coastline. Occurrence ranges at Site 1165 are not 

provided for benthic species because almost all are so rare at Site 1165 that true ranges 

cannot accurately be gauged.  

 

3.3.1. Extant 

Arachnodiscus spp. (<1%): This genus consists of epiphytic discoid cells that live on seaweeds. 

It is particularly common along the tropical Pacific coastline (Round et al., 1990). 

 

Cocconeis spp. (2%): I grouped Cocconeis species at genus level due to the many undescribed 

species and the low abundance of the genera overall; however, C. costata and C. californica 

were observed. The Cocconeis spp. group has previously been described as benthic at Site 

1165 (Whitehead & Bohaty, 2003), and in Antarctic terrestrially-exposed samples from the 

Pagodroma Group (Whitehead et al., 2004) and Sørsdal Formation (Harwood et al., 2002). 
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Cymatosira spp. (<1%): A small marine benthic genus that forms filamentous colonies; 

Cymatosira have been collected in inshore plankton but may also grow in the epipsammon 

(Round et al., 1990). 

 

Diploneis spp. (<1%): Diploneis species were included as benthic in previous studies at Site 

1165 (Whitehead & Bohaty, 2003), and in Antarctic terrestrially-exposed samples from the 

Pagodroma Group (Whitehead et al., 2004) and Sørsdal Formation (Harwood et al., 2002). 

 

Entopyla spp. (<1%): Entoyla species were described as benthic in samples from the Antarctic 

terrestrially-exposed Sørsdal Formation (Harwood et al., 2002; Prasad & Frxyell, 1991). 

 

Grammatophora spp. (<1%): Grammatophora species were described as benthic in Antarctic 

terrestrially-exposed samples from the Pagodroma Group (Whitehead et al., 2004). 

 

Melosira spp. (<1%): Melosira species were described as benthic in Antarctic terrestrially-

exposed samples from the Pagodroma Group (Whitehead et al., 2004) and Sørsdal Formation 

(Harwood et al., 2002). 

 

Navicula spp. (<1%): Navicula species were described as benthic in previous studies at Site 

1165 (Whitehead & Bohaty, 2003) and in Antarctic terrestrially-exposed samples from the 

Pagodroma Group (Whitehead et al., 2004). 

 

Pleurosigma spp. (1%): Usually found in brackish or marine waters as epipelic on sand or silt. 

Occasional planktonic occurrences have been documented, but Pleurosigma is generally 

considered a benthic genus (Round et al.,1990). 

 

Raphoneis spp. (<1%): Raphoneis species were described as benthic in Antarctic terrestrially-

exposed samples from the Pagodroma Group (Whitehead et al., 2004). 

 

Rhabdonema japonicum (<1%): R. japonicum was described as benthic in Antarctic 

terrestrially-exposed samples from the Pagodroma Group (Whitehead et al., 2004) and Sørsdal 

Formation (Harwood et al., 2002). 
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Rhabdonema spp. (2%): Unidentified Rhabdonema species were described as benthic in 

Antarctic terrestrially-exposed samples from the Pagodroma Group (Whitehead et al., 2004) 

and Sørsdal Formation (Harwood et al., 2002). 

 

Synedra spp. (<1%): Synedra species were described as benthic in Antarctic terrestrially-

exposed samples from the Pagodroma Group (Whitehead et al., 2004). 

 

Trigonium antarcticum (<1%; 6.20 and 3.18 Ma): T. antarcticum was described as benthic in 

Antarctic terrestrially-exposed samples from the Sørsdal Formation (Harwood et al., 2002). 

 

3.3.2. Extinct 

Isthmia spp. (<1%): Isthmia species were described as benthic in Antarctic terrestrially-

exposed samples from the Sørsdal Formation (Harwood et al., 2002). 

 

Kisseleviella spp. (<1%): Kisseleviella is a fossil genus that is morphologically similar to the 

extant benthic genus Cymatosira, is typically documented in neritic Antarctic environments 

and is likely tychopelagic (Olney et al., 2005). 

 

Lithodesmium cf. minusculum (<1%): L. cf. minusculum has been described as a Lower 

Pliocene benthic species (Barron & Baldauf, 1986). 

 

Sphynctolethus spp.: In an Oligocene Antarctic record Sphynctolethus was designated a 

benthic genus (Barron & Mahood, 1993). 
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12. Appendix 2: Taxonomy 
 
A taxonomic list of all diatom species encountered in my study is presented here, including 

taxonomic references where available. Four new species are also presented from 15-12 Ma at 

ODP Sites 747, 744 and 1165. Bold, square brackets refer to Plates 1-5 presented in Chapter 5. 

 

Actinocyclus actinochilus (Ehrenberg) Simonsen, 1982, pp. 101-116, pl. 1-4; Villareal and 

Fryxell, 1983, p. 461, figs. 21-32. 

 

Actinocyclus ehrenbergii Ralfs in Pritchard, 1861, p. 834; Hustedt, 1928, p. 525, fig. 298. 

Synonym: Actinocyclus octonarius Ehrenberg, 1838, p. 173, pl. 21, fig. 7. 

 

Actinocyclus fasciculatus Harwood and Maruyama, 1992, p. 700, pl. 13, figs. 14, 15; Censarek 

and Gersonde, 2002, p. 350, pl. 1, fig. 5. 

 

Actinocyclus ingens [Plate 1, Fig 1] Rattray. Akiba, 1982, p. 42, pl. 5, figs. 7-14; Gersonde, 

1990, pp. 791, 792, pl. 1, figs. 1, 3-5; pl. 3, figs. 8, 9; pl. 4, fig. 1. 

 

Actinocyclus ingens var. nodus [Plate 1, Figs 2-3]. Baldauf in Baldauf and Barron, 1980, p. 104, 

pl. 1, figs. 5-9; Gersonde, 1990, p. 792, pl. 1, fig. 6; pl. 3, figs. 4-7; Censarek and Gersonde, 

2002, p. 350, pl. 1, fig. 4. 

 

Actinocyclus ingens var. ovalis [Plate 1, Fig. 16]. Gersonde, 1990, p. 792, pl. 1, fig. 7; pl. 3, figs. 

1-3; pl. 5, figs. 4, 7; pl. 6, figs. 1, 4-5; Censarek and Gersonde, 2002, p. 350, pl. 1, figs. 6, 8 

(Pl. 1, figs. 2, 3). 

 

Actinocyclus karstenii [Plate 4, fig. 10]. Van Heurck; Harwood and Maruyama, 1992, p. 700, pl. 

13, figs. 1, 2, 6-8, 10, 11, 13; Mahood and Barron, 1996b, p. 288, pl. 3, fig. 5; Zielinski and 

Gersonde, 2002, p. 253, pl. 3, figs. 4, 5, 7-9, 12(?). 

Synonym: Actinocyclus fryxellae Barron, in Baldauf and Barron, 1991, pl. 1, figs. 1–2, 4. 

 

Actinocyclus maccollumii Harwood and Maruyama, 1992, p. 700, pl. 17, fig. 29. 

 

Actinocyclus octonarius var. asteriscus [Plate 1, Fig. 4]. Barron 1975; Harwood et al. 2000, p. 

459, pl. 7, fig l. 
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Actinocyclus sp. nov - #1 [Plate 2, Fig. 6]. 

Synonym: Actinocyclus sp. in Bohaty, unpublished plates 2013 - Figure 5, Plate 1. 

Description: Valve circular, slightly convex and 25-45 μm in diameter. Curved mantle and 

prominent ribbed margin. Areolae on the valve face decrease in size away from the center, 

arranged in tangential rows focused towards 10-12 marginal strutted processes. Areolae 

become disordered closer to the large hyaline area in the center of the valve. 

Remarks: Differs from Actinocyclus sp. nov #2  due to its larger size, larger hyaline area in the 

centre of the valve, ribbed margin and marginal strutted processes. Differs from Thalassiosira 

lentiginosa due to the absence of a prominent labiate process and scattered strutted process 

across the valve face. 

Stratigraphic occurrence: Based on the magnetostratigraphic record at ODP Hole 747A, where 

the species is most abundant and chronologically calibrated using the robust 

magnetostratigraphic age/depth curve, Actinocyclus sp. nov #1 first appears at 14.18 Ma 

(72.62 mbsf), peaks in abundance at 13.47 Ma (5%) (67.68 mbsf), and is not seen after 13.26 

Ma (66.31 mbsf), making it a relatively short-ranging and, therefore, biostratigraphically useful 

species. The species is also seen at ODP Hole 744B, where it first occurs at 57.52 mbsf, peaks in 

abundance (1.2%) at 54.54 mbsf, and disappears at 53.10 mbsf. At ODP Hole 1165B, it first 

appears at 291.45 mbsf, and peaks in abundance (1.2%) at 283.36 mbsf, used as a tie-point in 

the age model, after which the species disappears at 282.76 mbsf. 

 

Actinocyclus sp. nov. #2 - [Plate 2, Figs. 13-15]  

Description: Valve circular, flat and 12-25 μm in diameter. Slightly curved mantle and minimal 

margin. Areolae on the valve face show a slightly disordered fasciculation pattern, particularly 

towards the hyaline central area which can appear slightly off-centre, along with the central 

rimoportula. 

Remarks: Differs from Actinocyclus sp. nov #1 in its smaller size, reduced margin and less 

prominent hyaline central area which may appear off-centre. Differs from Thalassiosira 

lentiginosa in its smaller size and lacking a prominent marginal labiate process or strutted 

processes scattered across the valve face. Differs from Actinocyclus endoi/tabularis in showing 

punctation right to the mantle, whilst A. tabularis/endoi generally shows a hyaline gap 

between the valve face and mantle.  

Stratigraphic occurrence: Actinocyclus sp. Nov. #2 is only recognised at ODP Hole 1165B, 

where it appears throughout the record (15.06-12.12 Ma) but is most abundant prior to Mi3 at 
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13.8 Ma, peaking in abundance (18%) at 14.70 Ma. Its stratigraphic utility remains unknown 

and, as such, I have not used it in any of the age models in my study. 

 

Actinoptychus senarius [Plate 2, fig. 4] (Ehrenberg) Ehrenberg; Akiba, 1986, pl. 29, fig. 2. 

 

Araniscus lewisianus [Plate 1, Fig. 17] Greville, Komura, 1998, pp. 6-8, figs. 20-22, 87-104, and 

text fig. 1. 

Basionym: Coscinodiscus lewisianus Greville; Schrader, 1973, p. 703, pl. 8, figs. 1-6, 10, 15; 

Schrader, 1976, p. 631, pl. 14, fig. 3; Harwood and Maruyama, 1992, p. 702, pl. 6, fig. 13. 

 

Arachnodiscus Bailey ex. Ehrenberg, 1849. 

 

Asteromphalus hookeri Ehrenberg; Akiba, 1982, p. 42, pl. 1, fig. 1; Bohaty et al., 1998, pl. 2, fig. 

5. 

Notes: A. parvulus and A. hookeri were grouped together in Bohaty et al. (2003). 

 

Asteromphalus kennettii Gersonde, 1990, p. 793, pl. 2, fig. 1; pl. 6, fig. 2; Harwood and 

Maruyama, 1992, p. 701, pl. 11, fig. 3; Censarek and Gersonde, 2002, p. 350, pl. 1, fig. 2. 

 

Asteromphalus cf. parvulus Karsten; Fenner et al., 1976; p. 769, pl. 4, figs. 20, 21. 

 

Azpeitia endoi [Plate 1, Figs 11-12] Sims and Fryxell in Fryxell et al. of Baldauf and Barron, 

1991, p. 586; Gladenkov and Barron, 1995, p. 31. 

Synonym: Coscinodiscus endoi Kanaya, 1959; McCollum, 1975, pl. 4, figs. 5, 6; Schrader, 1976, 

pl. 11, figs. 8–10, 12; Gombos, 1977, pl. 2, figs. 6, 7; Azpeitia tabularis (Grunow) Fryxell and 

Sims in Fryxell et al., 1986; Harwood and Maruyama, 1992, p. 701, pl. 11, fig. 5.  

Notes: Transitional species were noted between A. endoi and A. tabularis when the central 

depression was not easily distinguished. These specimens were grouped here as A. endoi 

unless unambiguously A. tabularis. 

 

Azpeitia harwoodii [Plate 1, Fig. 18] Bohaty and Shiono n. sp. (Pl. P1, fig. 10; Pl. P3, figs. 1-6, 

10-13). 

Synonym: Azpeitia sp. B of Shiono, 2000a (doctoral thesis), pl. 34, figs. 1-6; pl. 35, figs. 1-6.  
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Azpeitia tabularis (Grunow) [Plate 1, Fig. 8]. Fryxell and Sims in Fryxell et al., 1986, pp. 16-18, 

figs. XIV, XV, XXX-I; Censarek and Gersonde, 2002, p. 350, pl. 1, fig. 7. 

 

Cavitatus jouseanus [Plate 5, figs. 19-21] (Sheshukova) Williams; Akiba et al., 1993, pp. 20-22, 

figs. 6-19, 6-20; Censarek and Gersonde, 2002, p. 350, pl. 5, fig. 12. 

 

Cavitatus miocenicus [Plate 5, figs. 15-16] (Schrader) Akiba and Yanagisawa in Akiba et al., 

1993, p. 28, figs. 9-1 through 9-11. 

 

Chaetoceros (Hyalochaete), Ehrenberg, 1884. Subgenera Hyalochaete, Priddle and Fryxell, 

1985. 

Notes: The Chaetoceros genus is split into two subgenera: Hyalochaete and Phaeoceros, based 

on their ability to form resting spores. All Chaetoceros resting spores identified are therefore 

of the subgenus Chaetoceros (Hyalochaete). 

 

Cocconeis spp. [Plate 6, figs. 1-9] Ehrenberg, 1838, Harwood 1998, p. 511, Pl. 3-6, figs 1-4. 

 

Corethron pennatum [Plate 4, fig. 14] Castracane; Krebs, 1983, p. 285, pl. 2, fig. 4a, b; 

Harwood and Maruyama, 1992, p. 701, pl. 19, figs. 8-11; pl. 5, fig. 15. 

 

Coscinodiscus marginatus [Plate 2, figs 8-10] Ehrenberg; Schrader, 1973, p. 703, pl. 20, figs. 7, 

10, 12, 13; Schrader, 1976, p. 631, pl. 12, fig. 2. 

 

Coscinodiscus oculus-iridus/asteromphalus [Plate 2, fig. 1-2]. This species group combines 

Coscinodiscus asteromphalus Ehrenberg, 1844, p. 77; Ehrenberg, 1854, pi. 18, fig. 45; pi. 33, 

fig. 15; Hustedt, 1928, p. 452, figs. 250 a-c., Arney et al. (2003), p. 8, pl. P3, fig. 3; Suto et al. 

(2013), p. 32, pl. P2, figs. 1, 2 (no illustrations) with Coscinodiscus oculus-iridis (Ehrenberg) 

Ehrenberg 1840, 67, Yang and Chao, 1996, 1-7, figs. 1-20. 

  

Coscinodiscus radiatus [Plate 2, figs. 3 & 5] Ehrenberg; Fenner, 1978, p. 516, pl. 7, fig. 6. 
 

Coscinodiscus sp. A 

Notes: Morphologically similar to Coscinodiscus marginatus, but distinguished by its smaller 

size and much less prominent margin. 
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Crucidenticula ikebei Akiba and Yanagisawa, 1986, pp. 485, 486, pl. 1, figs. 1, 2; Yanagisawa 

and Akiba, 1990, pp. 228, 229, pl. 1, figs. 10-12; pl. 8, figs. 8-13. 

 

Crucidenticula nicobarica [Plate 2, figs. 30-32] Akiba and Yanagisawa, 1986, pp. 486, 487, pl. 1, 

fig. 9; pl. 2, figs. 1-7; pl. 5, figs. 1-9; Yanagisawa and Akiba, 1990, p. 232, pl. 1, figs. 23-29; 

Censarek and Gersonde, 2002, p. 351, pl. 2, figs. 25, 26. 

Notes: Another variety of C. nicobraica was possibly recognised occurring at Site 747 only, 

which is identical to C. nicobarica but asymmetrical along the apical axis (see Plate 3, fig. 31). 

However, this was grouped here as C. nicobarica. 

 

Cymatosira spp. [Plate 6. Fig. 23] Grunow, 1862. Suto and Uramoto, 2015, p. 21, Pl 5, figs 17-

19. 

 

Dactyliosolen antarcticus Castracane; Hasle, 1975, pp. 119-121, figs. 90-100, 109-112; 

Harwood and Maruyama, 1992, p. 702, pl. 18, fig. 12. 

 

Delphineis spp. Andrews, 1977. 

 

Denticulopsis "hustedtii var. aspera" Maruyama in Harwood and Maruyama, 1992, p. 702, pl. 

10, figs. 8-11, 15, 16. 

Remarks: Bohaty et al. (2003) noted that because of taxonomic revisions in the Denticulopsis 

group by Yanagisawa and Akiba (1990), this form should be renamed, or the variety 

name "aspera" should be elevated to species status. However, this has not yet occurred, so it 

remains D. hustedii var. aspera here. 

 

Denticulopsis crassa [Plate 2, fig. 23] Yanagisawa and Akiba, 1990, pp. 248, 249, pl. 3, figs. 21-

27; pl. 12, figs. 1-8; Censarek and Gersonde, 2002, p. 351, pl. 2, fig. 12. 

 

Denticulopsis delicata [Plate 2, fig. 33] Yanagisawa & Akiba, 1990. pp. 246, pl. 7, figs. 1-4. 

 

Denticulopsis dimorpha [Plate 2, figs. 34, 41-45] Schrader (Simonsen) var. dimorpha 

Yanagisawa and Akiba, 1990, pp. 254, 255, pl. 4, figs. 42-49; pl. 7, figs. 14-16. 
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Denticulopsis dimorpha var. areolata Yanagisawa and Akiba, 1990, p. 257, pl. 4, figs. 40, 41, 

50-54; pl. 5, figs. 13-17; pl. 6, figs. 1-5, 15-23; pl. 12, figs. 15, 16. 

 

Denticulopsis hustedtii Simonsen, 1979. Yanagisawa & Akiba, 1990, p. 246 Pl. 3, figs 14-19, Pl. 

11, figs. 11-13. 

 

Denticulopsis hyalina [Plate 2, figs. 24-26] (Schrader) Simonsen; Yanagisawa and Akiba, 1990, 

pp. 240, 241, pl. 2, figs. 14, 33, 34; pl. 9, figs. 8, 9. 

 

Denticulopsis cf. lauta [Plate 2, figs. 1-6, 8-12] (Bailey) Simonsen, 1979, p. 64; Maruyama, 

1984a, p.14, figs. 1a-8b, p. 785; Akiba, 1986, pl. 26, fig. 15; Akiba and Yanagisawa, 1986, p. 

489, pl. 7, fig. 29, pl. 9, figs. 2-9, non pl. 9, fig. 1. 

Notes: Species resembling Denticulopsis cf. lauta have been grouped here. A new variety was 

possibly identified in addition to classical D. lauta valves at Site 1165 only; featuring a more 

rounded valve outline and less pronounced valve deck (Plate 3, Figs 1-5). However, both 

varieties are grouped here. 

 

Denticulopsis maccollumii Simonsen; Yanagisawa and Akiba, 1990, pp. 264, 265, pl. 2, figs. 39-

41; Harwood and Maruyama, 1992, p. 702, pl. 6, fig. 22; pl. 7, fig. 17; pl. 9, fig. 27; Censarek 

and Gersonde, 2002, p. 351, pl. 2, figs. 32-34. 

 

Denticulopsis maccollumii var. A [Plate 2, figs. 27-28] 

Notes: This variety is distinguished in this study from D. maccollumii by punctation on the valve 

face; usually 1-3 punctae, following Bohaty (unpublished plates, 2013). 

 

Denticulopsis maccollumii sp. 1 [Plate 2, fig. 29] 

Notes: This variety is distinguished from D. maccollumii following Bohaty (unpublished plates, 

2013) due to its more prominent marginal ribs, smaller size (not larger than c. 40 μm) and 

fewer pseudosepta. 

 

Denticulopsis ovata [Plate 2, fig. 46] (Schrader) Yanagisawa and Akiba, 1990, pp. 257, 258, pl. 

6, figs. 6-14, 24-32; Censarek and Gersonde, 2002, p. 351, pl. 2, figs. 13-20. 

Synonym: Denticulopsis meridionalis Harwood and Maruyama, 1992, pp. 702, 703, pl. 6, figs. 1-

4; pl. 7, figs. 1-4, 6-9, 11-13; pl. 9, figs. 1-4, 10-14; pl. 10, fig. 7. 
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Denticulopsis praedimorpha Barron ex Akiba var. praedimorpha Yanagisawa and Akiba, 1990, 

pp. 251, 252, pl. 4, figs. 3-5, 10, 12-17, 39; pl. 5, figs. 4-12; Censarek and Gersonde, 2002, p. 

351, pl. 2, figs. 1-7. 

 

Denticulopsos praelauta [Plate 2, fig. 7] Akiba & Koizumi, 1986, p. 439, p. 26, figs. 10-14; 

Akiba and Yanagisawa, 1986, p. 490, pl. 7, figs 1-15, pl. 8, figs. 1-9; Yanagisawa et al., 1989, pl. 

6, figs. 3-4, Yanagisawa & Akiba, 1990, Pl. 2, figs. 3-5, 16-18. 

 

Denticulopsis praehyalina [Plate 2, fig. 14-15] Tanimura emend. 1989, p. 172-174, p. 1, figs. 1-

4, 6-9b; pl. 2, figs 1-3b, 5-7, non pl. 1, fig. 5, pl. 2, figs 4a, 4b. Yanagisawa & Akiba, 1990, Pl. 2, 

figs 28-32, Pl. 9, figs. 5-6. 

 

Denticulopsis simonsenii/vulgaris [Plate 2, figs. 16-22]  Yanagisawa and Akiba, 1990, pp. 242, 

243, pl. 3, figs. 1-3; pl. 11, figs. 1, 5; Censarek and Gersonde, 2002, p. 351, pl. 2, figs. 21-24. 

Remarks: D. simonsenii was separated from Denticulopsis vulgaris following the taxonomic 

indications of Yanagisawa and Akiba (1990). In this study, I do not distinguish D. simonsenii 

from its descendent D. vulgaris, following Gulick et al. (2017). The primary distinguishing 

feature between these two species is punctation of the valve face (increased in D. simonsenii, 

reduced in D. vulgaris; Yanagisawa & Akiba, 1990). However, valve punctation was not always 

visible due to dissolution of the valves, and several intermediate forms were observed, making 

it difficult to separate the two species. As such, diatom assemblage diversity at Site 1165 may 

be underestimated, particularly where D. simonsenii/ vulgaris is abundant. However, D. 

vulgaris abundance is thought to have remained low until the D. dimorpha diatom zone (NPD 

5D) in the North Pacific at least (Yanagisawa & Akiba, 1990), suggesting most of the D. 

simonsenii/vulgaris valves documented in this study during the Middle Miocene are likely D. 

simonsenii. Substantial variation other than valve punctation was also observed within the 

Denticulopsis simonsenii/vulgaris species complex, for example in terms of density of 

pseudosepta or width of the valve deck, which may allow it to be further split in later studies. 

However, I have followed Bohaty (unpublished plates, 2013) in separating Denticulopsis sp. 3, 

distinguished by its centrally-flared valve outline.  

 

Denticulopsis sp. 3 

Synonym: Bohaty unpublished plates (Pl. 1, figs. 1-12). 
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Description: Frustule rectangular with rounded corners in girdle view, valve elongated but 

centrally flared, 20-50 μm long. Transapical striae finely punctated. Primary and secondary 

pseudosepta present, equally spaced. Short marginal ribs between each pseudosepta. 

Remarks: This species is very similar to Denticulopsis simonsenii, but is distinguished by its 

distinctive centrally flared valve outline. 

Stratigraphic occurrence: This species co-occurs with Denticulopsis simonsenii/vulgaris at ODP 

Site 1165 during the Middle-Late Miocene. 

 

Denticulopsis vulgaris (Okuno) Yanagisawa and Akiba, 1990, pp. 243, 244, pl. 3, figs. 4-8; pl. 

11, figs. 2, 6-10. 

Remarks: See notes under Denticulopsis simonsenii. 

 

Diploneis Ehrenberg, 1845. 

 

Ellerbeckia sol (Ehrenberg) R.M.Crawford & P.A.Sims 2006, 151. 

 

Entopyla spp. Bohaty et al. (2003) Pl. P2, fig. 19). 

 

Eucampia antarctica [Plate 4, fig. 15] (Castracane) Mangin; Krebs, 1983, p. 285, pl. 3, figs. 3a, 

b; Mahood and Barron, 1996b, p. 290, pl. 1, figs. 1-3; pl. 7, figs. 1, 2. 

 

Eucampia antarctica var. "twista" Bohaty, Wise, Duncan, Moore & Wallace 

Notes: This variety of E. antarctica has not been formally described, but is characterized by 

rotation (up to 90°) on the valvar plane, similar to the Paleogene species Hemiaulus 

rectus var. twista Fenner. I have followed Bohaty et al. (2003) in separating it from E. 

antarctica var. recta 

 

Eurossia spp. Mahood, Baron and Sims, 1993., p.254-255, figs. 31-36. 

 

Fragilariopsis arcula (Gersonde) Gersonde and Bárcena, 1998, p. 92; Censarek and Gersonde, 

2002, p. 351, pl. 3, figs. 15-18. 

Basionym: Nitzschia arcula Gersonde, 1991, pp. 143, 144, pl. 2, fig. 4; pl. 4, fig. 4; pl. 5, figs. 1-6. 
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Fragilariopsis aurica (Gersonde) Gersonde and Bárcena, 1998, p. 92; Censarek and Gersonde, 

2002, p. 351, pl. 3, figs. 9-12; Zielinski and Gersonde, 2002, p. 257, pl. 1, figs. 13-15. 

Basionym: Nitzschia aurica Gersonde, 1991, pp. 144-146, pl. 1, figs. 18-25; pl. 3, fig. 5; pl. 4, 

figs. 5, 6; pl. 7, fig. 6. 

 

Fragilariopsis barronii (Gersonde) Gersonde and Bárcena, 1998, p. 92; Zielinski and Gersonde, 

2002, p. 257, pl. 1, figs. 29-31. 

Basionym: Nitzschia barronii Gersonde, 1991, pp. 146, 147, pl. 3, fig. 6; pl. 4, figs. 1-3; pl. 5, 

figs. 7-17. 

 

Fragilariopsis bohatyii Sjunneskog in Sjunneskog et al., 2012., p. 284-285, pl. 3, figs. a-q. 

 

Fragilariopsis claviceps (Schrader) Censarek & Gersonde, 2002. 

Basionym: Nitzschia  claviceps, Schrader, 1976, 633, pl. 2, figs. 2, 4. 
 

Fragilariopsis clementia (Gombos) Zielinski and Gersonde, 2002, p. 33; Censarek and 

Gersonde, 2002, p. 351, pl. 3, figs. 7, 8. 

Basionym: Nitzschia clementia Gombos, 1977, p. 595, pl. 8, figs. 18, 19; Gersonde and Burckle, 

1990, p. 779, pl. 2, figs. 22, 23, Bohaty et al., 2003, Pl. 2, figs 8 and 9. 

 

Fragilariopsis cf. curta (Van Heurck) Hustedt; Hasle, 1965, pp. 32, 33, pl. 6, fig. 6; pl. 12, figs. 2-

5; pl. 13, figs. 1-6; pl. 16, fig. 6; pl. 17, fig. 5. 

Basionym: Fragilaria curta Van Heurck, 1909, p. 24, pl. 3, fig. 37. 

Synonym: Nitzschia curta (Van Heurck) Hasle, 1972, p. 115; Krebs, 1983, p. 286, pl. 4, fig. 4; 

Hasle and Medlin, 1990, p. 181, pl. 24.6, figs. 2-5. 

Notes: specimens that resemble Fragilariopsis curta have been grouped here as F. cf. curta. In 

some specimens, the asymmetric poles characteristic of F. curta are not as obvious, and/or the 

poles are more rounded. However, this varies, and using light microscopy some of these 

specimens are otherwise indistinguishable from F. curta. 

 

Fragilariopsis cylindrus (Grunow) Krieger in Helmcke and Krieger; Hasle, 1965, pp. 34-37, pl. 

12, figs. 6-12; pl. 14, figs. 1-10; pl. 17, figs. 2-4. 

Synonym: Nitzschia cylindrus (Grunow) Hasle, 1972, p. 115; Hasle and Medlin, 1990, p. 181, pl. 

24.6, figs. 6-11. 

 



Neogene diatoms from the Southern Ocean; tiny fossils, big questions 
 

 
 

285 

Fragilariopsis donahuensis [Plate 5, fig. 12] (Schrader) Censarek and Gersonde, 2002, p. 350, 

pl. 3, figs. 13, 14. 

Basionym: Nitzschia donahuensis Schrader, 1976, p. 633, pl. 2, fig. 30; Gersonde and Burckle, 

1990, p. 780, pl. 1, figs. 16-18. 

 

Fragilariopsis efferans (Schrader) Censarek and Gersonde, 2002, p. 350. 

Basionym: Nitzschia efferans Schrader, 1976, p. 633, pl. 2, figs. 1, 3, 5-7. 

 

Fragilariopsis interfrigidaria (McCollum) Gersonde and Bárcena, 1998, p. 92; Zielinski and 

Gersonde, 2002, p. 259, pl. 1, figs. 20, 21. 

Basionym: Nitzschia interfrigidaria McCollum, 1975, p. 535, pl. 9, figs. 7-9; Ciesielski, 1983, p. 

655, pl. 1, figs. 11-18; Gersonde and Burckle, 1990, p. 780, pl. 1, figs. 1-3 Bohaty et al., 2003, Pl. 

P2, figs 15-18). 

 

Fragilariopsis januaria (Schrader) Bohaty n. comb. 2003. 

Basionym: Nitzschia januaria Schrader, 1976, p. 634, pl. 2, figs. 25-29, Ciesielski 1986, pl. 3, fig. 

5; Baldauf and Barron, 1991, pl. 5, fig. 10. 

Remarks: Following the taxonomic revisions of Gersonde and Bárcena (1998), Zielinski and 

Gersonde (2002), and Censarek and Gersonde (2002), this taxon was transferred to the 

genus Fragilariopsis by Bohaty et al. (2003). 

 

Fragilariopsis januaria var. A 

Synonym: Fragliariopsis januaria var. A (Bohaty, unpublished plates 2013); pl. 4, figs. 46-49. 

Notes: This new variety, first recognised by Bohaty (unpublished plates, 2013), is distinguished 

from F. januaria by larger punctation on the valve face and a shorter, wider valve outline. 

 

Fragilariopsis kerguelensis (O'Meara) Hustedt; Hasle, 1965, pp. 14-18, pl. 3, figs. 4, 5; pl. 4, 

figs. 11-18; pl. 5, figs. 1-11; pl. 6, figs. 2-4; pl. 7, fig. 9; pl. 8, fig. 10; pl. 16, figs. 3-5. 

Notes: Fragilariopsis barronii grades into F. kerguelensis in the upper part of its range (see 

illustrations of transitional forms in Zielinski and Gersonde, 2002, pl. 1, figs. 25-28). Early forms 

of F. kerguelensis have smaller areolae than typical modern forms of F. kerguelensis. 

Synonym: Nitzschia kerguelensis (O'Meara) Hasle, 1972, p. 115; Fenner et al., 1976, p. 776, pl. 

2, figs. 19-30; Hasle and Medlin, 1990, p. 181, pl. 24.2, figs. 11-18, Bohaty et al., 2003, Pl2, fig. 

13. 
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Fragilariopsis lacrima (Gersonde) Gersonde and Bárcena, 1998, p. 92; Censarek and Gersonde, 

2002, p. 351, pl. 3, figs. 5, 6; Zielinski and Gersonde, 2002, p. 259, pl. 1, figs. 8, 9. 

Basionym: Nitzschia lacrima Gersonde, 1991, p. 148, pl. 1, figs. 1-6, 26; pl. 2, figs. 1-3, Bohaty 

bet al., 2003, P2, figs. 10, 11. 

 

Fragilariopsis cf. linearis (Castrane) Frenguelli, 1943, p. 244, pl. 1, fig. 16. 

Synonym: Nitzschia lineata (Castracane) Hasle, 1972, p 115. 

 

Fragilariopsis matuyamae Gersonde and Bárcena, 1998, p. 93, pl. 1, figs. 1-9, 13-16; pl. 2, figs. 

1, 4, 5, 7-9; Zielinski and Gersonde, 2002, p. 259, pl. 1, figs. 10, 11. 

 

Fragilariopsis miocenica (Burckle) Censarek & Gersonde (2002). 

 

Fragilariopsis obliquecostata (Van Heurck) Heiden in Heiden and Kolbe; Hasle, 1965, pp. 18-

20, pl. 7, figs. 2-7. 

Basionym: Nitzschia obliquecostata (Van Heurck) Hasle, 1972, p. 115; Fenner et al., 1976, pp. 

776, 777, pl. 2, figs. 15-18. 

 

Fragilariopsis praecurta (Gersonde) Gersonde and Bárcena, 1998, p. 92; Censarek and 

Gersonde, 2002, pp. 351, 352, pl. 3, figs. 19-21. 

Basionym: Nitzschia praecurta Gersonde, 1991, pp. 148, 149, pl. 1, figs. 7-17; pl. 2, figs. 5, 6; pl. 

3, figs. 3, 4; pl. 10, fig. 7. 

 

Fragilariopsis praeinterfrigidaria (McCollum) Gersonde and Bárcena, 1998, p. 92; Zielinski and 

Gersonde, 2002, p. 259, pl. 1, figs. 22, 23; Censarek and Gersonde, 2002, p. 352, pl. 3, figs. 22, 

23. 

Basionym: Nitzschia praeinterfrigidaria McCollum, 1975, p. 535, pl. 10, fig. 1; Ciesielski, 1983, 

p. 655, pl. 2, figs. 1-8, 13-16; pl. 3, fig. 5. 

Notes: Intermediate forms between F. praeinterfrigidaria and Fragilariopsis interfrigidaria 

were noted in the Pliocene section of ODP Hole 1165B. These forms possessed light 

silicification between the transapical costae, also noted by Bohaty et al. (2003) at ODP Site 

1138, but are included in F. praeinterfrigidaria unless unambiguloisly F. interfrigidaria. 
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Fragilariopsis pseudokerguelensis [Plate 5, fig. 13] Schrader, 1976, p. 634, pl. 15, figs. 13–

15. Gersonde and Burckle, 1990, pl. 2, fig. 2, Censarek & Gersonde, 2002, Pl. 2, fig. 39. 

Basionym: Niztschia pseudokerguelensis Schrader, 1976, Censarek & Gersonde, 2002.  

 

Fragilariopsis pseudonana Hasle; Hasle, 1965, pp. 22-24, pl. 1, figs. 7-14; pl. 4, figs. 20, 21; pl. 

8, figs. 1-9; pl. 17, fig. 6. 

Basionym: Nitzschia pseudonana Hasle, 1974, p. 427; Fenner et al., 1976, p. 777, pl. 2, figs. 6-

11; Hasle and Medlin, 1990, p. 181, pl. 24.1, figs. 7-14. 

Remarks: See Hasle and Syvertsen (1996) for comments on the taxonomy of this species. 

 

Fragilariopsis pusilla (Schrader) Censarek and Gersonde, 2002, p. 350, pl. 3, fig. 25. 

Basionym: Nitzschia pusilla Schrader, 1976, p. 634, pl. 2, fig. 20. 

 

Fragliariopsis robusta Sjunneskog & Reisselman in in Sjunneskog et al. 2012: 277; pl. 5,6. 

Basionym: Nitzschia robusta Hustedt, 1949. 

 

Fragilariopsis rhombica (O'Meara) Hustedt; Hasle, 1965, pp. 24-26, pl. 1, fig. 6; pl. 4, fig. 19; pl. 

6, fig. 5; pl. 8, fig. 11; pl. 9, figs. 1-6; pl. 10, figs. 2-6. 

Synonym: Nitzschia angulata Hasle, 1972, p. 115; Fenner et al., 1976, p. 775, pl. 1, figs. 17-39; 

Hasle and Medlin, 1990, p. 181, pl. 24.1, fig. 6; pl. 24.2, fig. 19; pl. 24.4, figs. 1-6. 

 

Fragilariopsis ritscheri Hustedt; Hasle, 1965, pp. 20, 21, pl. 1, fig. 20; pl. 3, fig. 3; pl. 4, figs. 1-

10; pl. 5, figs. 12, 13; pl. 6, fig. 1; pl. 7, fig. 8. 

Synonym: Nitzschia ritscheri (Hustedt) Hasle, 1972, p. 115; Fenner et al., 1976, p. 777, pl. 3, 

figs. 1-12; Hasle and Medlin, 1990, p. 181, pl. 24.1, fig. 20; pl. 24.2, figs. 1-10; pl. 24.3, fig. 9. 

 

Fragilariopsis separanda Hustedt; Hasle, 1965, pp. 26, 27, pl. 9, figs. 7-10; pl. 10, fig. 1; 

Zielinski and Gersonde, 2002, p. 259, pl. 1, figs. 16, 17. 

Synonym: Nitzschia separanda (Hustedt) Hasle, 1972, p. 115; Fenner et al., 1976, p. 777, pl. 1, 

figs. 1-16; Hasle and Medlin, 1990, p. 181, pl. 24.2, figs. 7-10. 

 

Fragilariopsis truncata H. T. Brady ex M. P. Olney in Olney et al., 2007, Pl 1., figs 6-11, Pl 2., figs 

23-28. 
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Synonyms: Nitzschia truncata Brady 1978, p. 123-123, no illustration; Brady 1979, p.130, 

Brady, 1980, pp. 10-12, Pl. 6, figs 11-14. 

Notes: Olney et al. (2007) note that this species may be an ancestor of Fragilariopsis 

vanheurckii and/or other Fragliariopsis species that evolved in the Middle/Late Miocene. As 

such, it is also morphologically similar to some specimens included in Fragilariopsis cf. curta 

group in this study and is, at times, difficult to separate from Fragilariopsis curta likely due to 

transitional species between the two. Brady et al. (1983) note that the main difference 

between F. curta and F. truncata are a greater striae density and single arrangement of pores 

in F. truncata, but this is difficult to view using light microscopy and may only become 

apparent under SEM.  

 

Fragilariopsis sublinearis (Van Heurck) Heiden and Kolbe, 1943, p. 241, figs 12, 13-15. 

 

Fragilariopsis weaveri (Ciesielski) Gersonde and Bárcena, 1998, p. 93; Zielinski and Gersonde, 

2002, p. 260, pl. 1, figs. 18, 19. 

Basionym: Nitzschia weaveri Ciesielski, 1983, p. 655, pl. 1, figs. 1-10. 

 

Fragilariopsis cf. vanheruckii (Peragallo) Hustedt, 1958: 166, pl. 12, figs 154-156.  

Notes: Valves resembling Fragliariopsis vanheurckii have been grouped here as F. cf. 

vanheurckii.  

 

Fragliariopsis sp. nov #1  

Synonym: Bohaty, unpublished plates (2013), plate 5, figs 39-40. 

 

Fragliariopsis sp. nov #2 

Synonym: Bohaty, unpublished plates (2013), plate 5, fig 38 

Notes: Morphologically similar to F. januaria, but distinguished by its symmetrical outline. 

 

Fragliariopsis sp. nov #3 

Synonym: Bohaty, unpublished plates (2013), plate 5, fig 41. 

Notes: Small, length 5-20 μm. Strongly pointed valve ends, flared towards the centre. 

Morphologically resembles F. rhombica, and may represent an ancestor; further investigation 

by SEM microscopy is required to fully distinguish.  

 



Neogene diatoms from the Southern Ocean; tiny fossils, big questions 
 

 
 

289 

Fragliariopsis sp. nov #4  

Synonym: Bohaty, unpublished plates (2013), plate 5, fig 51-52. 

Notes: Valves approximately 10-20 μm in length. Distinguished from F. praecurta by its 

narrower valve shape and isopolar ends, and also distinguished from F. curta by its isopolar 

ends. 

 

Fragilariopsis sp. A Harwood, Harwood, Bohaty, S. and Scherer, R. 1998. 

Basionym: Niztschia sp. A (Harwood, Sherwood and Webb, 1989, pl. 4, figs 12-14), Kellogg and 

Kellogg, 1986, pl. 2., fig 23. 

 

Grammatophora spp. [Plate 6, figs. 25-26] Ehrenberg 1840. 

 

Hemiaulus Heiberg, 1863.  

Notes: species of Hemiaulus are assumed to be reworked in the study interval at Site 1165. 

 

Hemidiscus cuneiformis Wallich; Fenner, et al., 1976, p. 774, pl. 11, fig. 17; Harwood and 

Maruyama, 1992, pl. 11, fig. 11. Iwai & Winter, 2002, Pl. P21, fig. 2. 

Hemidiscus karstenii f. 1 of Ciesielski, 1983, p. 656, pl. 4, figs. 2-5, but not pl. 4, fig. 1. 

Remarks: This form is described with widely spaced areolae in the central area (Ciesielski, 

1983). I have followed Bohaty et al. (2003) in strictly applying this definition and excluding 

specimens with closely packed areolae in the central area (Ciesielski, 1983, pl. 4, fig. 1). In 

contrast, Zielinski and Gersonde (2002, p. 260) apply "H. karstenii f. 1" to specimens with 

closely packed areolae in the central area. 

 

Hemidiscus karstenii Jousé; Abbott, 1974, p. 313, pl. 1, figs. D-F; Fenner, 1991, p. 108, pl. 1, fig. 

2; Censarek and Gersonde, 2002, p. 352, pl. 3, fig. 27. 

 

Hemidiscus ovalis Lohman, 1938. P. 91, Pl. 22, fig. 9. 

 

Hemidiscus sp. cf. H. cuneiformis Wallich; Schrader, 1973, p. 706, pl. 24, fig. 14; Fenner et al., 

1976, p. 774, pl. 11, fig. 17; Harwood and Maruyama, 1992, p. 703, pl. 11, fig. 11; Censarek and 

Gersonde, 2002, p. 352, pl. 4, fig. 5. 
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Hemidiscus triangularus (Jousé) Harwood and Maruyama, 1992, p. 703; Censarek and 

Gersonde, 2002, p. 352, pl. 4, figs. 1-4. 

Basionym: Cosmiodiscus insignis f. triangula Jousé; Ciesielski, 1983, p. 656, pl. 5, figs. 1-10; 

Ciesielski, 1986, p. 876, pl. 4, figs. 5, 6. 

 

Isthmia spp. Agardh, 1832. 

 

Kisseleviella spp. Sheshukova-Poretzkaya, 1962. 

 

Liradiscus spp. Greville, 1985. 

 

Lithodesmium minisculum Grunow in Van Heurck; Schrader, 1973, p. 706, pl. 12, figs. 7(?), 15, 

17. 

 

Lisitzinia ornata Jousé, 1978, 47, tabl. 10, fig. 1-6. 

 

Macrora barbadensis [Plate 4, fig. 2] (Deflandre) Bukry, 1977. 

 

Melosira spp. [Plate 6, fig. 14] Agardh, 1824 

 

Navicula spp. Bory, 1822 

 

Nitzschia cf. challengerii [Plate 5, fig. 14] Schrader, 1973, p. 754-755, Pl. 5, Figs 10-14. 

 

Nitzschia denticuloides [Plate 5, figs. 1-2] Schrader, 1976, p. 633, pl. 3, figs. 7, 8, 10, 12, 18-24; 

pl. 15, fig. 22; Harwood and Maruyama, 1992, p. 704, pl. 8, figs. 5-8, 17; pl. 9, figs. 24-26; pl. 

10, fig. 1; Censarek and Gersonde, 2002, p. 352, pl. 2, figs. 27-31. 

 

Nitzschia grossepunctata [Plate 5, figs. 5-7] Schrader, 1976, pp. 633, 634, pl. 3, figs. 1-4; 

Harwood and Maruyama, 1992, p. 704, pl. 10, fig. 2; Censarek and Gersonde, 2002, p. 352, pl. 

2, figs. 37, 38. 

 

Nitzschia maleinterpretaria Schrader, 1976, p. 634, pl. 2, figs. 9, 11-19, 21, 24. 
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Synonym: Fragilariopsis maleinterpretaria (Schrader) Censarek and Gersonde, 2002, p. 351, pl. 

3, fig. 26. 

 

Nitzschia miocenica Burckle; Ciesielski, 1983, p. 656, pl. 2, figs. 9-12; Akiba, 1986, p. 443, pl. 

23, figs. 10, 14; Akiba and Yanagisawa, 1986, p. 496, pl. 39, figs. 7-15; pl. 41, figs. 1, 2. 

Synonym: Fragilariopsis miocenica (Burckle) Censarek and Gersonde, 2002, p. 351. 

 

Nitzschia porteri Frenguelli, 1949. 116, Pl. 1, figs. 33, 34. 

 

Nitzschia reinholdii Kanaya ex Schrader, 1973, p. 708, pl. 4, figs. 12-16; pl. 5, figs. 1-9; Akiba, 

1986, pp. 443, 444, pl. 22, figs. 4, 5; Akiba and Yanagisawa, 1986, p. 496, pl. 40, figs. 8, 9; pl. 

41, figs. 3, 4. 

Synonym: Fragilariopsis reinholdii (Kanaya) Zielinski and Gersonde, 2002, p. 259, pl. 1, figs. 3, 

4; Censarek and Gersonde, 2002, p. 352, pl. 3, figs. 1, 2. 

 

Nitzschia sp. 3 [Plate 5, fig. 9] Farmer, 2011. Pl. 4, figs. 12, 16. 

 

Nitzschia sp. 17 [Plate 5, fig. 3-4] of Schrader, 1976, p. 634, pl. 3, figs. 13-15, 17; pl. 2, fig. 10. 

 

Paralia sulcata (Ehrenberg) Cleve, 1873. 

Synonym: Melosira sulcata (Ehrenberg) Kützing; Schrader, 1973, p. 706, pl. 20, fig. 9. 

 

Pleurosigma spp. Smith, 1852.  

 

Proboscia barboi (Briin) Jordan el Priddle, 1991, p. 56, figs. 1-2; Fenner, 1991, pi. 3, figs. 1, 3.  

Basionym: Pyxilla (Rhizosolenia) barboi Briin, 1894, p. 87, pi. 5, figs. 16, 17, 23.  

Synonyms: Rhizosolenia barboi (Brim) Tempere et Peragallo, 1908, p. 26, no. 47; Rhizosolenia 

curviostris var. inermis Jouse, 1971, p. 15, pi. 2, figs. 1, 2; Simonseniella barboi (Brtin) Fenner, 

1991, p. 108, pi. 3, figs. 1,3. 

 

Pyxilla Greville, 1865, p1-10, Pl. 1-2. 

Notes: assumed to be reworked in samples aged 15 Ma or younger from ODP Sites 747, 744 

and 1165. 
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Raphidodiscus marylandicus Christian; Andrews, 1978, p. 400, pl. 5, figs. 23, 24; Schrader, 

1976, p. 635, pl. 5, fig. 19; pl. 15, fig. 16. 

 

Rhabdonema japonicum [Plate 6, fig. 27-28] Tempère and Brun; Scherer et al., 2000, p. 436, 

pl. 5, fig. 10., Harwood et al. 2000, p. 460, pl. 9, fig. K, fig 5.16. 

 

Rhabdonema spp. [Plate 6, figs. 15-22] Kützing 1844; e.g. Whitehead et al., 2004, p. 536, fig. 

5.16. 

 

Rhaphoneis spp. Ehrenberg 1845; e.g. Whitehead et al., 2004, p. 536, fig. 5.19. 

 

Rhizosolenia costata Gersonde, 1991, pp. 149, 150, pl. 9, figs. 1-6; pl. 10, figs. 1-6; Harwood 

and Maruyama, 1992, p. 705, pl. 18, figs. 1, 2. 

 

Rhizosolenia harwoodii sp. nov. Winter, in Winter et al., 2012, p.66, Pl 5, fig 18. 

Synonym: Rhizosolenia sp. D Harwood et Maruyama, 1992, Pl. 18, Figs. 7–10; Rhizosolenia sp. 

A. of Akiba, 1986, Pl. 18, Fig. 11; Rhizosolenia sp. A of Koizumi, 1968, Pl. 34, Figs. 2a–b. 

 

Rhizosolenia hebetata [Plate 4, fig. 19] Bailey; Scherer et al., 2000, p. 436, pl. 3, figs. 6, 7. 

 

Rhizosolenia hebetata f. hiemalis [Plate 4, fig. 16-17] Gran sensu Schrader, 1973, p. 709, pl. 9, 

figs. 11, 13-17, 19-21, 24, 25; Schrader, 1976, p. 635, pl. 9, figs. 1-3; Akiba, 1986, p. 444, pl. 17, 

figs. 10, 11; pl. 18, figs. 9, 10; Harwood and Maruyama, 1992, p. 11, fig. 7. 

Remarks: Rhizosolenia hebetata f. hiemalis and Rhizosolenia hebetata f. hiemalis-

spinosa identified by Schrader (1976) are included together here. 

 

Rhizosolenia styliformis [Plate 4, fig. 20] Brightwell; Schrader, 1973, p. 710, pl. 9, fig. 9(?); pl. 

10, figs. 1, 18-21. 

 

Rhizosolenia sp. 1 [Plate 4, fig. 18].  

Synonym: Bohaty, unpublished plates (2013), Pl. 16, fig 3-4. 

 

Rhizosolenia sp. A  

Synonym: Bohaty, unpublished plates (2013), Pl. 16, figs. 9-11. 
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Rocella gelida (Mann) Bukry; Gombos and Ciesielski, 1983, p. 604, pl. 6, figs. 1-6; pl. 26, fig. 1. 

 

Rouxia antarctica Heiden in Heiden and Kolbe; Schrader, 1976, p. 635, pl. 5, figs. 1-8; Mahood 

and Barron, 1996b, p. 292, pl. 2, figs. 5, 6; pl. 7, figs. 18, 19; Zielinski and Gersonde, 2002, p. 

261, pl. 2, fig. 10. 

 

Rouxia californica Peragallo; Schrader, 1973, p. 710, pl. 3, figs. 18-20, 22(?), 26; Baldauf and 

Barron, 1991, p. 590, pl. 5, fig. 6. 

 

Rouxia diploneides Schrader, 1973, p. 750-751, Pl. 3, figs 24-25. 

Synonym: Navicula rouxiodiea Sheshukova-Poretskaya (1976) (partim) p. 284, pl. XLVI, figs. 6a, 

6b. 

 

Rouxia heteropolara Gombos; Gombos, 1977, p. 597, pl. 7, figs. 14, 15. 

 

Rouxia isopolica Schrader, 1976, pp. 635, 636, pl. 5, figs. 9, 14, 15, 20. 

 

Rouxia naviculoides Schrader, 1973, p. 710, pl. 3, figs 27-32; Zielinski and Gersonde, 2002, p. 

261, pl. 2, figs. 8, 9. 

 

Rouxia peragalli Brun and Héribaud sensu Baldauf and Barron, 1991, p. 590, pl. 5, figs. 7, 8. 

 

Shionodiscus praeoestrupii (Dumont, Baldauf & Barron) Alverson, Kang & Theriot 

 

Shionodiscus tetraoestrupii Bodén, 1993, p. 63, pl. 1, figs. A-G; pl. 2, figs. A, B, H, J; Mahood 

and Barron, 1995, figs. 9-19, 25, 26, 28-46. 

Remarks: Following Bohaty et al. (2003), this group includes several species that possess a 

central strutted process and a labiate process on the valve face. Thalassiosira 

tetraoestrupii var. reimeri was recorded separately. 

 

Shionodiscus tetraoestrupii var. reimeri Mahood and Barron, 1995, p. 2, figs. 1-8, 20-24, 27. 

Remarks: T. tetraoestrupii var. reimeri has a narrow, consistent range in the upper Pliocene of 

ODP Site 1165 (Bohaty et al., 2003). A few rare specimens were also identified in the lower 
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Pleistocene; these occurrences may indicate a longer total range for this taxon, or they may be 

reworked. 

 

Sphyntolethus spp. Hanna, 1927. 

 

Stellarima microtrias [Plate 4, fig. 13] (Ehrenberg) Hasle and Sims; Hasle et al., 1988, pp. 196-

198, figs. 1-25. 

 

Stellarima stellaris (Roper) Hasle and Sims; Hasle et al., 1988, pp. 198-200, figs. 26-38. 

 

Stephanopyxis turris [Plate 4, figs. 6-8] (Greville et Arnott) Ralfs; Schrader et Fenner, 1976, pi. 

30, figs. 1-10, 14; pi. 37, figs. 17-19. 

 

Stephanopyxis sp. B [Plate 4, fig. 11-12] in Harwood and Bohaty, 2000, Pl 2., Fig. F. 

 

Syndera spp. Ehrenberg 1832. 

 

Synedropsis sp. A  

Synonym: Bohaty, unpublished plates (2013). Pl. 6, Fig. 3. 

 

Synedropsis sp. B Bohaty in Bohaty et al., 2003, p. 51, Pl. 2, fig 12. 

Synonym: "Tigeria" sp. B of Scherer et al., 2000, p. 440, pl. 2, fig. 15 (Pl. P2, fig. 12). 

 

Synedropsis sp. C  

Synonym: Bohaty, unpublished plates (2013), Pl. 6, fig. 8. 

 

Synedropsis sp. 1  

Synonym: Bohaty, unpublished plates (2013). Pl. 6, fig. 2. 

 

Thalassionema nitzschioides (Grunow) Mereschkowsky; Hasle, 2001, pp. 9-16, figs. 1-3, 5-25, 

27. 

 

Thalassionema nitzschioides var. 1 Bohaty et al. (2003). 



Neogene diatoms from the Southern Ocean; tiny fossils, big questions 
 

 
 

295 

Notes: Separation of this form from Thalassionema nitzschioides follows Bohaty et al. (2003) at 

Site 1138, where this form is present in the upper Miocene- lower Pliocene section. 

Thalassionema nitzschioides var. 1 is distinguished from T. nitzschioides by one apical end that 

is inflated. 

 

Thalassionema nitzschioides var. parva [Plate 5, fig. 11] Heiden; Hasle, 2001, pp. 9-16, figs. 4, 

26. 

 

Thalassiothrix/Trichotoxon [Plate 5, fig. 10] 

Notes: species of Thalassiothrix and Trichotoxon are grouped together in this thesis. However, 

Trichotoxon reinboldii (Van Heurck) F. M. H. Reid & Round 1988: 224, is the only species in the 

Trichotoxon genus, and the Thalassiothrix species in this record likely consist of Thalassiothrix 

longissima Cleve and Grunow, 1880; Hustedt, 1958, p. 247, fig. 726, Thalassiothrix 

antarctica Schimper ex Karsten 1905: 124, pl. 17: fig. 12 and/or Thalassiothrix 

miocenica Schrader, 1973, p. 713, pl. 23, figs. 2–5 (Plate V, 15). 

 

Thalassiosira cf. antarctica [Plate 4, fig. 5] Comber, 1896. 

Synonym: Thalassiosira antarctica Comber; Krebs, 1983, p. 286, pl. 5, fig. 4a-f; Johansen and 

Fryxell, 1985, p. 158, figs. 15-17, 37-39. 

Notes: Specimens resembling T. antarctica are grouped as T. cf. antarctica. However, these 

specimens occur much earlier at Site 1165 than in the published literature and, as such, may 

represent an earlier form of T. antarctica. 

 

Thalassiosira complicata Gersonde, 1991, pp. 150, 151, pl. 1, figs. 1, 2; pl. 5, figs. 18-20; pl. 6, 

figs. 1-6; pl. 7, figs. 1-5. 

 

Thalassiosira convexa var. aspinosa Schrader, 1974. pi. 2, figs. 8, 9, 13-21.  

Synonym: Thalassiosira convexa Koizumi 1975a, pi. 4, figs. 15-18.  

 

Thalassiosira elliptipora (Donahue) Fenner ex Mahood and Barron, 1996b, pp. 292-294, pl. 4, 

fig. 3; pl. 5, figs. 4a-7c; pl. 8, fig. 6. 

 

Thalassiosira fasciculata Harwood and Maruyama, 1992, p. 707, pl. 15, figs. 4-6; Mahood and 

Barron, 1996a, p. 287, figs. 15-24, 27, 28. 
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Thalassiosira gersondei Barron in Barron and Baldauf, 1991, PI. 2, Figs. 1, 2; PI. 3, Figs. 1, 3, 5, 

6; PI. 5, Fig. 4. 

 

Thalassiosira gracilis (Karsten) Hustedt; Johansen and Fryxell, 1985, pp. 168-170, figs. 8, 58, 

59. 

Remarks: T. gracilis var. gracilis and T. gracilis var. expecta are grouped together in this thesis. 

 

Thalassiosira insigna (Jousé) Harwood and Maruyama, 1992, p. 707, pl. 14, figs. 3-5; Zielinski 

and Gersonde, 2002, p. 264, pl. 5, figs. 14, 15 (Pl. P1, fig. 4). 

Notes: From Bohaty et al. (2003): “The current usage of "Thalassiosira insigna" for Pliocene 

specimens from the Southern Ocean is incorrect (D. Harwood, pers. comm., 2002). The 

basionym for this taxon, Cosmiodiscus insignis Jousé, was described from the North Pacific 

samples (Jousé, 1977) and is better placed within the family Hemidiscaceae, not 

Thalassiosiraceae, based on the presence of a marginal ring of labiate processes and the 

absence of strutted processes. The Southern Ocean forms, however, possess strutted 

processes and, therefore, should be given a separate name within the Thalassiosiraceae (pers. 

comm. I. Makarova to D. Harwood, 1999).” In this thesis I have followed Bohaty et al. (2003) in 

applying the taxonomy of Harwood and Maruyama (1992) and continued the (incorrect) usage 

of T. insigna. Only specimens with an entirely hyaline central area (i.e., nonperforated) are 

included as T. insigna. 

 

Thalassiosira inura Gersonde, 1991, p. 151, pl. 6, figs. 7-14; pl. 8, figs. 1-6; Gersonde and 

Burckle, 1990, p. 782, pl. 3, figs. 15-17; pl. 5, fig. 14; Harwood and Maruyama, 1992, p. 707, pl. 

14, figs. 12-16. 

 

Thalassiosira jacksonii Koizumi and Barron in Koizumi; Baldauf and Barron, 1991, p. 591, pl. 6, 

fig. 7. 

 

Thalassiosira kolbei (Jousé) Gersonde, p. 793, pl. 1, fig. 2; pl. 5, figs. 3, 5, 6; Fenner, 1991, p. 

108, pl. 1, figs. 1, 4; pl. 2, figs. 3, 4; Mahood and Barron, 1996b, p. 294, pl. 4, figs. 1, 2; pl. 8, fig. 

1a, b. 

 



Neogene diatoms from the Southern Ocean; tiny fossils, big questions 
 

 
 

297 

Thalassiosira lentiginosa (Janisch) Fryxell; Mahood and Barron, 1996b, p. 294, pl. 4, figs. 4a, b, 

5; pl. 8, fig. 2a, b. 

Notes: As at ODP Site 1138 (Bohaty et al., 2003), the first occurrence of T. lentiginosa could not 

be determined with certainty at ODP Site 1165; early forms appear to intergrade 

with Thalassiosira striata. As noted by Bohaty et al. (2003); “both T. lentiginosa and T. 

striata possess strutted processes scattered across the valve face, and some lower to middle 

Pliocene specimens of T. striata possess a large labiate process that is radially oriented on the 

valve margin—a diagnostic feature of T. lentiginosa. SEM work is needed to clarify the 

taxonomic differences between T. lentiginosa and T. striata.” 

 

Thalassiosira maculata Fryxell and Johansen in Johansen & Fryxell, 1985, p. 170, figs 13, 69, 

70, 72-74, 77-80. 

 

Thalassiosira mahoodii Barron, Baldauf and Barron, 1991, p. 585; pl. 2, fig. 3-5, pl. 3, fig. 2, 4, 

pl. 4, fig. 1-6. 

 

Thalassiosira miocenica Schrader; Barron, 1985a, p. 445, pl. 5, fig. 6; Barron, 1985b, p. 792, fig. 

11.11; Gersonde and Burckle, 1990, p. 782, pl. 3, figs. 4, 5; Baldauf and Barron, 1991, p. 591, pl. 

6, fig. 2. 

 

Thalassiosira nansenii Scherer and Koç, 1996, p. 89, pl. 4, figs. 1-5. 

 

Thalassiosira nativa Sheshukova-Poretzkaya (1959), p. 41, pl. 1, fig. 8; pl. 4, fig. 5; Schrader 

(1976), p. 636, pl. 12, figs. 8–11; Baldauf and Barron (1991), p. 591, pl. 6, fig. 5; Iwai and Winter 

(2002), p. 13, pl. P19, fig. 9, 10 (Pl. P11, figs. 3, 4). 

 

Thalassiosira oliveriana (O'Meara) Makarova and Nikolaev; Mahood and Barron, 1996b, pl. 5, 

figs. 1-3; pl. 8, figs. 3-5. 

Notes: Specimens identified as T. oliverana represent a complex group of morphologies with 

both coarse and fine areolation. Forms with a central dimple (Harwood and Maruyama, 1992, 

pl. 14, figs. 11, 17) and small diameter (≤40 µm) are included here as T. oliveriana. Specimens 

of Thlassiosira oliveriana var. sparsa (see Harwood and Maruyama, 1992, p. 708, pl. 16, fig. 13) 

were recorded separately. 
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Thalassiosira oliveriana var. sparsa Harwood and Maruyama, 1992, p. 708, pl. 16, fig. 13; 

Censarek and Gersonde, 2002, p. 353, pl. 5, figs. 1, 2. 

 

Thalassiosira praefraga Gladenkov and Barron, 1995, pp. 30, 31, pl. 2, figs. 3-6, 9; Scherer et 

al., 2000, p. 440, pl. 2, figs. 3, 7. 

 

Thalassiosira praelineata Jousé, 1977. Harwood and Maruyama, 1992, pl. 5, figs. 6–9 (Plate V, 

6–7).  

Synonym: Coscinodiscus praelineatus Jousé as synonyms of Thalassiosira leptopus (Grun.) 

Hasle and G. Fryx in Hasle and Syversten, 1982, pl. 1, fig. 6. 

 

Thalassiosira striata Harwood and Maruyama, 1992, p. 708, pl. 15, figs. 7-9; Zielinski and 

Gersonde, 2002, p. 264, pl. 4, fig. 7. 

Notes: See discussion under Thalassiosira lentiginosa. 

 

Thalassiosira torokina Brady, 1977, p. 123, figs. 1-5; Scherer, 1991, pl. 2, fig. 4; Mahood and 

Barron, 1996b, p. 296, pl. 6, figs. 1-3; pl. 8, fig. 8. 

 

Thalassiosira tumida (Janisch) Hasle in Hasle et al.; Fenner et al., 1976, p. 780, pl. 10, figs. 6, 7; 

Johansen and Fryxell, 1985, pp. 176, 177, figs. 28-32. 

 

Thalassiosira vulnifica (Gombos) Fenner, 1991, p. 108, pl. 2, fig. 2; Mahood and Barron, 1996a, 

pp. 285-287, figs. 1-14, 25, 26. 

 

Thalassiosira sp. nov [Plate 2, Fig. 5] 

Synonym: Thalassiosira cf. eccentrica Bohaty, unpublished plates (2013), Pl. 9, fig. 1; Fryxell 

and Hasle, 1972, p. 300, figs. 1-18 (Pl. P1, fig. 6). 

Description: Valve circular, convex and 31-40 μm in diameter with a prominent fultoportula, 

ribbed margin and strutted processes around the edge of the valve face. Coarse hexagonal 

striation of the valve occurs in a near-straight tangential arrangement. 

Remarks: This species is morphologically similar to Thalassiosira eccentrica, but shows larger 

areolae, no central arrangement of pores around the fultoportula and a distinctive near-

straight tangential striation pattern, whilst T. eccentrica can often exhibit curved tangential 

striation. 
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Stratigraphic occurrence: This species was present at ODP Sites 747, 744 and 1165 at low 

abundances. Based on stratigraphic occurrences at ODP Hole 747A constrained by 

magnetostratigraphy, the first appearance of Thalassiosira sp. nov within the 15-12 Ma 

interval was at 13.72 Ma at 69.78 mbsf, with its last appearance at 13.35 Ma at 66.35 mbsf. At 

ODP Hole 1165B, it first appears at 283.56 mbsf and disappears at 276.16 mbsf. At ODP Hole 

744B, it first appears at 55.58 mbsf and disappears at 53.80 mbsf. In this thesis, the last 

appearance of this species at 13.35 Ma is used in the age models at ODP Holes 744B and 

1165B. 

 

Trinacria excavata [Plate 6, figs. 10] Heiberg 1863, Figure 6.22, Harwood, 1989, p. 82, pl. 3, 

fig. 1. 

 

Trigonium arcticum (Brightwell) Cleve 1868. 
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13.  Appendix 3: alternative age model at Site 1165. 

Two age models were considered at Site 1165, discussed in detail in Chapter 4, section 4.4. One 

features a hiatus at Site 1165 between 14.3-13.4 Ma, whilst one interprets relatively continuous 

sedimentation during this section (as was interpreted by previous age models for this interval; 

Shipboard Science Party, 2001; Florindo et al., 2003). The age model without the hiatus is used 

in the text of the thesis, for reasons outlined in Section 4.4. However, three figures from Chapter 

6 using the alternative age model (including the hiatus) are presented here for reference.  

 

Figure 1. Alternative to Figure 3 in Chapter 6. Diatom relative abundance at ODP Site 1165 

between 15-12 Ma. Planktonic and benthic δ18O is from Site 747 (Majewski & Bohaty, 2010), 

and IRD at Site 1165 is from this study (purple bars) and lonestones from the Shipboard Scientific 

Party (2001) (red bars). Blue and pink horizontal shading indicates Miocene glaciation events 

(Mi3a, Mi, Mi4) and the transient increase in SSTs following Mi3, respectively. 
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Figure 2. Alternative to Figure 7, Chapter 6. A) ODP Site 1146 benthic oxygen isotopes (Holbourn 

et al., 2013); B) ODP Site 1171 SST record (Shevenell et al., 2004), C-E: % A. ingens group 

abundances at ODP Sites 1165, 744 and 747. F) IRD at Site 1165. Black bars= this study, red bars= 

lonestones (Shipboard Science Pary, 2001). Vertical blue shaded bars indicate Miocene isotope 

glaciation events. Vertical dark pink shaded box represents SST warming following Mi3. Pale pink 

shaded bars indicate four subsequent interglacials that seem to be paced by 100 kyr-eccentricity 

cycles. The bottom panel shows the lithological transitions at Site 1165 from Unit II (thinly 
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bedded, laminated fissile claystones with minimal bioturbation) to Unit III (moderately 

bioturbated structureless clays with increased clay mineral content, shelf-derived foraminifers 

and glauconite). 

 

Figure 3. Alternative to Figure 8, Chapter 6. Diatom species at ODP Sites 747, 744 and 1165, 

group by inferred palaeoecological preferences (see Chapter 5 and Appendix 1). In the right-
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hand panel, benthic (blue) and planktonic (red) Site 747 stable oxygen isotope records are shown 

(Majewski & Bohaty, 2010). 


