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Abstract

Coccolith carbon isotope 'vital effects’, which are the departure of the coccolith iso-
topic composition from the expected isotopic signature of inorganic calcite, are pro-
posed to have originated in the late Miocene, between 7 and 5 million years ago. The
main control on the size of these vital effects is the degree of carbon limitation expe-
rienced by the coccolithophore cell during coccolithogenesis. In culture studies, the
main extant species are split into an isotopically ‘heavy’ group of small, lightly calcify-
ing forms, such as Gephyrocapsa oceanica and Emiliania huxleyi, and an isotopically
light’ group of large, heavily calcifying forms, such as Calcidiscus leptoporus and Coc-
colithus pelagicus. This division between small, lightly calcifying and large, heavily
calcifying forms is also well established in data from the geological record. The appli-
cation of this understanding to the generation of new proxy measures for past ocean
and ecological functioning is, however, hampered by the available size separation pro-
tocols that are labour intensive, time consuming and cannot be used to generate the
ideal orbital-scale proxy records of environmental change. This thesis addresses this
problem with the introduction of a novel size separation technique that allows for the
rapid sample preparation of coccolith-rich sediments into very coarse and very fine
coccolith size fractions. Using this new technique this thesis presents two new high-
resolution records of coccolith geochemistry — including oxygen and carbon isotopes
and strontium/calcium ratios - with one spanning the Pliocene-Pleistocene Transition
(3.01 to 1.38 million years ago) and the second a long-term record from the Miocene
to Recent (7.7 to 0.1 million years ago). Both records are based on analyses of sedi-
ment from International Ocean Discovery Program Expedition 363, Site U1482, off the
northwest margin of Australia. Site U1482 has a continuous sedimentary sequence
from the late Miocene to Recent, with well-preserved nannofossil carbonate present
throughout. The short term Plio-Pleistocene record provides a reference framework for

high-resolution coccolith geochemistry in a stable tropical environment across a long



sequence of orbital-scale variability. The long-term Miocene to Recent study records
the onset of these coccolith vital effects and how they change with nannofossil evolution
and climatic changes. These two records support the use of the new size separation
technique and provide the highest resolution coccolith geochemistry records over the

two time periods to date.
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1 INTRODUCTION

1.1 Overview

The study of coccolithophores (also known as calcareous nannoplankton) through the
analysis of their fossilised calcite plates has led us to a greater knowledge of pelagic
ecosystems and oceans since their Late Triassic appearance in the fossil record (Bown,
2005). Studies range from the assemblage analysis of fossil coccolithophore commu-
nities (e.g., Dunkley Jones et al., 2008; Beaufort & Grelaud, 2017; Jones et al., 2019),
the geochemical analysis of their calcite plates for carbon isotopic (5*3C) (e.g., Bolton
& Stoll, 2013; Bolton et al., 2016) and oxygen isotopic (6'20) compositions (e.g., Trem-
blin et al., 2016; Hermoso et al., 2020), and trace metal based productivity indicators
(e.g., Saavedra-Pellitero et al., 2017; Stoll et al., 2019). Recent work has started ex-
ploring their geochemical compositions for use as palaeothermometers (Tremblin et
al., 2016; Hermoso et al., 2020) or in reconstructing atmospheric pCO, (Claxton et
al., 2022; Godbillot et al., 2022). Understanding how these organisms were reacting
to climate and environmental changes in the past can help to infer how they may re-
act in the future, particularly under the effects of anthropogenic change. As they are
at the bottom of the marine food web, any changes to coccolithophore communities
are likely to impact ocean biogeochemical cycles. For example, a recent study found
that ocean warming and acidification was decreasing the nutritional quality of coccol-
ithophores, interfering with the marine food web (Johnson et al., 2022). They are also
key in the oceanic carbon cycle as a key part of the biological pump, through their

fixation of inorganic carbon via photosynthesis at the surface and the subsequent ex-
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port of organic matter, generating a CO, sink (Rost & Riebesell, 2004). Unlike other
phytoplankton, coccolithophore’s production of calcium carbonate liths releases CO, in
the surface layer in what is known as the carbonate counter pump, making the balance
between coccolithophore organic and inorganic production a key driver of modern and
ancient ocean chemistry (Rost & Riebesell, 2004). For example, on recent timescales,
the increased efficiency of the biological pump has increased with global cooling over
the past 15 million years (Boscolo-Galazzo et al., 2021), with a profound effect on the
Neogene communities of both calcareous nannoplankton and foraminifera (Boscolo-
Galazzo et al., 2022).

This chapter provides an overview of key ideas and background knowledge
pertaining to the thesis, including the theory underpinning the development of a new
method for coccolith size fraction analysis, as detailed in Chapter 2, as well as an
outline of the inner workings of a coccolithophore cell, and how these can influence the
measured parameters used throughout this thesis. The thesis objectives and structure

are outlined at the end of this chapter.

1.2 Coccolithophores

Coccolithophores are single celled calcifying haptophyte algae that are first recorded in
Upper Triassic sediments (Bown et al., 2004) and are abundant in modern day oceans.
The coccolithophore cell is surrounded by individual calcite plates (coccoliths) that are
produced intracellularly, and surround the cell, often in an interlocking fashion, to form
an external covering or coccosphere. The products of the disaggregation of these coc-
cospheres, individual coccoliths, are what is most commonly found in the fossil record.
The long ranging and abundant fossil record of the coccolithophores make them the
ideal candidate to track palaeoclimatological and palaeoceanographical changes (e.g.
Beaufort et al., 2011; Jones et al., 2019; Hermoso et al., 2020; Tangunan et al., 2021).
As coccoliths often constitute a high percentage (up to 60%) of total calcium carbonate

in the ocean (Flores & Sierro, 2013), they are an important factor in studies of changing
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ocean chemistry.

1.3 Vital effects in coccolithophores

Isotopic vital effects in coccoliths were first noted by Dudley et al. (1986), but substan-
tial advances in coccolith geochemistry and methodological developments have taken
place in the 21st Century (e.g., Ziveri et al., 2003; Rickaby et al., 2010; Bolton & Stoll,
2013; Hermoso et al., 2020). A vital effect - the isotopic departure of the coccolith
from inorganic calcite - occurs due to the physiology of the coccolithophore deviating
isotopic fractionation during calcification away from inorganic thermodynamic (equilib-
rium) values. As coccoliths are produced intracellularly, physiological processes exert
a major control on the chemistry of the site of calcification — the coccolith vesicle —
leaving a lasting imprint on the chemistry of coccolith calcite that can be preserved for
tens of millions of years. The isotopic divergence from inorganic calcite can be as much
as 5 %o in both carbon (5*3C) and oxygen (5'80) isotopes (Dudley et al., 1986; Ziveri
et al., 2003). Modelling and experimental work to constrain the inner workings of both
oxygen and carbon isotope fractionation in the cell has enabled advances (Rickaby et
al., 2010; Ziveri et al., 2012; Bolton & Stoll, 2013; Hermoso et al., 2014; Hermoso,
2015; Hermoso et al., 2016a; Hermoso et al., 2016b; McClelland et al., 2017), but not
yet a full understanding. These culture and model studies show vital effects are influ-
enced by parameters affecting growth conditions, including the carbonate chemistry of
the growth medium, temperature and light availability (Rickaby et al., 2010; Bolton &
Stoll, 2013; Hermoso et al., 2014; McClelland et al., 2017). In culture studies of car-
bonate chemistry, the availability of dissolved inorganic carbon (DIC) can affect both
513C and 580 at a greater rate than just temperature alone. The consensus from this
culture work on extant species is that the variability and magnitude of vital effects —
especially 53C - in coccolith calcite is strongly linked to available DIC in culture, and
thus atmospheric pCO, over geological timescales (Rickaby et al., 2010; Hermoso et

al., 2016a).
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Not all coccolithophore species have similar vital effects, and one of the ma-
jor findings of recent work is the division of coccoliths into two groups, an isotopically
‘heavy’ group - including Gephyrocapsa oceanica and Emiliania huxleyi - and an iso-
topically ‘light’ group — including Calcidiscus leptoporus, Coccolithus pelagicus and
Umbilicosphaera spp. (Dudley et al., 1986; Ziveri et al., 2003; Bolton & Stoll, 2013;
Hermoso, 2016; McClelland et al., 2017). Those in the ‘heavy’ group tend to be small,
lightly calcifying and have a fast division rate, whereas those in the ‘light’ group are
often large and heavily calcifying and have a slow division rate (Ziveri et al., 2003;
Rickaby et al., 2010; Hermoso, 2014). In carbon isotope space this is represented
by a large (~ 1 %) isotopic offset in the §3C of small versus large coccolithophores
with correspondingly small and large coccoliths. Using size-separation methods on
coccolith-rich ocean sediments, the appearance of a consistent, ~ 1 %o offset between
the 6'3C of large and small coccolith size fractions is documented to originate in the
late Miocene to early Pliocene (7-5 Ma), and persist on into the Recent (Bolton & Stoll,
2013; Bolton et al., 2016). This change in size-specific coccolith §3C has been related
to a decline in atmospheric pCO, previously unseen over the late Miocene (Bolton &
Stoll, 2013). However, more recent studies have also noted these isotopic vital effects
appearing around intervals of marked decline in pCO, further back in geological time,
particularly accompanying the decline from a pCO, high in the Eocene (Claxton et al.,
2022) and around the Miocene Climatic Transition (Hermoso et al., 2020). These new
studies highlight that coccolith isotopic vital effects are not driven, or not driven only,
by the evolution of new taxa or physiological pathways at one point in time, but rather
are a response to carbon-limitation, which itself is a dynamic interplay between avail-
ability (atmospheric CO, and ocean DIC), uptake (transport into the cell by diffusion —
controlled by cell size - or active uptake) and demand (growth and calcification rates).

The movement towards the modern large vital effects, especially in the large
coccolith fraction, in the late Miocene is synchronous with major changes in climate and

terrestrial plant (photosynthetic) communities. A global expansion of C,4 plants (plants
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that use the C, photosynthetic pathway; mostly tropical grasses) relative to C; plants
(primarily trees) occurred during this time (Cerling et al., 1997; Zhang et al., 2009). This
shift in dominance has been touted as a response to decreasing pCO,, as C, plants
have a competitive edge over C; plants at low CO, to O, concentrations (Cerling et
al., 1997; Zhang et al., 2009). Bolton & Stoll (2013) suggested that this showed both
the marine and terrestrial realm exhibited adaptation by their primary photosynthetic
communities to a common pCO, driver.

Modelling and culture experiments of the carbon system within the coccol-
ithophore have attributed the large isotopic difference between small and large cells
down to different strategies of carbon acquisition. Larger cells have a smaller surface
area to volume ratio, which reduces the efficiency of the diffusive uptake of CO,, mak-
ing them more sensitive to CO, limitation. Large cells, in particular, therefore need to
use carbon concentration mechanisms (CCMs), namely bicarbonate (HCO;3) realloca-
tion from calcification (in the coccolith vesicle) to photosynthesis (in the chloroplast),
especially under conditions of low DIC (Bolton & Stoll, 2013). Due to carbon isotopic
fractionation during equilibration between DIC species, HCOj; is isotopically heavier
than CO, (aq), so if more of this is being used for photosynthesis and less for calci-
fication, then the remaining internal carbon pool that will be used for calcification is
relatively depleted, leading to negative 5'3C coccolith values (McClelland et al., 2017).
On the other hand, due to the high surface area to volume ratio of small cells, there is a
greater (relative) influx of carbon into the cell by diffusive uptake, which is available for
photosynthesis and reduces the need to reallocate bicarbonate away from calcification,
which in turn leads to coccoliths being produced from an internal carbon pool that is
isotopically heavier than that of large cells (McClelland et al., 2017). Under high CO,
concentrations these vital effects are reduced (Rickaby et al., 2010; Hermoso et al.,
2016a), indicating that the magnitude of vital effects are controlled by both the concen-
tration of CO, and the coccolithophore cell size (Godbillot et al., 2022). A schematic

cartoon of this isotopic fractionation in coccolithophores can be found in Fig. 1.1. When



CHAPTER 1: INTRODUCTION

this understanding is applied to the geological record, the study of fossil coccolith §3C
can quantify these vital effects and provide information on both environmental condi-
tions and coccolithophore cellular responses over time (Bolton & Stoll, 2013; Bolton et

al., 2016).
Ocean with less dissolved CO, Ocean with more dissolved CO,
13C0O, 12c0, €O, 12€0,

13COo
12CO, 2 12C0. 13CO.
: BC0; 1co, €0 O

e, €0 < €0, . 12€0, ’ 3C0,

Figure 1.1: Schematic cartoon of isotope fractionation in coccolithophores, from Rae
et al. (2021 (Supplementary Materials)). Cells take up dissolved CO, from seawater
through diffusion (double-headed purple arrow). In the cell, carbon is then transported
to the chloroplast (single-headed purple arrow). When CO, is abundant (right panel),
the cell preferentially fixes *?C into organic matter, and there is not as much need for
the HCO3, and this is also reflected in the §'3C of the calcite. When the seawater is
low in CO, (left panel), the cell needs a greater fraction of all CO, available, meaning
that HCO; is incorporated more into the chloroplast (pink arrow) than into calcification
to maintain optimal photosynthesis rates (Rae et al., 2021).

Although there have been advances in understanding cellular carbon trans-
port and fractionation, there are more uncertainties surrounding the fractionation of
oxygen within the coccolithophore cell, especially during calcification. The predom-
inant theory is that coccolith calcite in the isotopically ‘heavy’ group, e.g., Emiliania
huxleyi and Gephyrocapsa oceanica, which are smaller and calcify at a quicker rate
than larger cells, are more positive in 520 due to CO, rich in 20 being taken in by the
cell and inducing isotopic disequilibrium within the internal DIC pool (Hermoso et al.,
2016b). The overall degree of equilibration between CO, and water molecules inside
the internal DIC pool is governed by the balance of CO, concentrations and the degree
of utilisation (Hermoso et al., 2014; 2016a; 2016b)(Fig. 1.2). At high temperatures, the

magnitude of vital effects decreases (Hermoso et al., 2016b).
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Figure 1.2: Scatter plot of carbon and oxygen isotope offsets with increased CO, con-
centration, from Hermoso et al. (2016a). With increased DIC and aqueous CO, con-
centrations (represented by the increasing red triangle on the regression line of each
species), there is a decrease in magnitude of vital effects across both the §3C and
580 systems, with coccolith isotopic compositions moving towards inorganic calcite
composition.

As can be seen, the physiological processes controlling isotopic fractionation
within coccolithophores are complex. More work to understand coccolithophore cell
physiology and how it reacts to different environmental parameters is crucial for ad-
vancement in the use of coccolith chemistry for palaeoclimate reconstructions. Such
knowledge will also inform better CO, reconstructions using alkenone ¢,, which uses
the magnitude of carbon isotopic fractionation between algal lipids produced by coc-

colithophores and ambient CO, to derive CO, concentrations (Pagani, 2014).

1.4 Strontium-Calcium as a productivity indicator

The Strontium-Calcium ratio (Sr/Ca) of coccolith carbonate is a well-known and devel-
oped proxy that reflects coccolithophore growth rates in culture studies (Ziveri et al.,

2003), and records variations in coccolithophore production in coccolith-rich sediments

7
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(Stoll et al., 2002b). The Sr/Ca ratio of biogenic calcite, including coccoliths, depends
on the Sr/Ca of seawater and the Sr partition co-efficient into the carbonate, which in
coccoliths is normally taken to be between coccolith calcite and the external growth
medium (Stoll & Schrag, 2000; Stoll & Ziveri, 2004). In culture studies the coccolith Sr
partition coefficient is positively related to the rate of calcification and organic carbon
(Corg) fixation (Stoll & Schrag, 2000; Rickaby et al., 2002). The quicker that coccol-
ithophores grow, the faster they calcify and therefore the more Sr is incorporated into
the calcite of their lattice (Stoll & Schrag, 2000; Rickaby et al., 2002; Stoll et al., 2002b).

The interest in coccolith Sr/Ca ratios as a productivity indicator started with a
latitudinal transect of core-top sediment analyses across the Equatorial Pacific, which
found that Sr/Ca ratios varied across the transect dependent on surface ocean up-
welling, with high coccolith Sr/Ca ratios coinciding with high surface productivity and
high nutrient concentrations (Stoll & Schrag, 2000). This has since been supported by
subsequent culture studies (Stoll et al., 2002a; Rickaby et al., 2007). Sr/Ca ratios have
also been found to vary with seasonality in both sediment traps and through geological
time (Stoll et al., 2007a; Cavaleiro et al., 2020). Temperature also has a minor effect
on Sr/Ca ratios, following the pattern of inorganic calcite, with higher ratios at higher
calcification temperatures (Muller et al., 2014; Stevenson et al., 2014).

Based on the above, coccolith Sr/Ca has also been used to reconstruct rela-
tive changes in primary productivity in the past (Waite et al., 2008), but with the limi-
tation that coccolith Sr/Ca primarily records coccolithophore growth rates, not general
surface ocean primary or export productivity. This should be remembered when dis-
cussing coccolith Sr/Ca as a general primary productivity indicator, as in many settings,
especially at high-latitudes and in high-productivity areas, calcareous nannoplankton
are unlikely to be the dominant primary producers (Stoll & Ziveri, 2004).

Between coccolithophore species, it has been shown that larger and more
heavily calcified coccoliths generally have a higher Sr content than smaller and lighter

coccoliths (Stoll et al., 2002b; Stoll et al., 2007b; Fink et al., 2010; Hermoso et al.,
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2017)(Fig. 1.3). This effect needs to be considered when looking at bulk Sr/Ca, when
the presence of large coccoliths could seriously alter the Sr/Ca ratio to higher concen-
trations, an effect that may dominate core-tope sediment records (Fink et al. 2010).
Undertaking Sr/Ca analyses on specific size-fraction, rather than bulk nannofossil car-
bonate, is thus likely to be more informative of the nature and drivers of changes in
coccolith Sr/Ca ratios.
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Figure 1.3: Sr/Ca ratios in cultures vs. organic carbon fixation rate estimated from cell
volume and growth rates, from Stoll et al. (2002b). The larger coccoliths (e.g., Heli-
cosphaera carteri, Calcidiscus leptoporus, Coccolithus pelagicus pelagicus, Gephyro-
capsa oceanica) show higher Sr/Ca ratios that the smaller coccoliths (e.g., Emiliania
huxleyi, Umbilicosphaera spp.).

Although much work has been completed on culture studies and sediment
traps, Sr/Ca ratios have also been used as a measure of coccolithophore growth rates
and productivity in the geological record. Most work has concentrated on the more
recent past, such as the Middle Pleistocene (Cavaleiro et al., 2020), Marine Isotope
Stage 11 (~424-374 kyr), (Saavedra-Pellitero et al., 2017) and the mid Pliocene (Waite
et al., 2008). Some studies do go further back in time, including to the Paleocene-

Eocene Thermal Maximum (Stoll et al., 2007b) and the Early Toarcian in the Jurassic
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(Hermoso et al., 2009). What does need to be considered when looking at Sr/Ca ratios
in deeper time is the residence time of Sr and Ca, which are thought to be relatively
long; ~5 myr and ~1 myr respectively (Broecker & Peng, 1982). Studies of Sr/Ca
variations on shorter timescales than the residence times should not be affected by
changes in seawater Sr/Ca (Waite et al., 2008). However, on longer, multi-million year
timescales, the changing chemistry of sea water should be taken into account (Stoll
& Ziveri, 2004). Recent modelling work has suggested that the Sr/Ca has increased
slowly over the past 50 myr from 8 mmol/mol to 9.4 mmol/mol, with fluctuations of ~1

mmol/mol over 10 myr periods (Zhang et al., 2020).

1.5 Thesis objectives and outline

This thesis focuses on coccolith calcite geochemistry, particularly the §*C and 520
isotopic records of size separated coccoliths, and how these records can document
large scale changes over a) a shorter but higher resolution (Pliocene-Pleistocene tran-
sition, 1.38-3.02 Ma); and b) a longer but lower resolution (late Miocene to Recent,
7.7-0.1 Ma). Coccolithophores exhibit vital effects, which are a record of cellular physi-
ology imprinted on coccolith calcite. As the vital effects are due to carbon concentration
mechanisms that are impacted by changing CO, availability, they have the potential to
be an excellent record of past CO, changes in geological time. In this thesis, all sample
material is taken from IODP Expedition 363, Site U1482 on the north-west Australian
Margin.

The key objectives of this thesis are:

1. To present a novel method of coccolith size separation and determine if the

method could be used for coccolith geochemistry studies.

2. To generate high-resolution coccolith chemistry data over the Pliocene-Pleistocene
transition, using the novel size separation method, including isotopic signatures

and trace metal analysis through orbital scale variations.
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3. To analyse long term changes in the coccolith 613C and 50O signatures over
the Miocene to Recent and see how long-term environmental or assemblage

changes influence coccolith vital effects.

Chapter 2 is an introduction to the methods used within the thesis, including
an in-depth report of a novel size separation method of the coccolith fraction (< 20 um)
and a measure of its effectiveness, by using particle image analysis. This novel method
is used in the studies presented in Chapters 3 and 4.

Chapter 3 presents a high-resolution study spanning 3.02 to 1.38 million years
(late Pliocene to early Pleistocene) from IODP Exp. 363, Site U1482 in the Indo-
Pacific Warm Pool on the north-west Australian Margin. Samples were prepared using
the novel size separation method detailed in Chapter 2. Presented within are §'3C
and 580 records of size separated coccoliths with an average temporal resolution of
~4 kyr, showing how orbital scale variations affect these. Also presented are Sr/Ca
records for the size split coccolith fraction over the same time period with a 10-20 kyr
resolution to ascertain if the different size fractions have the potential to alter bulk Sr/Ca
records and record any productivity changes. Assemblage analysis is presented with
a resolution of 50 kyr with the aim to record the final extinction of the Discoaster genus
and investigates changes in assemblages and how it affects the §'3C and 580 records.
Finally, particle size analysis is presented throughout the time period, indicating the
robustness of the novel size separation method.

Chapter 4 presents the highest resolution to date study of size-separated coc-
colith fraction 6'3C and 580 records through the late Neogene (since late Miocene,
7.7 Ma to recent), prepared using the novel size separation method detailed in Chapter
2, from IODP Exp. 363, Site U1482. These 5'3C and §'80 records are compared to
reticulofenestrid size data and assemblage data from the same site to ascertain how
the assemblage could affect changes in the geochemistry. Particle size analysis is pre-
sented for the time period, again documenting the success of the novel size separation

method.
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2 A NOVEL SIZE SEPARATION
TECHNIQUE OF THE < 20 um
FRACTION FOR USE IN COCCOLITH
GEOCHEMICAL ANALYSES

My contribution to this work involved conducting all parts of the research, analysing
the data, interpreting the results, writing the text and creating the figures. | also co-
designed the separation methodology alongside T. Dunkley Jones. T. Dunkley Jones
also provided feedback on the interpretations of results. The editorial ‘we’ is used here,

to represent our collective viewpoint, but fully reflects the above share in contributions.

2.1 Introduction

Coccoliths are marine single-celled haptophyte algae that are the dominant calcify-
ing phytoplankton in modern day oceans (Milliman, 1993). They are potentially an
excellent record of palaeoclimate indicators, including Sr/Ca ratios indicating palaeo-
productivity (Stoll et al., 2002c), and recently their carbon isotope measurements in
estimates of pCO, concentrations in deep time (Claxton et al., 2022). Although the
separation of the coccolith fraction (< 20 um) from bulk sediment (> 20 um) is rela-
tively straight forward, the separation of coccolith size splits from the coccolith fraction
is difficult. Different separation methods have been suggested and successfully im-
plemented over the past few decades (Paull & Thierstein, 1987; Stoll & Ziveri, 2002;

Minoletti et al., 2009; Zhang et al., 2021) but these are most often very time consuming
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and can only generate relatively low stratigraphic and temporal resolution studies due
to the laborious process of size-separation. These processes can be broadly split into
micro-filtration (Minoletti et al., 2009) and sinking-decanting (Paull & Thierstein, 1987;
Stoll & Ziveri, 2002) techniques. The former technique concentrates on passing the
coccoliths through a membrane with defined pore sizes (e.g., 3, 5, 8, 10 and 12 um).
However, if there is a high amount of small (< 5 um) coccoliths within the sediment, it
can become very time consuming (Zhang et al., 2018), and the method does not work
if trying to separate species in the same size category, such as the Noelaerhabdaceae
and Florisphaera profunda (Hermoso et al., 2015). On the other hand, the sinking-
decanting method is more effective on smaller coccoliths due to their size allowing for
slower settling times (Zhang et al., 2018). However, this method still does not result in a
perfect size split, and is also very time consuming, taking up to 1 week for a single sep-
aration. Some studies have employed a combination of both micro-filtration and sinking
or centrifuging (e.g. Bolton et al., 2012; Hermoso et al., 2015) but none of these are
efficient enough to process the large quantities of samples required for high-resolution
studies.

More recently, there has been a move towards refining centrifugation in the
separation of the coccolith fraction (Zhang et al., 2021). In that study they calculated,
in theory, the trajectory of coccoliths during centrifugation and then tested this theory
by conducting a size separation on a mid-Miocene sample from ODP Site 982B (Rock-
all Plateau, North Atlantic Ocean). The process involved suspending bulk sediment
in an ammonia solution, transferring to a centrifuge tube and centrifuging down at the
calculated parameters for different size categories (for full calculations see Zhang et
al. (2021)). The upper 30 mL was then pumped out from each suspension, and 100
uL was dropped onto a glass coverslip, dried, and made into a slide. These steps
were repeated for the different centrifuge parameters and then the slides were anal-
ysed by the measurements of coccoliths (Fig. 2.1). Whilst the method was broadly

successful in separating the different size fractions, it should be noted that there is still
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Figure 2.1: Results of coccolith size following centrifugation technique taken from
Zhang et al. (2021). Yellow, red, green and blue dots represent 2250 rpm for 2 min,
1400, 1000 and 600 rpm for 1 min, respectively.

overlap between the length of the coccoliths at any given revolutions per minute (rpm).
Although overlap may also happen in microfiltration and settling techniques, there ap-
pears to be a larger range using this centrifuge technique. This could be due to the
pipetting technique when removing the suspended liquid or pumping close to the cen-
trifuge wall where coccoliths may have congregated (Zhang et al, 2021). Moreover,
although this method is quicker than those previously mentioned, it still requires re-
peated separations and repeated centrifugation for the multiple parameters, meaning
it is still relatively time consuming. This method is not perfectly accurate yet yielded
results that were similar to microfiltration and settling technique studies.

Here, we present a novel size separation technique based on centrifugation,
where particle size analysis has been completed on samples from IODP Expedition
363, Site U1482. The technique utilised and described in this Chapter was successfully
used in Chapters 2 & 3 to create the highest resolution studies on geochemistry within

coccoliths over the time periods chosen.
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2.2 Sample selection

The sediment samples analysed in this study were taken from IODP Expedition 363,
Site U1482, on the north-west margin of Australia, at 15°3.32’S, 120°26.10’E in 1466m
water depth (Rosenthal et al., 2018) (Fig. 2.2). There are 419 samples from holes A, B
and C, spanning an age range from 3.02 to 1.38 million years. The average temporal
resolution of this sample set is ~4 kyrs, with the shortest time interval between samples
of 0.8 kyrs and the largest 22 kyrs. Ages are assigned following the age model of Chen
et al. (2022) which was based on a correlation of high-resolution benthic foraminiferal
5180 data from U1482 to a globally stacked benthic 680 record (the Prob-stack; an
updated LRO4 record of Lisiecki & Raymo (2005); Ahn et al. (2017)). Samples were
taken from the shipboard primary splice (Rosenthal et al. 2018), but then located on
the revised splice of Libbers et al. (2020), as adopted by Chen et al. (2022), from
depths between 99.93 and 154.33 m r-CCSF-A.

16



CHAPTER 2: NOVEL CENTRIFUGE SIZE SEPARATION TECHNIQUE
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Figure 2.2: Panel A depicts bathymetric maps of both the overall area cored during Exp.
363 (right panel), with the yellow box indicating the location of Site U1482 (left panel),
modified from Rosenthal et al. (2018). Panels B and C show chlorophyll concentration,
where green is a high concentration, and blue is a low concentration. Panel B is for
January 2022, C is for July 2022. Panels D and E show sea surface temperatures,
where red is hotter, and yellow/blue is colder. panel D is for January 2022, E is for July
2022. Data for B, C, D and E from https://www.nnvl.noaa.gov/view/globaldata.

html.
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2.3 Preparation of sediments

The novel method we employed to separate the coccolith fraction from bulk sediment
included 4 processes: washing, centrifuging, drying, and separating, as demonstrated
in the schematic illustration (Fig. 2.3). This method was significantly quicker than
those methods mentioned previously, with ~420 samples being processed over a few
months. The method is easily repeatable and is relatively simple, with minimal special-

ist equipment required.

2.3.1 Washing

Sediment samples (2 cc in volume) were put into a 250 mL Pyrex beaker, retaining a
thumbnail size chip in the original bag for any future works. Enough DI water was added
to the beaker to cover the sample, and this was allowed to soak for between 30 minutes
and 1 hour to aid disaggregation. All sieves used within this process were Endecotts
Laboratory Test Sieves. The samples were then washed through an 63 um sieve using
DI water until the water ran clear, collecting the < 63 um fraction in suspension in
a 1L glass beaker and discarding the > 63 um fraction. The < 63 um fraction was
then washed again with DI water through a 20 um sieve until clear, collecting the < 20
um fraction in suspension and discarding the > 20um fraction. The < 20 um fraction
in suspension was then transferred to 50 mL Falcon Centrifuge Tubes (multiple per
sample). Sieves were thoroughly cleaned with DI water and placed within a Grant

Ultrasonic Bath for 30 seconds at 42 kHz frequency between washing.

2.3.2 Centrifuging

The Falcon Centrifuge Tubes were placed into a Mistral 1000 Centrifuge and spun
down for 6 minutes at 4000 rpm. Once the cycle was completed, the clarity of the
water was checked. With the sediment slightly solidified occupying the bottom of the

centrifuge, the water was poured off from the centrifuge tube until approximately < 0.5
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cm of water was left on top of the sediment, to not disturb the top layer of centrifuged
material. As there were multiple centrifuge tubes per sample (i.e., more than 50 mL of
suspended solution was collected per sample), these were then combined into one final
centrifuge tube per sample, DI water was added and the combined sediment was mixed
with the DI water, creating a suspended solution again. This was then centrifuged one
final time for 8 minutes at 4000 rpm and the water was poured off again, leaving < 0.5

cm to not disturb the sediment.

2.3.3 Drying

Two methods of drying were trialled for these samples; freeze drying and oven drying,
with the latter being employed for most of the samples due to issues with the freeze-
dried samples. Freeze drying involved placing the centrifuge tubes in a test tube holder
to keep in an upright position and then opening the tubes. These were then placed in a
freeze dryer for 24-48 hours until the sample was thoroughly dry. Although this method
did lead to dry samples, it led to problems with the separation of the different size
fractions (see next section). Therefore, oven drying within a Genlab Drying Cabinet
was implemented. For this method the centrifuge tubes were placed into a test tube
holder to maintain an upright position and were placed in the oven with the lids of the
tubes off. The tubes were then left to dry in a Genlab Drying Cabinet at 50 °C overnight.
When the sample was dry, it was a broadly triangular bullet-shaped piece of coccolith-

fraction sediment, shaped by the form of the bottom of the centrifuge tube.

2.3.4 Separating

Upon beginning the separation process, the bullet shaped coccolith fraction was gently
taken out of the centrifuge tube and placed on a piece of filter paper to aid transfer
to 7 mL glass vials. Four glass vials were labelled with the targeted size fractions:
very fine, fine, medium, and very coarse (VF, F, M and VC respectively). The bullet

shaped sample was then split using a metal scalpel into these 4 categories. There
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is a colour and texture change across the size fractions; the VF fraction is quite con-
solidated and a darker grey, whereas the VC fraction is more friable and a white grey.
As these end members were what was being used for the isotope and trace metal
analysis, the distinction between these two was easy to make as they come from the
top (VF) and bottom (VC) of the centrifuge pellet. The different size fractions were
then transferred to the labelled glass vials and the material was gently separated back
into a powder within the vials. As mentioned above, the freeze-drying method led to
problems when separating. When freeze dried, the bullet of coccolith fraction was very

friable and would break apart and mix easily, meaning an accurate separation could

not be completed. Hence, the oven drying method was preferred in this instance.

Washing Centrifuging

VF
F <

= |

O

Splitting Oven drying

Figure 2.3: Schematic illustration of the method used within this study for splitting
samples: washing, centrifuging, oven drying and splitting.

20



CHAPTER 2: NOVEL CENTRIFUGE SIZE SEPARATION TECHNIQUE

2.4 Particle size analysis

Following on from the novel separation method described above, it was necessary to
ensure that the separation worked and characterised the coccolith size distribution.
In previous studies of separation techniques, the rigorous, quantitative assessment of
coccolith size distributions is rare, occurring only in a small amount of studies (e.g.
Stoll & Ziveri, 2002; Zhang et al., 2021), with most relying on SEM images of the size

fraction to demonstrate the separation quality (e.g. Hermoso et al., 2015).

2.4.1 Slide settling technique

Seventy slides (35 VF and 35 VC) were prepared following the settling technique of
Flores & Sierro (1997). This technique was chosen to prepare the slides because of
the need for particles to be dispersed and to avoid contacting particles that are difficult
or impossible to separate in particle size distribution analyses.

Between 11 and 13 mg of the size-fraction material was transferred to a 10.5
mL glass sample vial. Buffered water solution consisting of 0.15 g/L of sodium carbon-
ate, 0.2 g/L of sodium bicarbonate and 0.08 g/L of gelatin mixed in DI water was added.
These vials were then ultrasonically treated for 2 minutes in a Grant Ultrasonic Bath at
42 kHz frequency. Cover slips were then placed on the bottom of glass petri dishes
and a mixture of buffered water and gelatin was added. The solution in the glass vials
was shaken to resuspend thoroughly and after 2 minutes, 75 uL of this solution was
extracted using a micropipette and dropped into the petri dish with the cover slip. The
solution was then gently pumped using the micropipette around the petri dish to gain
a uniform distribution over the cover slip and then allowed to settle overnight. Excess
water was then carefully siphoned off using strips of tissue and the cover slip allowed

to air dry, before being fixed onto a glass slide with Norland Optical Adhesive.
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2.4.2 Microscope imaging & image processing

These slide samples were analysed using a Zeiss AxioScope A.1 at 1000x magnifica-
tion with circular polarisation, and a Marzh&user Wetzlar motorised XYZ stage. After
focusing, a continuous 20 to 30 fields of view were imaged using a Ql Imaging camera.
Microvision Cartograph software was used at the same time, automatically capturing
and stitching sequential image tiles into one image. The total area of the exported
image was 0.12 mm? or 0.18 mm?, for the 20 and 30 tile images respectively.

Tiled images were processed using Fiji (Schindelin et al., 2012), a version
of the open-source Imaged that focuses on biological-image analysis and facilitates
particle size distribution analysis.

The image firstly needed to be converted to an 8-bit greyscale image, as the
particle analysis and thresholding steps will not work with a colour image. A spatial
scale for the images also needed to be defined. The image taken using Microvision
Cartograph software uses pixels as its standard measurement, with slides scanned
at a scale of 0.03458 um/pixel at 1000x magnification. This was input in the image
properties in Fiji using microns as the units.

Thresholding detection was then set using the greyscale image, to distinguish
the objects of interest (non-black pixels) from the background (black pixels). There are
some automated threshold determinations available in Fiji but these did not work well
across all images. Instead, thresholds were set using the histograms that are output
from Fiji (Fig. 2.4). If a threshold is chosen that is too low and does not encompass
the left-hand side of the histogram, then particles can become merged, meaning the
area would be artificially large. If the threshold is too high and goes past the upper limit
of the histogram (the right-hand side), then there are less detections of ‘interesting’
particles, artificially removing the smaller particles. A threshold that encompassed the
whole histogram curve was chosen to be consistent throughout the samples.

Once the threshold had been set, a binary image was produced, highlighting

the particles (in white) from the background (black) (Fig. 2.5). Following on from these
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Figure 2.4: Screenshot of the Fiji software (Schindelin et al., 2012) and the thresh-
olding process. As can be seen on the histogram, there is an upper limit, and the
threshold was chosen to be there due to it encompassing the whole histogram, so all
the ‘interesting’ particles are captured.
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Figure 2.5: Screenshot of the Fiji software (Schindelin et al., 2012). This is the binary
image produced after setting the threshold. It is the image that particle analysis will be
performed on.

processes, the particle size distribution analysis was chosen from the the analysis

menu. Anything with an area larger than 80 um? or less than 1 um? were disregarded
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due to the limits of resolving minute coccolith particles with light microscopy (lower
bound), and due to the unlikely occurrence of very large coccoliths in this material (up-
per bound), that makes very large particles more likely to be other biogenic carbonate
fragments. For each particle, an area is determined as the total area within the particle
margin, including any holes. There is an option for hole detection and exclusion within
Imaged, but for this analysis — based on coccolith size - we consider the total coc-
colith particle area, including any central area ‘hole’. For calcification analyses, hole
detection would be required. We also included the full range of circularity that could
be measured (0.00-1.00) as there are a wide variety of coccolith shapes, and most are
not perfectly circular. The output of running this analysis is an image that has each
particle picked out, selected and numbered (Fig. 2.6), and a .csv file that contains the

numerical information, i.e., each labelled particle and its total area.
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Figure 2.6: Screenshot of Fiji software (Schindelin et al., 2012). This is the image
output of the particle analysis measurement, where all the particles are assigned a
label.
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2.5 Results

Sixty-two (31 VF, 31 VC) were deemed suitable for particle size analysis. Some slides
were excluded because of an artifact during slide preparation. This produced a frosted
effect on some of them, meaning particles could not be distinguished or they were ar-
tificially recorded with a significantly larger area than that of the underlying nannofossil
particle distributions (Fig. 2.7). The average area of all VF fractions measured was
3.28 um?, with a range from 1.96 um? to 5.48 um?. The average area of all VC fraction
measured was 5.79 um?, with a range from 3.64 um? to 11.44 um? (Fig. 2.8). In all
cases the VF fraction showed a markedly lower average particle size than the corre-
sponding VC fraction, demonstrating that the underlying centrifuge methodology is an

efficient size separation protocol.

Figure 2.7: Examples of ‘good’ vs. ’'bad’ images and the thresholds that were set. A
& B - U1482B 14H 2W 123/124, VF fraction. A is a circular polarised image; B is the
threshold that was set using Fiji to distinguish the particles. The frosted effect and any
light issues were picked up on, making the image/slide unusable. C & D — U1482B
12H 2W 52/53, VF fraction. C is a circular polarised image; D is the threshold that was
set using Fiji to distinguish the particles. This is an example of a good image, as the
particles are all individual and there is no frosted effect.
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Similar to Zhang et al. (2021), there was some overlap between the total
range of average particle size values, for the VF and VC fractions, across all samples
analysed (Fig. 2.8). However, it is important to note that for all samples, the average
size of the VC fraction was always greater than that of the VF fraction from the same
sample. The overlap of the VF and VC average values through all samples analysed
therefore reflects variations in the underlying particle size distribution through time,
rather than a failure in the separation protocol for any sample.

The centrifugation method is inherently not a method that perfectly distin-
guishes all particles based on size thresholds, rather it relies on the more rapid settling
of larger particles during centrifuging. The final particle size distribution of the layers of
particles collected at the base of the centrifuge tube in this method depends on both
the settling velocity of particles but also on their original distance to the centrifuge tube
base or sediment surface as it accumulates in the base of the tube. Small particles
near the base of the centrifuge tube, even with a lower settling velocity, are still likely to
be admixed with larger particles that have settled out of the whole suspension, because
they have less far to travel. This process results in a preferential distribution of larger
coccoliths towards the base of the settled sediment, and of smaller coccoliths towards
the top, but this is not perfect. However, when combined with full characterisation of
the particle distribution of both fractions, and size normalisation on this basis, a perfect
separation is not required.

The cumulative frequency distribution of particle size was established for the
VF and VC fraction of each sample (Fig. 2.9). On the plots with only one cumulative
frequency trend, for one size split, this is because the other size split was not measured
due to poor slide quality. Apart from 2 samples (U1482B 12H 6W 37/38 and U1482A
14H 5W 143/144), the VC fraction is made up of larger particles. This could be due
to a presence of anomalously large particles in the VF fraction that do not follow the
shape of the rest of the distributions seen. These samples contain aggregates of small

coccoliths that have clumped into larger particles in the VF fraction. It is important
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Figure 2.8: Average area of particle (um?) against age of sample along with the stan-
dard deviation. The blue is the VF fraction, the yellow is the VC fraction. As can be

seen, the VC fraction consistently plots larger average particle size areas than the VF
fraction.

to note that despite these anomalous cumulative frequency results, although the VC
fraction is where larger particles are more often seen, they do not necessarily make up
a numerically dominant portion of the particles, but their size constitutes the majority

of the mass (discussed in Chapter 3).
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Figure 2.9: Cumulative percentage plots for each sample alongside the average par-
ticle size (um?). Blue is the very fine fraction, yellow is the very coarse fraction. As
mentioned previously, the VC fraction mostly has a larger cumulative percentage of
the larger sized particles, apart from two samples. The explanation is given in section
2.4.4, Particle size analysis results.

2.6 Conclusion

The novel size separation technique presented in this Chapter is a step towards a
greater proportion of high-resolution studies of coccoliths, whether that be stable iso-
tope, trace metal or assemblage analyses. We showed that the protocol was success-
ful through particle size analysis, showing a consistently larger area of particles in the
VC fraction when compared to the VF fraction. The previous methods often used in the
community are time consuming and laborious, whereas the novel method presented is
comparatively less time consuming. The stable isotope and trace metal analysis pre-
sented in Chapters 3 and 4 of this thesis is confirmation that the method is a step in

the right direction.
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3 NOVEL APPROACHES TO
HIGH-RESOLUTION COCCOLITH
GEOCHEMISTRY OVER THE
PLIOCENE-PLEISTOCENE TRANSITION

My contribution to this work involved the preparation of the samples for analysis, the
nannofossil assemblage analysis, the interpretation of the results, writing the text and
creating the figures. The methodology is the same as that described in Chapter 2,
which | co-designed with T. Dunkley Jones. Stable isotope analysis was conducted
at the British Geological Survey, Keyworth, UK, by M. Leng. Trace metal analysis
was conducted at the University of Cardiff, UK, by C. Lear and S. Slater. Planktic
foraminifera carbon isotope results were provided by J. Liu. T. Dunkley Jones provided
feedback on the the research design and interpretation of the results. As in previous

chapters, the editorial ‘we’ is used to reflect these proportional contributions.

3.1 Introduction

The mid Pliocene to early Pleistocene is a period of change that has been exten-
sively studied in the search for future climate analogues under elevated atmospheric
CO, concentrations (Burke et al., 2018). Attention has especially focused on the Mid-
Piacenzian Warm Period, within the Pliocene (mPWP; 3.264-3.025 Ma, (Haywood et

al., 2013; Haywood et al., 2016)), as the most recent period with comparable CO, mea-
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surements to today (in excess of 400 ppm) (Pagani et al., 2010) and surface tempera-
tures 1.8°C to 3.6°C warmer than pre-industrial temperatures (Haywood et al., 2013).
Under the Representative Concentration Pathway 8.5 (RCP 8.5), where greenhouse
gas emissions are left to grow unmitigated, by 2030 future climates will resemble mid-
Pliocene climates (Burke et al., 2018). More recent work has suggested that with the
current rates of CO, increase, mPWP values will be surpassed by 2024/2025, mean-
ing levels of atmospheric CO, will be the highest they have been for 3.3 million years
(De La Vega et al., 2020). As well as the focus on the narrow mPWP “warm climate”
analogue, the subsequent progressive cooling into the late Pleistocene provides infor-
mation on the coupled dynamics of Antarctic and incipient northern hemisphere ice
sheets to orbital variability and declining atmospheric CO,. As modern ice sheets re-
treat, the Earth’s climate state has a combination of components from across this time
interval — mid-Pliocene like greenhouse gas forcing, with progressively early Pleis-
tocene to late Pliocene ice sheet configurations (Hill et al., 2017; Colleoni et al., 2022;
Wilson et al., 2022). It is this interval that this study targets to document the responses
of the tropical phytoplankton to progressively increasing carbon limitation, combined
with orbitally-driven dynamics, ice volume and ocean circulation nutrient dynamics.
The transition from the mid Pliocene to the late Pleistocene signalled a change
from a relatively warm Earth with restricted Antarctic ice sheets to a much cooler global
climate with extensive ice sheets at both poles and an increased latitudinal tempera-
ture gradient (Zachos et al., 2001; Ravelo et al., 2004; Lisiecki & Raymo, 2005; Raymo
et al., 2006; Westerhold et al., 2020). This climatic variability has been extensively
studied, largely by geochemical analyses of benthic and planktic foraminifera. Benthic
foraminiferal oxygen isotope compositions (6'20) - representing a combination of deep
ocean temperature and global ice volume - show a rapid movement to more positive
values 4 million years ago (Ma) associated with the movement to a cooler climate (Za-
chos et al., 2001; Westerhold et al., 2020). The climate became much more variable

in the Pleistocene than the Pliocene due to high-amplitude glacial-interglacial temper-
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ature differences (Ravelo et al., 2004; Lisiecki & Raymo, 2005).

Although the study of Pliocene climate has been reconstructed from a global
spread, high resolution studies in temporal space are limited and concentrate on key
periods (Groeneveld et al., 2014). One of these is Marine Isotope Stage (MIS) M2,
a significant glaciation event within the late Pliocene that interrupted the warm period
with an isolated cold stage at 3.3 Ma (De Vleeschouwer et al., 2018; Kirby et al.,
2020; Westerhold et al., 2020), and marked the transition from a Coolhouse state to
an Icehouse state (Westerhold et al., 2020). There was a marked increase in benthic
5180 over this period (Lisiecki & Raymo, 2005; De Schepper et al., 2014; Westerhold
et al., 2020) and was accompanied by a transition from occasional, local glaciers to
a more modern Northern Hemisphere ice configuration (De Schepper et al., 2014).
The mPWHP is also a key period of study (Dowsett et al., 2013; Haywood et al., 2013;
Haywood et al., 2016; Burke et al., 2018; De La Vega et al., 2020), as well as between
MIS 95-100; the first glacial/interglacial cycles after the intensification of the Northern
Hemisphere Glaciation (Bolton et al., 2010; Naafs et al., 2010; Bailey et al., 2013;
Hennissen et al., 2014). These glacial periods are marked by increases in the benthic
5180 over this period, as clearly seen in the LR04 stack (Lisiecki & Raymo, 2005).

The onset of Northern Hemisphere Glaciation (NHG) 3.6 million years ago
was seen in the benthic 580 record as an increase in values, indicating the build-up of
ice sheets in the Northern Hemisphere (Mudelsee & Raymo, 2005). The subsequent
intensification of the NHG (iNHG) at 2.7 Ma (Ruggieri et al., 2009) is a key period
of study over the Pliocene, where the 41kyr world of glacial-interglacial cycles was
amplified. Sea surface temperatures (SSTs) record a global cooling trend following
the warm Pliocene (Etourneau et al., 2009; Etourneau et al., 2010; Lawrence et al.,
2010; Naafs et al., 2010; Venti et al., 2013). Variability in benthic 5'¥0 also increased
(Lisiecki & Raymo, 2005), indicating that orbital forcing was having a stronger influ-
ence on the climate system (Willeit et al., 2015). Major ice sheets over land in the

Northern Hemisphere are supported by a sudden increase in ice-rafted debris at many
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locations, including the North Atlantic (Bailey et al., 2013). The cause of this intensifi-
cation is still under debate, with many mechanisms suggested. This includes tectonic
rearrangements, such as the emergence of the Panama Isthmus (Keigwin, 1982), uplift
and erosion of the Tibetan-Himalayan plateau (Raymo, 1994), or the restriction of the
Indonesian Seaway (Cane & Molnar, 2001). Intensified Atlantic meridional overturning
circulation (Hayashi et al., 2020) or the presence of permanent El Nifio conditions prior
to the INHG could have inhibited glaciation (Wara et al., 2005; Fedorov et al., 2006).
The most accepted explanation is a decline in atmospheric CO, concentrations at this
time (Lunt et al., 2008; Seki et al., 2010; Willeit et al., 2015), with other mechanisms
playing a minor role (Lunt et al., 2008).

CO, is thought to have had a major control on environmental change through-
out Earth’s history. Most CO, reconstructions are done with boron isotopes (§'!B) in
planktic foraminifera or carbon isotopes in alkenone measurements. A recent compi-
lation of CO, reconstructions over the past 66 million years using these two methods
found close coupling between CO, and climate (Rae et al., 2021). The Pliocene and
Pleistocene have been the subject of numerous studies. There seems to be a slight
rise in CO, during the mPWP, ranging from 394 to 330 ppm (De La Vega et al., 2020),
from a relatively stable Pliocene world of 270+40 ppm (Badger et al., 2013). CO, then
falls again as the Icehouse state intensifies, with glacial maxima being associated with
increased variability of CO, and a more gradual decline in interglacial periods (Honisch
et al., 2009; Chalk et al., 2017; Dyez et al., 2018). However, in times of low pCO,, there
is a muted response in alkenone pCO, records in comparison to 5B pCO, records,
suggesting caution needs to be taken in the interpretation of alkenone records in low
pCO, (Badger et al., 2013; Badger et al., 2019).

There are arguments for permanent El Nifio conditions in the Pacific Ocean
during the Pliocene (Wara et al., 2005; Ravelo et al., 2006; Etourneau et al., 2010),
with widespread impacts on tropical ocean-atmosphere dynamics across the planet

(Haywood et al., 2007). These arguments are based on reconstructions of a reduced
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east-to-west asymmetry of sea surface temperatures and thermocline depths in the
early Pliocene relative to the modern (e.g. Wara et al., 2005; Ford et al., 2015; Jakob
etal.,, 2017; Beltran et al., 2019). This east-to-west difference in SST was only ~1.5°C
in the warm Pliocene and increased to 5°C after 1.7 Ma (Ravelo et al., 2006). The
thermocline of the eastern Pacific was deep in the warm Pliocene (Wara et al., 2005).
In the early Pleistocene, SSTs show an increase in global latitudinal and Pacific east-
west temperature gradients between 2.2 and 1.8 Ma, indicating that the Walker and
Hadley circulation was strengthening (Ravelo et al., 2004; Wara et al., 2005; Etourneau
et al.,, 2010). This intensification of the Walker circulation has also been touted for
driving the aridification of the African continent (Van Der Lubbe et al., 2021).

The Indonesian Throughflow (ITF) is a crucial link in transporting warm wa-
ters from the Indo-Pacific Warm Pool (IPWP) to the Indian Ocean (De Vleeschouwer
et al., 2019) (Fig. 3.1), and serves as a source for multiple currents around Aus-
tralia and in the Indian Ocean, including the Leeuwin Current (LC). The ITF has been
through periods of restriction, and this has been mapped through changes in the LC.
De Vleeschouwer et al. (2019) showed that a tectonic ITF reorganisation at 3.7 Ma
permanently reduced the LC, as the timing coincides with collision of the Banda vol-
canic arc with the Australian margin (Hall, 2009). The ITF also decreased at 3.3 Ma,
at the same time as the MIS M2 glaciation event, where it reduced the LC current but
it did not fully disappear (De Vleeschouwer et al., 2018). On the Australian continent,
there was a movement from dry to humid conditions across north-west Australia at 5.5
Ma, lasting for 2.2 million years (Christensen et al., 2017). Precipitation was likely year
round, with humidity reducing gradually from 3.3 to ~2.4 Ma, before switching to an
arid interval and being more like the modern Australian monsoon system we see today,
indicating a major change in Indian Ocean circulation during this time (Christensen et
al., 2017). Overall, in the early Pliocene, the ITF is unbound by any tectonic activ-
ity, whereas by the Late Pliocene onwards there seems to be a restricted connection

between the Pacific and Indian Ocean (Karas et al., 2011; De Schepper et al., 2014;
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Christensen et al., 2017; Karas et al., 2017).

Figure 3.1: Map of Site U1482, marked by the yellow circle, and the primary currents
around the north western margin of Australia and through the Indo-Pacific Warm Pool
(IPWP). NECC = North Equatorial Countercurrent, NGCC = New Guinea Coastal Cur-
rent, EC = Equatorial Current, ITF = Indonesian Through Flow, LC = Leeuwin Current.
The northern part of the LC can be called the Hadley Current, but for the purpose of
this work are considered as one system. Figure modified from Rosenthal et al. (2018).

Globally, there was significant nannoplankton turnover that accompanied the
drastic climatic transition between 5 Ma and 1 Ma, with the Pliocene-Pleistocene be-
ing a well-documented period of reduced diversity in nannofossils (Bown et al., 2004).
Aubry et al. (2007) argued that the transition from the warm Pliocene to the cool Pleis-
tocene was the driver for the nannoplankton turnover and the subsequent extinction
events. The long-lived Cenozoic genus Discoaster, within the order Discoasterales,
met their demise during this period and were clearly impacted by climate fluctuations
prior to this final extinction (Chapman & Chepstow-Lusty, 1997; Schueth & Bralower,
2015). They are a distinct genus of nannoliths that have been present in the fossil
record since the late Paleocene (~60 Ma) and are prominent in the fossil record up

until their extinction at ~1.9 Ma, in the Pleistocene (Young, 1998). The final 1 million

39



CHAPTER 3: PLIO-PLEISTOCENE COCCOLITH GEOCHEMISTRY

years of their existence was punctuated by 5 successive extinctions (Bukry, 1971; Raffi
et al., 2006), until the final extinction of D. brouweri at 1.9 Ma. Although their suc-
cessive Pliocene extinctions are well documented and constrained in time (e.g. Bukry,
1971; Browning et al., 2017; Tangunan et al., 2018), the ultimate cause of this system-
atic extinction within one clade is till debated. One explanation is due to variations in
SSTs (Chapman & Chepstow-Lusty, 1997), but their extinction occurs diachronously in
different ocean basins (Raffi et al., 2006; Schueth & Bralower, 2015), indicating that
changes in SSTs cannot be the only factor in their demise. Although they are thought
to have an affinity for warm and oligotrophic waters (Minoletti et al., 2001; Bralower,
2002; Schueth & Bralower, 2015) their depth habitat is still uncertain. 620 records
of discoasters resembled planktonic foraminifera records (Globorotalia menardii, Den-
toglobigerina altrispira, Globigerinoides obliquus), placing their depth habitat in shallow
waters (Minoletti et al., 2001), contradicting the notion that this group prefers the deep
photic layer (Bralower, 2002; Schueth & Bralower, 2015). Schueth & Bralower (2015)
suggest that that although Discoaster and Florisphaera both live in deep but warm wa-
ters, the Discoaster niche became more restricted in the late Pliocene, leaving them
vulnerable to extinction. Trends in abundance through the late Neogene, and espe-
cially the decline in Discoaster alongside the rise in Florisphaera and Gephyrocapsa
indicate ocean structure as a potential driver, with a change from shallow, mixed layer
nutrient cycling to the modern conditions with a deep nutricline and stronger seasonal-
ity (Boscolo-Galazzo et al., 2021; Boscolo-Galazzo et al., 2022).

We present a high-resolution (~4 ka) size separated coccolith fraction record
of §13C isotopes, 580 isotopes and Sr/Ca ratios to determine changes in the tropical
ocean from Exp. 363, Site U1482 on the north-west Australian margin (Fig. 3.1). We
will concentrate on carbon limitation at an orbital scale for our §'*C records, which are
driven by the dynamics of declining CO, and orbital controlled changes in ocean struc-
ture. These records show, for the first time, the variability of the vital effects through

orbital scale records. We will also concentrate on long-term changes in coccolithophore
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growth rate — in both the large and small size fractions — using Sr/Ca ratios. Finally, we
will determine if there are signals of either carbon limitation or changes in the growth

rate associated with the Discoaster extinction events.

3.2 Methodology

The novel method described in Chapter 2 for splitting samples was employed in this
study for the analysis of stable isotopes, trace metals and particle size distribution. In
brief, samples were washed through a 63 um then a 20 um Endecotts Laboratory Test
Sieve using deionized (DI) water, with the < 20 um material being collected. Sediment
at this point was in suspension in water. These were then centrifuged in a Mistral 1000
Centrifuge for 6 minutes at 4000 rpm, with the excess water being poured off. When
fully centrifuged, samples were left to dry in an oven at 50°C overnight until fully dry.
Once dry, the samples were separated into 4 targeted size fractions: VF, F, M, and VC.
The VF (very fine) and VC (very coarse) are the only size fractions that were analysed.

Unsplit samples were used for nannofossil assemblage analysis.

3.2.1 Sample selection

The sediment samples analysed in this study were taken from IODP Expedition 363,
Site U1482, on the north-west margin of Australia, at 15°3.32’'S, 120°26.10’E in 1466m
water depth (Rosenthal et al., 2018) (Fig. 3.1). There are 419 samples from holes A, B
and C, spanning an age range from 3.02 to 1.38 million years. The average temporal
resolution of this sample set is ~4 kyrs, with the shortest time interval between samples
of 0.8 kyrs and the largest 22 kyrs. Ages are assigned following the age model of Chen
et al. (2022) which was based on a correlation of high-resolution benthic foraminiferal
5180 data from U1482 to a globally stacked benthic 580 record (the Prob-stack; an up-
dated LRO4 record of Lisiecki & Raymo (2005); Ahn et al. (2017)) (Fig. 3.2). Samples
were taken from the shipboard primary splice (Rosenthal et al. 2018), but then located

on the revised splice of Libbers et al. (2020), as adopted by Chen et al. (2022), from
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depths between 99.93 and 154.33 m r-CCSF-A. The characteristics of the sediment
was a clay-rich nannofossil ooze (Rosenthal et al., 2018). The preservation of nanno-
fossils at Site U1482 is generally very good to excellent, coccospheres are often found

and dissolution-susceptible taxa are present throughout (Rosenthal et al., 2018).
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Figure 3.2: Site U1482 age model based on correlating benthic foraminiferal 520 to
a globally stacked benthic 680 (the Prob-stack), modified from Chen et al. (2022
(Supplementary Materials)). (a) the Prob-stack vs. age (Ma) (Ahn et al. (2017)); (b)
Benthic 580 against sampling depth (m r-CCSF-A) with biostratigraphic constraints
(Rosenthal et al., 2017).

3.2.2 Stable isotope analysis

Stable isotope analysis was conducted on the split samples, where the VF and VC
fractions were analysed and 838 samples in total (419 VF, 419 VC) were analysed at

the BGS Stable Isotope Facility, Keyworth, Nottingham, on a VG Optima mass spec-
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trometer (standard reproducibility of < £ 0.1%). All data are reported to the Vienna Pee
Dee Belemnite (VPDB) standards. The sample went through a plasma ashing process
at BGS, a widely used process to remove organic matter from samples, before being
analysed. Sample material was powdered to yield CO, from the equivalent of 10 mg
of 100% calcite and reacted with anhydrous phosphoric acid in vacuo overnight at a
constant 25°C. Liberated CO, was separated from water vapour under vacuum and

collected for analysis.

3.2.2.1 Carbon isotopes

Carbon naturally occurs in three isotopic forms, of which two are stable (*>C and '3C)
and one which is radioactive (}*C). They occur in different concentrations in the natural
environment: 12C at 98.9%, 3C at 1.1% and *C which occurs in trace amounts. The
presence of the latter is used in organic materials to radiocarbon date samples, and has
been widely used in geological, archaeological, and palaeontological studies for this.
The 13C/*2C ratio of a sample whether it is, for example, bulk sediment or foraminifera,
is measured and compared to the *C/!2C ratio of a known standard, in this case a
laboratory standard calcite. Carbon isotopes (5'3C) are reported as a per mille (%)

difference to the VPDB standard (equation below).

13 12 13 12
C/ Csample - C/ Cstandard

513 C =
13 C/12 Cstandard

X1000

3.2.2.2 Oxygen isotopes

Oxygen naturally occurs in three stable isotopic forms: O, 1O and '80. They occur
in different concentrations in the natural environment: °O at 99.763%, 'O at 0.0375%
and 80 at 0.1995%. The 80/°0 ratio of a sample is measured and compared to
the 180/1°0 of a known standard, in this case a laboratory standard calcite. Oxygen
isotopes (6'80) are reported as per mille (%o) relative to the standard (equation below).

If the & is positive, then it indicates enrichment of the heavier isotope relative to the
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standard. Contrarywise, if the 6 value is negative, then there is a depletion of the

heavier isotope.
180/16 Osample —18 0/16 Ostandard

5180 —
18 0/16 Ostandard

X1000

3.2.3 Trace metal analysis

All trace metal analysis was performed at the University of Cardiff, Wales, on an EI-
ement XR High-Resolution Inductively Coupled Plasma Mass Spectrometer (HR-ICP-
MS). A total of 195 (97 VF and 98 VC) samples with a resolution of 10-20 kyr were
analysed for Sr/Ca, Mg/Ca, Mn/Ca and Al/Ca ratios. The method used is detailed

below.

3.2.3.1 Oxidative cleaning

Oxidative cleaning was performed at the University of Birmingham. 100 mg of the VF
and VC portion of the split samples was measured into centrifuge tubes, with 10 ml of
a diluted solution of sodium hyperchlorite (NaOCI) (one part DI water, one-part NaOCI)
being added, and the sample was shaken. The samples were then left overnight to
react, followed by centrifugation for 4 minutes at 4000 rpm. The NaOCI was then
gently poured off and 10 ml of DI water was added, the sample agitated, the tube
shaken and centrifuged again for 4 minutes at 4000 rpm. These steps were repeated
twice more. After the final removal of the water, the samples were then dried in a 30°C

oven overnight.

3.2.3.2 Reductive cleaning

Reductive cleaning and any further steps in conducting trace metal analysis were per-
formed at the University of Cardiff. Prior to any reductive cleaning, all tubes and bottles
were cleaned using a 10% hydrochloric acid solution mixed with milliQ water. All cen-
trifuge and Eppendorf tubes were placed in heated HCI solution on a hotplate at 100°C
for 1 hour, 150°C for another hour and finally 200°C for 4 hours. After this, the hot-
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plate was turned off and left to cool overnight. The next day, the acid was decanted,
and tubes were rinsed with milliQ water several times and left to dry. The larger bot-
tles were filled with HCI solution and left overnight, before being decanted and rinsed
thoroughly with milliQ water. To begin the reductive cleaning process, 20 mg of oxida-
tively cleaned sediment was weighed into a cleaned centrifuge tube, followed by the
addition of 10 mL of “MNX” solution. The MNX solution was made from 300 mL milliQ
water, 200 mL ammonia solution (NH,OH) and 25 g of hydroxylamine hydrochloride.
Reaction with MNX solution removes Fe-Mn oxides within the sediment, which can be
a source of non-carbonate hosted trace metals in the samples. The tubes were then
agitated and left on a shaker table overnight, before being centrifuged for 8 minutes at

3000 rpm.

3.2.3.3 lon exchange

A 2% ammonia solution was made with 40 mL of concentrated (35%) ammonia and
660 mL of milliQ water. The supernatant within the centrifuge tubes was then pipetted
out, with care taken not to disturb the sediment. 15 mL of the 2% ammonia solution was
added, followed by agitating and shaking well for 5 minutes and then centrifuging for 8
minutes at 3000 rpm. The extraction of the supernatant, the addition of the ammonia
solution and the shaking then centrifuging was repeated one more time. After this
second centrifuge, the supernatant was removed, and each tube filled with milliQ water.
It was then centrifuged, extracted, and rinsed with milliQ water twice more. After the
last centrifuging, all but 1 mL of milliQ water was extracted, leaving the sediment in 1

mL of water.

3.2.3.4 Acetic acid dissolution

Buffered acetic acid was made using 490 mL milliQ water, 3.45 g of ammonium acetate
and 2.83 mL of concentrated acetic acid. In a cleaned flow bench, a pipette setto 0.15

mL was used to agitate the sediment by aspirating and discharging repetitively the
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sediment in the tubes, so that it was in a homogenous suspension. Once mixed, 0.15
mL of the suspended sediment was released into another clean 15 mL centrifuge tube
and the pipette was discarded. A 5 mL pipette tip was cleaned four times with 10% HCI
and four times with milliQ water, and 10 mL total of the buffered acetic acid solution
was pipetted into each of the tubes containing 0.15 mL of sample. This process was
repeated for every sample. These were then left overnight (~12 hours) to react. The
samples were then vortexed and centrifuged for 8 minutes at 3000 rpm. From these,
0.5 mL from the top of the sample tube was aspirated and released into a labelled 0.5

mL centrifuge tube, and these were left to dry down in a 40°C oven.

3.2.3.5 Nitric acid dissolution

A 0.5 M 99.99% LC/MS grade nitric acid was made up using 484 mL of milliQ water
and 15.8 mL of concentrated nitric acid. Once the samples were dry, 0.12 mL of the
nitric acid was pipetted into the sample tubes, vortexed and left in the fridge overnight

to dissolve.

3.2.3.6 Splitting of samples for analysis

Once the samples were dissolved, they were vortexed and centrifuged. 100 pL of the
sample solution was pipetted into a trace element aliquot (TE) and 200 uL was pipetted
into a Ca aliquot (Ca). These were then stored in the fridge until analysis. On the day
of analysis, the relevant aliquots were removed from the fridge and allowed to warm
to room temperature. They were then vortexed and centrifuged. The sample names
were written into the sequence window and placed in the Element autosampler. They
were then run on the Element XR High-Resolution Inductively Coupled Plasma Mass

Spectrometer (HR-ICP-MS).
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3.2.4 Spectral analysis

Spectral analysis was conducted using Acycle software (Li et al., 2019), a free and
comprehensive software package for time series analysis in palaeoclimate research.
To remove the potential for the misinterpretation of long-term shifts as a low frequency
cycle, all datasets where detrended prior to analysis using a LOESS model (locally
weighted smoothing). This was then followed by a sort/unique/delete function, which
removed any data points that were duplicates on the X axis. The dataset was then
interpolated with a user-defined sampling rate. The resulting time series was then
the basis for spectral and evolutionary spectral analyses using the multi-taper method

(Thomson, 1982).

3.2.5 Nannofossil assemblage analysis

Nannofossil assemblage analysis was conducted on 35 smear slides made from the
bulk sediment (unsplit samples), following the methodology of Bown & Young (1998).
A cascading count was performed on each sample providing assemblage data with
a temporal resolution of ~50kyr. Coccoliths were identified using the Nannotax web-
site (https://www.mikrotax.org/Nannotax3/). All taxa apart from those in the Retic-
ulofenestra genera were identified to species level. Reticulofenestra was identified
according to size categories; < 3 um, 3-5 um, 5-8 um. For the purpose of calculating
relative abundance (%) (Fig. 3.8), taxa were grouped to genera level, with Reticulofen-
estra having multiple size categories; < 3 um and > 3 um. For the comparison of the
assemblage contribution (%) and the mass contribution (%) (Fig. 3.9), coccoliths were
grouped to genera level, with Pseudoemiliania, Gephyrocapsa and Reticulofenestra all
placed into a reticulofenestra group (Isochrysidales), with the size categories < 3 um,
3-5 um, 5-8 um and > 8 um. All other genera were sub-split into the following size divi-
sions; < 5 um, 5-8 um and > 8 um, apart from Rhabdosphaera and Florisphaera which
were not size categorised due to their limited size range. To calculate the carbonate

mass contributions by taxonomic group within the VF and VC size fractions, the taxon
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and size specific mass estimates were taken from Baumann (2004).

The abundance of Florisphaera profunda has been successfully used as a
palaeo-proxy of the depth of the nutricline/thermocline (Molfino & Mclintyre, 1990; Mcin-
tyre & Molfino, 1996; Beaufort et al., 1997), where a high abundance of F. profunda in-
dicates a deep nutricline, and vice versa. In this study, we also calculated an estimate
of net primary productivity (Npp), from the percent abundance of F. profunda expressed

as mg C m~2 day 1, using the formulation of Saavedra-Pellitero et al. (2022):

NPP _ 103.09—0.01*%F.profunda
which is based on the calibration to satellite-derived Npp across multiple oceanic re-
gions of Hernandez-Almeida et al. (2019), but with additional calibration points from

the Pacific Ocean.

3.2.6 Particle size analysis

Particle size analysis was conducted on the VF and VC size splits of 35 samples using
slides prepared following the technique of Flores & Sierro (1997). Slides were imaged
using a Zeiss AxioScope A.1 at 1000x magnification with circular polarisation, and
a Marzhduser Wetzlar motorised XYZ stage with 20-30 fields of view (FOV) taken.
Images were then processed using Fiji (Schindelin et al., 2012), a version of ImagedJ
that facilitates particle size distribution. Any particle with an area < 1 um? or > 80 um?
were excluded as unlikely to be coccolith material. A further, in depth description of

this method can be found in Chapter 2.

3.3 Results

3.3.1 Stable isotope analysis - 5°C

Stable isotope data reveals that a significant offset between the §*3C of the different

size fractions is maintained throughout the period of just over ~1 %o (Fig. 3.3A). This
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offset is maintained across precession-scale orbital scale variations. The 53C ¢ signal
is noisier and overall has a greater range in values than 53C, but for most of the
record 6'3Cr and 6'3Cy¢ are synchronised with each other.

The difference between §'3Cr and 6'3C was calculated for all samples as:

ASBC =88Cyr — 813Cc

LOESS smoothing (locally weighted smoothing) was applied to A5*3C to make trends in
this relationship clear (Fig. 3.3B). On the LOESS regression curve, there are deviations
from the maintained ~1 %o. There are several periods of increased difference between
513Cyr and 53C,¢ throughout the study interval. First, at the beginning of the record at
~3 Ma where the difference is ~1.5 %o, and again slightly earlier, at ~2.8 Ma where the
difference is ~1.6 %o. It remains relatively stable until ~2.3 Ma, where the difference
decreases to a low at ~2.1 Ma of ~0.75 %.. This is followed by a sharp increase to
a high at ~1.95 Ma where the difference is ~1.5 %. A gradual decrease to a low
difference is seen at ~1.55 Ma, where it reaches 0.75 %o, before remaining just over 1

%o until the end of the record.
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Figure 3.3: Carbon isotope analysis (5!3C) and the difference of the very fine (VF)
coccolith fraction and very coarse (VC) coccolith fraction. A) Carbon isotopic signal
of the VF (light blue) and VC (dark blue) coccolith fractions from the Pliocene to the
Pleistocene (3.02 to 1.38 million years ago). B) Difference between the VF and the VC
fraction (VF-VC) carbon isotope measurement from the same time span. Note the red

line is LOESS smoothing with a span of 0.05.

3.3.2 Stable isotope analysis - 520

Stable isotope analysis shows that there is an offset between the §¥0r and 5§80,
throughout the period, but it is variable and less consistent than that of the carbon

isotope fractions (Fig. 3.4A). On orbital scales there are intervals where §'¥0,r and
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580 are both more and less in phase with each other.

The difference between §'3Cr and 6'3C was calculated for all samples as:

A0 = 580y — 880y ¢

LOESS smoothing was applied to the 580 difference between size fractions to create
a smoothed line through the time series to allow trends to be seen (Fig. 3.4B). The
largest A5'80O occurs around the Pliocene-Pleistocene boundary, with a difference of
~1.5 %o, and a second peak at ~1.95 Ma with a difference of ~1.4 %.. The smallest
values of AS'80 occurs ~1.6 million years ago, where the difference reach just below
0 %o, measuring ~-0.3 %o, indicating that the VC fraction is recording more positive
values than the VF fraction. Other low values of A88O occur at ~2.15 Ma (~0.3 %

difference), ~2.75 Ma and ~2.95 Ma (both exhibiting differences of 0.4 %).

3.3.3 Spectral analysis

Both the 53Cyr and §3Cy respond to the 41kyr cycle (obliquity), as demonstrated
by power spectral analysis (Fig. 3.5A and B). Evolutionary spectral analysis of the
513Cyr (Fig. 3.5C) shows steady 41kyr orbital forcing between 3 and 2.4 Ma before a
slight branching and influence of 2 cycles, 41kyr and 30kyr, between 2.2 and 1.8 Ma.
This is then followed with 41kyr being the dominant cycle influence from 1.8 to 1.4 kyr.
Evolutionary spectral analysis of the 53C (Fig. 3.5D) shows a similar pattern, with
the 41kyr obliquity cycle dominant from 3 to 2.2 Ma. Between 2.2 and 1.8 Ma there
seems to be branching, with an influence from both the 41kyr and ~30kyr dominance,
and then, between 2 and 1.7 Ma, it is back to predominantly being influence by the
41kyr cycle. The main difference is from 1.7 to 1.4 Ma, where power at ~34kyr is
dominant but within a broader range of frequencies.

Lead-lag analysis was completed on the §'3Cyr and 6'3Cy¢ (Fig. 3.6), to

determine if there is a consistent temporal offset between these two parameters. The

51



CHAPTER 3: PLIO-PLEISTOCENE COCCOLITH GEOCHEMISTRY

Age (Ma)
1;3 1;5 1;7 1;9 2;1 2;3 2;5 2;7 2;9 3;1
A 1.0
0.5
‘ ' 0.0 ;:;
‘ |‘I 05 &
1.0
1.5
— VF — VC
— Difference (VF-VC) —— LOESS smoothing
2.0 B
154 ‘J.
5 1.0- I(I“ LI lll( ' IN l' ‘
s | I U Y WA
92 ) l.l “ ’ 1 | l'l \ “,' ’ a‘ l” | "
H M

\‘ \,‘l |

-0.5

Pleistocene Pliocene

13 15 17 1.9 2.1 23 25 2.7 2.9 3.1
Age (Ma)

Figure 3.4: Oxygen isotope analysis (580) and the difference of the very fine (VF)
coccolith fraction and very coarse (VC) coccolith fraction. A) Oxygen isotopic signal
of the VF (dark green) and the VC (light green) fractions from the Pliocene to the
Pleistocene ( 3.1 to 1.3 million years ago). B) Difference between the VF and VC
fractions (VF-VC) oxygen isotope measurement from the same time span. Note the
red line is LOESS smoothing with a span of 0.05.

expectation is for zero offset, if both are responding directly to surface ocean chemistry
mediated by the differential isotopic fractions between different sized coccolithophores.
For the analysis, §'3Cr is used as a reference series onto which the target series,
513Cyc, is matched. The lead-lag relationship between the two series seems to be

minimal, with the target leading the reference by -0.45. The closer to 0, the closer the
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Figure 3.5: Spectral power versus frequency plots for 5!3C and wavelet analysis. A)
VF B) VC. Coloured lines indicate 90%, 95% and 99% confidence intervals. Note the
number 41, indicative of the 41kyr orbital cycles. C) wavelet analysis for VF. D) wavelet
analysis for VC. Note that the timescale is in kyr.
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Figure 3.6: Lead-lag relationship between §3Cr and §'3C. From top to bottom: the
reference series, 5§'3Cr. Middle panel: the target series: 5'3C,. Bottom panel: the
two time series with the aim of matching the reference and target together. There is
a lead-lag relationship of -0.45, where the target is leading the reference. Note the
timescale is in kyr.

3.3.4 Trace metal analysis

Sr/Ca trace metal analysis between the VF and VC fraction shows there is a distinct
difference between the two size fractions, although not represented as a consistent
off-set in absolute values (Fig. 3.7A). The VF fraction is relatively stable, with mea-
surements ranging from 2.12 mmol/mol to 2.49 mmol/mol. The VC fraction however
fluctuates over a larger range, sometimes between adjacent samples, from 1.81 to
2.74 mmol/mol. Before ~1.9 million years ago, this fluctuation in the VC fraction is
more marked, with more notable excursions to low (< 2 mmol/mol) values, but after-
wards it follows the VF fraction more closely in absolute values and relative changes

(Fig. 38.7A). The difference between the VF and VC fractions:

ASr/Ca = Sr/Cayr — Sr/Cayc
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is shown in Fig. 3.7B, with LOESS smoothing (locally weighted smoothing) to allow
long-term trends to be seen. There is a general trend from small positive values of
ASr/Ca, with the largest offset at ~2.9 million years, to small negative values, with the
largest negative offset at ~1.4 million years ago. The difference is often close to zero
or slightly positive, meaning that the VF fraction has a higher Sr/Ca ratio, but at ~1.9

million years ago this seems to switch to VC having a higher Sr/Ca value.
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Figure 3.7: Trace metal analysis (Sr/Ca) and the difference of the very fine (VF) coc-
colith fraction and the very coarse (VC) coccolith fraction and the difference between
the VF and VC. A) Sr/Ca ratio signal (mmol/mol) of the VF (dark purple) and the VC
(light purple) fractions from the Pliocene to the Pleistocene ( 3.1 to 1.3 million years
ago). B) Difference between the VF and VC fractions Sr/Ca measurements (ASr/Ca =
Sr/Cayr — Sr/Cayc). Note the red line is LOESS smoothing with a span of 0.2. The
dashed vertical grey line indicates the extinction of the discoasters at 1.9 Ma.
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3.3.5 Nannofossil assemblage analysis

In the samples made from the bulk sediment, a total of 38 species and species groups
were identified, with well-preserved taxa and most specimens identifiable to species
level. The assemblage is dominated by Florisphaera profunda (25-84%), with alternat-
ing sub-dominant small Gephyrocapsa (2-40%) and Reticulofenestra species (4-56%).
This is followed by Calcidiscus species and Pseudoemiliania lacunosa (both up to 6%),
and Discoaster species (up to 5%). Other species that regularly made up < 5% of
the taxa were Helicosphaera and Umbilicosphaera. After the removal of Florisphaera
and small Gephyrocapsa species, Reticulofenestra species dominate the assemblage
(36-85%) followed by Calcidiscus (1-22%), Umbilicosphaera (up to 16%), P. lacunosa
(2-12%) and Discocaster species (up to 14%) (Fig. 3.8C).

The final Discoaster extinction event is captured in these samples, with the D.
brouweri final occurrence at 1.95 million years ago (Ma) on the U1482 astronomically-
tuned aged model, which is concurrent with that compiled in Backman et al. (2012)
and Anthonissen & Ogg (2012). The relative abundance of the discoasters — in the
non-Florisphaera and Gephyrocapsa component - starts at 19% at 2.98 Ma, but then
declines to 1.4% at 2.57 Ma, followed by an increase to 25% at 2.37 Ma (Fig. 3.8B).
There is then a final decrease in their abundance up to their demise at 1.95 Ma, with
the final few samples (2.09-1.95 Ma), having only 1 or 2 specimens per sample. D.

brouweri is the most common Discoaster seen throughout the record.

3.3.6 Taxonomic composition of size separations

In both size fractions, taxonomic composition is often dominated by the smaller liths,
such as the Florisphaera and small (< 3 um) reticulofenestra group. In the VF frac-
tion, when combined, they make up over 90-97%, of the analysed assemblages (Fig.
3.9A). Larger liths (those > 5 um) make up between 0 and 0.55% of the assemblages
in the VF fraction (Fig. 3.8A). In the VC fraction, the Florisphaera and small (< 3 um)

reticulofenestra group still make up a wide range (57-91%) of the taxonomic compo-
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Figure 3.8: Nannofossil assemblage analysis samples spanning from the Pliocene to
the Pleistocene (~3.1 to 1.3 million years ago. A) Florisphaera profunda relative abun-
dance percentage. B) Discoaster species relative abundance outside of the F. profunda
and small Gephyrocapsa count. C) Relative abundance of all taxa without F. profunda

and Gephyrocapsa < 3 um. Note the grouping of Other spp. for those that made under
5% of the total relative abundance.

sition, with the larger liths (those > 5 um) making up 0.55-14% of the assemblages
(Fig. 3.9B). When a comparison is made between the assemblage composition and

the mass composition, the VF fraction sample mass is made up of the smaller groups,
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such as the Florisphaera and smaller reticulofenestra group (Fig. 3.9C). In the VC frac-
tion, however, although those in the smaller reticulofenestra group often make up 20%
of the mass, the larger coccoliths (Calcidiscus, Helicopshaera, Pontosphaera, Umbil-

icosphaera) far outweigh the mass (Fig. 3.9D). This is due to their much larger and

thicker liths.
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Figure 3.9: Assemblage contribution and mass contribution of 5 samples (10H 3W
19/20, 10H 3W 45/46, 10H 3W 97/98, 10H 3W 149/150, 10H 4W 23/24). Panels A &
B show the assemblage contribution; A for the VF fraction and B for the VC fraction.
Panels C & D show the mass contribution; C for the VF fraction and D for the VC

fraction. Mass contribution was calculated using mass estimates of liths from Baumann
(2004).
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3.3.7 Size corrections for 5'3C

The following methodology was used as an initial attempt at correcting for variability
in size and mass distributions between the size fraction separates from one sample
to the next. The coccolith area (size) distributions were characterised by their mean
size values. The relationship between coccolith size — as represented by the means
of the distributions - and coccolith size fraction isotopic values were assumed to follow
a linear trend, allowing the gradient of the size-isotopic composition relationship to be

calculated for each sample from the VF and VC size fraction data as:

(613 CVF _ 513 CVC)

Gradient = _ _
(Xve — Xve)

Where X\r and Xyc are the mean areas of the coccolith size distributions for the very
fine and very coarse fractions respectively. Using the gradient of this relationship (units
of %¢/um?), the predicted isotopic offset (A5*3C) was calculated for all samples, as-
suming that they all had the same size differential as the mean of the measured size
differentials of all samples (2.68 um?).

From this analysis two things are clear. First, that this normalisation somewhat
reduces the variance in A5*C between samples when the size differential between
samples is relatively large (> 2 um?) (Fig. 3.10). In other words, where there is a larger
offset in measured sizes of the VF and VC size fractions, the size correction reduces
inter-sample variability, presumably that are coming in where there are large variations
in the size distribution between samples. However, where there is a small differential
between the mean values of size distributions of the VF and VC fractions (< 2 um?),
the application of the correction causes a consistent bias to greater isotopic offsets as
the size distributions become closer (Fig. 3.10). This effect is clearly because the raw
isotopic offsets do not change substantially when this mean size differential becomes
small, so as the size differential reduces the gradient of the size-isotopic composition

relationship rapidly increase as the denominator of the above equation tends to zero.
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Figure 3.10: Average differential size offset between the VF and VC fractions versus
ASC. Grey dashed line in both A and B denotes 2 um? size offset. A) The original
ASC between the VF and the VC fraction versus average area offset. B) the corrected
AS3C between the VF and VC versus the average area offset. Note that those with >
2 um? offset have a smaller variance, but those with < 2 um? offset have a greater bias
to greater isotopic offsets.

At present, the best understanding of this is that the difference in the mean
coccolith area distributions provide a better representation of the difference in coccolith
mass distributions when there is a greater offset between the two area distributions; i.e
where there is a greater difference in size between the large and small size fractions.
As noted in Chapter 2, the size distributions of all fractions are strongly left skewed
towards smaller coccoliths, whereas the underlying mass distribution across size cat-
egories is strongly right skewed. Combining these two distributions to properly correct
for mass distribution between the size fractions is non-trivial and is an area of active
work in collaboration with Dr Sara Jabari (School of Mathematics) but which has not

yet reached a resolution.
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3.4 Discussion

3.4.1 Coccolith size-fraction 5'3C

Our results follow on and confirm a large isotopic offset (> 1 %) between §*Cr and
513C ¢ in coccoliths throughout the Pliocene-Pleistocene transition, as seen previously
in longer scale studies (Bolton & Stoll, 2013; Bolton et al., 2016). Our study is the
first to concentrate on vital effects at such a high temporal resolution; the previous
study of coccolith chemistry across this time period presented 22 data points (Bolton
et al., 2012), compared to the 419 from this study. The §'3C analyses show coccolith
vital effects consistent with the ‘heavy’ and ‘light’ grouping of extant coccolithophore
species (Dudley et al., 1986; Ziveri et al., 2003; Bolton & Stoll, 2013), where the VC
fraction, with the larger coccoliths, plots consistently isotopically lighter than the VF
fraction, consisting of the smaller coccoliths (Fig. 3.11A). The average particle size
analysis also shows that separations with a greater contribution from larger particles
also have lighter §'3C values, whilst those with a smaller particle size distribution have
more positive 6'3C values (Fig. 3.11B).

The advantage of this new, higher resolution data is that it shows relative
stability in A8'3C when time averaged over ~20,000 years. On shorter timescales
there are orbital or sub-orbital variations in 5!3C but with sufficient data, these can be
smoothed to generate a better picture of long-term coccolith geochemistry in response
to external environmental forcing. In this study, we attribute sample-to-sample vari-
ation to be most likely driven by changes in taxonomic composition of assemblages
that could significantly influence the geochemical composition of individual samples,
but over high-resolution data this averages out between multiple samples. These data
show that the vital effects seen in coccoliths are present throughout orbital scale varia-
tions whilst both the primary §3Cr and §'3C respond strongly to the 41kyr obliquity
cycle — presumably representing underlying variations in the 5'3C composition of sea-

water DIC. On this orbital scale there looks to be a shift in the magnitude of variability
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Figure 3.11: A) Cross plot of 180 vs §'3C for all samples. VF is the blue crosses; VC is
the green triangles. The two size fractions plot their isotopic signatures relatively sep-
arate to each other — VF is more positive in both §3C and 680, VC is more negative
in 813C and 580. B) §'3C for VF (blue crosses) and VC (green triangles) vs. average
particle size (um?). The more positive §'3C belongs to the VF fraction, the more nega-
tive 613C to the VC fraction.

of 513C in both VF and VC fractions after ~2.2 Ma (Fig. 3.5C and D), most likely indica-
tive of an increased Earth System response to orbital forcing in the early Pleistocene,
including larger glacial/interglacial cycles (Lisiecki & Raymo, 2005) and/or stronger vari-
ations in the Australian monsoon (Chen et al., 2022). In particular, the change seen in
the 513C evolutionary spectral analysis to a ~23 kyr precession influence at 1.7 Ma
could be indicative a movement towards stronger monsoon conditions, as proposed by
Chen et al. (2022).

When comparing the data presented here to the differential offset for 53C
between small and large coccoliths seen in Bolton et al. (2012) (Fig. 3.12), the dif-
ference in resolution makes it difficult to compare trends. The samples from Bolton et
al. (2012) were from Ocean Drilling Program (ODP) Site 999 in the Caribbean Sea
and coccolith size separations were prepared following decanting protocols from Paull
& Thierstein (1987) and Stoll & Ziveri (2002). This resulted in size restricted rather
than monospecfic coccolith fractions. In the A§'3C from our study (Fig. 3.3B), the trend

for the overlapping period of time seems to be relatively stable, apart from a decrease
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from 2.3 to 2.1 Ma, which is not captured in data from Bolton et al. (2012), that in-
stead seems to be increasing in this interval. Similarly, a distinct drop in A8'3C at ~2.6
Ma in the Bolton et al. (2012) record fall within a prolonged period of stable A53C in
our data. Indeed, apparent anomalies or short-term trends in the Bolton et al. (2012)
record may be a result of aliasing orbital or sub-orbital variations in A5'3C seen in the
U1482 data, but which demonstrates a higher degree of stability in the running mean
of this parameter. In both studies a degree of sample-to-sample variation is most likely
driven by changes in taxonomic composition of assemblages that could significantly
influence the geochemical composition of individual samples, but with high-resolution
data, averages to give a better picture of long-term coccolith geochemistry in response

to external environmental forcing.
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Figure 3.12: Isotopic difference and Sr/Ca ratios for small reticulofenestrids vs large
Helicosphaera, edited from Bolton et al. (2012). A) Sr/Ca ratios for small reticulofen-
estrids (red dashed line) and Helicosphaera (blue dashed line). Higher values indi-
cate higher coccolithophore productivity. B) Difference in isotopic composition between
small reticulofenestrids and Helicosphaera coccolith-size fractions. §'3C difference is
the black line, 530 difference is the grey line.
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The differential offset between 5*3Cr and 5'3C ¢ has been successfully used
in geological records to indicate coccolithophore physiological responses to environ-
mental change (Bolton & Stoll, 2013; Tremblin et al., 2016; Hermoso et al., 2020),
and does not require an independent assessment of seawater 5'3Cp,c. However, there
are studies that seek to estimate the absolute vital effect between the isotopic sig-
nature of coccoliths and surface seawater 5'3Cp,c, based on estimates from planktic
foraminiferal calcite (Jin et al., 2018; Hermoso et al., 2020; Godbillot et al., 2022), to
varying degrees of success. In this study we have the great advantage of a parallel
high-resolution record of Globigerinoides ruber 5*3C through the same time interval
from the same sediments that were analysed in this study. Globigerinoides ruber has
relatively small vital effects (isotopic offsets from inorganic calcite) and lives in a limited
spatial and depth environment (Rebotim et al., 2017), and so could be regarded as a
good reference for 53Cp,c. When plotted together, the §3C of G. ruber (83Cg. ruper)
from Site U1482 sits very close to, but consistently slightly more positive (~0.1 to 0.2
%o) than the 6'3C (Fig. 3.13). These data strongly support the differential carbon limi-
tation between large and small coccolithophores, with large cells reallocating a greater
fraction of intra-cellular HCO;3 from calcification to photosynthesis, leading to more
negative coccolith 53C values (Bolton & Stoll, 2013; Bolton et al., 2016). The com-
parison to 53Cg, .uper Shows that this effect is also present in smaller cells (VF fraction)
during the late Pliocene — early Pleistocene, but that the reallocate fraction is smaller,
leading to more positive 5!3C values that are closer to equilibrium (~ foraminiferal)
calcite.

Overall, this is an excellent reference point record to establish A5*3C in a
stable tropical environment. Further work should concentrate on other environments
to investigate whether this stable signal is a factor of the particular oceanography of
this location or is present between coarse and fine fractions in other more dynamic
and/or higher productivity settings. Understanding these offsets in §!3C, and the cel-

lular carbon limitation they represent, are critical in understanding the impact of de-
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Figure 3.13: Eccentricity plotted with carbon isotope analysis of the very fine (VF)
coccolith fraction in dark blue, the very coarse (VC) coccolith fraction in light blue,
and 5'3C for the planktic foraminifera Globigerinoides ruber (G. ruber) in orange (pers.
comm. Jun Liu). The 83Cg. ,uper broadly plots at similar measurements as the VF
coccolith fraction. Note the offset is present throughout the eccentricity orbital scale
variations. Eccentricity data from http://vo.imcce.fr/insola/earth/online/earth/
earth.html.

clining late Neogene atmospheric CO, on coccolithophore macroevolutionary trends
(e.g. size reduction and the evolution of dominant Pleistocene taxa) and the use of
coccolithophore-based CO, proxies. From this study, the conclusion is that carbon-
limitation is broadly stable over the late Pliocene to early Pleistocene interval, con-
sistent with the evolution of modern-like coccolithophore community structuring in the
early-to-mid Pliocene (Boscolo-Galazzo et al., 2021; Boscolo-Galazzo et al., 2022;

Chapter 4 of this thesis).
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3.4.2 Coccolith size-fraction 520

There is an offset present between 80, and 580, but it is much more varied
and not consistent in comparison to the §'3C records. The §Q, is more stable
than 580, in contrast to the 5'3C record. Gephyrocapsa are part of the isotopically
‘heavy’ group that characterises the Noelaerahabdaceae (Dudley et al., 1986; Ziveri et
al., 2003; Hermoso et al., 2015; McClelland et al., 2017), and Florisphaera profunda
580 measurements have found them to record the heaviest 520 signatures (Bolton
et al.,, 2012). Changes in the composition of the assemblage (switches in dominance
from F. profunda to Gephyrocapsa and vice versa) could be being recorded via the
8180 signal, most likely driven by productivity. Strong variations in the F. profunda to
Gephyrocapsa ratio between samples in the Pliocene-Pleistocene were noted during
shipboard biostratigraphy (Tom Dunkley Jones pers. comm.) and were thought to be
associated with precession-scale variations in the clay:carbonate fraction driven by the
Australian Monsoon strength.

Unlike the study of Bolton et al. (2012) (Fig. 3.12), in this study the overall
AS*80 trends do not track AS'3C, with peaks and troughs in each — A§'3C and A0
— that are not necessarily seen in the other (Figs. 3.3B and 3.4B). In the Bolton et
al. (2012) record there is a distinct drop in A8'80 at ~2.6 Ma, whereas in our study
this point in time signifies a peak in the A5'®0. As hypothesised, the sample to sample
variations in our record are most likely driven by taxonomic composition, which was
the reason reported in Bolton et al. (2012) for the trough seen at 2.6 Ma — they report
an isolated change in species composition. However, the high-resolution nature of our
study allows us to smooth over the influence of changing taxonomic composition on
513C and 680, which is not possible in a lower resolution study, where high-resolution
variations are difficult to disentangle from long-term trends. Although the §'80 from
both studies are both variable in magnitude, it is difficult to compare the nature of these
variations, because of the different temporal resolution of the two studies.

Towards the end of the record, at ~1.7 Ma, the A§'80 begins to rapidly decline
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before dropping to almost 0 at ~1.6 Ma, with the §'30,,¢ signal actually recording higher
values than the 880, record, before the A5'8O stabilises with a difference of ~1 %o
(Fig. 3.4B). The 50, does record more positive values here, but it is the 580,
record that drops more towards negative values. This is well after the final reduction in
abundance and demise of the discoasters, which is thus unlikely to be driving the trends
in this record. The relative abundance of F. profunda also records a sharp decrease
in percentage at 1.5 Ma (Fig. 3.8A). Short term cooling episodes have been identified
from the north-west margin of Australia, from benthic foraminiferal 580 records (Site
U1482; Chen et al., 2022), TEXgs (Site U1460: Petrick et al., 2019; Site U1461: He
et al., 2021) and Uf, palaesothermometers (Site U1461: He et al., 2021). This has
been touted as evidence for restriction of the Indonesian Through Flow (ITF) (Petrick
et al., 2019; He et al., 2021), a major source of warm water for the Leeuwin Current
(LC) (De Vleeschouwer et al., 2019). Chen et al. (2022) argues that it is indicative of
a freshening of ITF surface waters being transmitted into intermediate depths, caused
by enhanced precipitation due to favourable monsoonal and Westerm Pacific Warm
Pool (WPWP) conditions. What is clear is there is a regional climatic change occurring
due to changes in the ITF. The LC transports warm, nutrient-deficient waters along the
west coast of Australia, sourced from the ITF (Pattiaratchi, 2006). There is an overall
argument for a weak LC between 4 and 1.2 Ma with an increase in strength at 1.2 Ma
(He et al., 2021), with punctuated periods of much weaker LC conditions at, for exam-
ple, ~2.5 Ma (Auer et al., 2019) and between 3.8-3.3 Ma (Christensen et al., 2017; De
Vleeschouwer et al., 2018; Auer et al., 2019). The time around 1.55 Ma has also been
recognised as one of these weaker periods (Petrick et al., 2019; He et al., 2021). A
weakening of the LC would mean less of the warm, nutrient-deficient waters running
along the coast, and an increase in upwelling off the coastal area of north-west Aus-
tralia, leading to an increase in nutrients in the water column. The extant sub-euphotic
zone species F. profunda lives in tropical to subtropical oceans, below the deep chloro-

phyll maximum (Hernandez-Almeida et al., 2019) and relies on a ‘clear’, low-nutrient
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water column to thrive at these depths. Gephyrocapsa species are likely better adapted
to these higher nutrient conditions, with the ratio of Gephyrocapsato Florisphaera often
used as an indicator of surface ocean productivity. Although Gephyrocapsa is within
the isotopically ‘heavy’ group, it is lighter in 580 than F. profunda. This time period
is also within one of the well-known ‘large Gephyrocapsa’ intervals (~1.7 to 1.25 Ma;
Agnini et al. 2017), with sizes reaching above 5 um. One plausible mechanism for
the reduction in A§'80 at this time is thus the loss of F. profunda from the VF fraction,
shifting the 580,/ lower, whilst an increased contribution of large Gephyrocapsa to the
VC fraction shifts the 50, higher. Effectively this would represent a convergence on
a Gephyrocapsa-dominated signal 520 in both size fractions whilst the LC is weak.

A final important point is to reflect on the use of bulk carbonate §'80 records
as quantitative expressions of oceanographic or climate change — for example as a
proxy for changes in temperature or seawater §'80. Bulk carbonate records will always
contain a mixture of coccoliths produced by a wide range of coccolithophore taxa with
distinct 5180 vital effects. In the data presented, large and small size fractions have
differences in 580 of more than 1 %o, and although they do show broadly coherent
orbital-scale variations, they have differing secular (~0.5 Ma or longer) trends through
time (Figs. 3.3B and 3.4B), all of which must be a result of differing cellular isotopic

fractionation based on cell size or phylogeny.

3.4.3 Coccolith size-fraction Sr/Ca

The Sr/Ca ratios of coccoliths have been shown to be correlated to coccolithophore
growth or calcification rate in both culture experiments and sediment traps (e.g., Stoll
& Schrag, 2000; Rickaby et al., 2002; Ziveri et al., 2003), most likely because faster
growing cells divide more often and calcify more rapidly, and this rate of calcification
is the key control on the incorporation of Sr ion ‘impurities’ into biomineralized calcite
(Stoll & Schrag, 2000; Rickaby et al., 2002; Stoll et al., 2002c¢). On this basis, coccolith

Sr/Ca has been used in the geological record as a proxy for coccolithophore growth rate
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and/or ‘productivity’ (e.g., Rickaby et al., 2007; Waite et al., 2008; Saavedra-Pellitero
et al., 2017).

Over the interval of this study, the Sr/Ca records of Bolton et al. (2012) (Fig.
3.12) and this work (Fig. 3.7) are similar, with no significant offset between the two size
fractions, but more variability in the larger size fraction. They are also close in absolute
values, with average values of ~ 2.2 mmol/mol in IODP Site U1482 coccoliths and ~
2.4 mmol/mol in ODP Site 999 coccoliths. Although the Bolton et al. (2012) study is
based on size classes that are — in theory — based on distinct sets of dominant taxa,
namely small reticulofenestrids and Helicosphaera, and the split of the size fractions in
this study is broader, being just very fine (~ < 5um) and very coarse (~ > 5um), the
two data sets are notably comparable in both isotopic and Sr/Ca values.

Overall, the Sr/Cayr is a more stable record than Sr/Ca, with the Sr/Cayr
ranging from 2.12 to 2.49 mmol/mol. This is indicative of no large productivity changes,
which is coherent with a stable tropical environment and the assemblage analysis, par-
ticularly of F. profunda. An increased abundance of F. profunda has been used as an
indicator of a deeper nutricline/thermocline, and as an overall indicator of decreased
primary productivity (Molfino & Mclintyre, 1990; Beaufort et al., 1997). From the abun-
dance of F profunda, we calculated the net primary productivity (Npp) (Fig. 3.14),
which remains relatively stable over the studied period, ranging from ~200-400 mg
C m~2 day~!, bar two outlier points at the beginning and end of the record. These
productivity values are comparable to late Pleistocene values from similar oligo- to
mesotrophic environments of the tropical Indo-Pacific (Beaufort et al., 2001). These
results point to limited change in productivity regime over the time period and are in-
dicative of a relatively low productivity, tropical, oligotrophic system.

The Sr/Ca, fraction, in comparison to the Sr/Car, shows an increased mag-
nitude of variation over the whole record, ranging from 1.81 to 2.74 mmol/mol. A varia-
tion in magnitude of Sr/Ca ratios in the coccolith coarse fraction was also recognised by

Waite et al. (2008) in a study of Pliocene equatorial Atlantic sediments, where results
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Figure 3.14: Net primary productivity from F. profunda relative abundance, calculated
following Saavedra-Pellitero et al. (2022), expressed as mg C m—2 day!.

ranged between ~1.8 and 2.5 mmol/mol. When comparing the ASr/Ca (Fig. 3.7B)
to the relative abundance of Discoaster species (Fig. 3.8B), there seems to be some
correlation. The points where the relative abundance is the highest, between 2.3 t0 2.5
Ma and at ~2.9 Ma seem to correspond to where ASr/Ca is at its highest. The conver-
gence seen just after 2.3 Ma in Sr/Cayr and Sr/Ca,c, when ASr/Ca is close to zero,
corresponds to the decline in Discoaster relative abundance, with no change at ~1.9
Ma, around the Discoaster extinction. After this point, the Sr/Ca, becomes much less
variable in magnitude. The implication is that the discoasters are having an effect on
the ASr/Ca, particularly in the Sr/Ca,. Discoasters are members of an extinct genus
with no modern ancestor or analogue that we know of, and so all knowledge of their
ecology or chemistry is inferred from the geological record. In general, discoasters are
at the large to very large end of coccolith size, with estimates of their mass ranging
from 16.5 pg for thinly calcified forms, like D. exilis, to as high as 219.5 pg for the thickly
calcified forms, D. surculus (Preiss-Daimler et al., 2012). Hermoso et al. (2017) reports
Sr/Ca ratios for a range of large coccoliths from the Pliocene and found that the mean

Sr/Ca ratio was close to 2.5 mmol/mol, apart from for Pontosphaera which was 10.4
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mmol/mol. This indicates that those larger forms, that would make up most of the mass
of the VC fraction, would be contributing the most towards the Sr/Ca,. Changes in as-
semblage of the larger forms, particularly discoasters, could be driving the variation in
the Sr/Ca, and corresponding ASr/Ca. Sr/Ca of larger coccoliths (e.g., C. leptoporus
with 23-55% variation) have also been reported to have a more dynamic response than
smaller coccoliths (e.g., G. oceanica, F. profunda with 6-15% variation), with this vari-
ation potentially being more pronounced in oligotrophic regions where large cell size

restricts diffusive uptake of limiting nutrients (Stoll et al., 2002b).

3.5 Conclusion

This study provides the highest resolution record of size split coccolith 5*C and 20
records over the Pliocene-Pleistocene transition, with accompanying Sr/Ca records.
We show that there is a consistent ~1 % offset between the §3Cyr and §3C¢ and
a variable but consistently present offset between the §'¥0,r and 5'®¥0O,.. The VC
size fraction consistently plots with more negative §3C and §'80 values than the VF
fraction. Sr/Ca ratios and Npp calculations show it was a relatively stable environment,
with little variation in productivity over the time period. There was a drop in F. profunda
and a decline in the 580 r at ~1.7 Ma, brought to affect by regional changes in the ITF
during this time, and a potential weaking of the LC. The Sr/Ca, seems to be heavily
affected by those large, heavily calcified forms, in particular discoasters. When a size
correction is applied to the §'3C signal, there is a reduction in inter sample variance in
those with a larger size offset, but it introduces a bias towards a differential of < 2 um?
— it makes the differential much larger. This is part of ongoing work and is not a trivial
task. Overall, this record sets in place good groundwork of a high-resolution study over
a stable, oligotrophic, tropical environment, but further work is needed in more variable

environments to see if the signals are still as stable.
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4 NOVEL APPROACHES TO COCCOLITH
GEOCHEMISTRY OVER THE MIOCENE
TO RECENT

My contribution to this work involved the preparation of the samples for analysis, the
interpretation of the results, writing the text and creating the figures. The methodology
is the same as that described in Chapter 2, which | co-designed with T. Dunkley Jones.
Stable isotope analysis was conducted at the British Geological Survey, Keyworth, UK,
by M. Leng. Particle size analysis data was collected in collaboration with S. Gattupalli.
Reticulofenestra size data was collected and provided by M. Saavedra-Pellitero and T.
Dunkley Jones. Gephyrocapsa species abundance data was collected by A. Jones.
The age model was provided by IODP Exp. 363 participants, via shipboard biostratig-
raphy and paleomagnetic stratigraphy. T. Dunkley Jones provided feedback on the the
research design and interpretation of the results. As in previous chapters, the editorial

‘we’ is used to reflect these proportional contributions.

4.1 Introduction

Coccolithophores are marine haptophyte algae and, in modern oceans, are the domi-
nant calcifying phytoplankton (Milliman, 1993). They produce calcium carbonate plates
called coccoliths, and their preservation in marine sediments makes them an excellent

recorder of surface ocean environmental change through geological time. Although
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many studies have focused on coccolithophore assemblage changes as indicators of
phytoplankton productivity (e.g., Saavedra-Pellitero et al., 2017; Tangunan et al., 2021),
surface ocean temperature (Bollmann et al., 2002) or other patterns of evolution and
ecology (e.g., Jones et al., 2019; Boscolo-Galazzo et al., 2022), more recently there
has been a focus on the geochemical analysis of coccolith-rich sediment fractions as
the basis for palaeoenvironmental reconstructions. Most notably, the §'3C stable iso-
topic analysis of coccolith size-separated microfractions show a marked isotopic diver-
gence in coccolith §'3C from small and large size fractions during the late Miocene to
early Pliocene (7-5 Myr ago (Ma)) (Bolton & Stoll, 2013). This size-specific change
in coccolith 5'3C has been related to a decline in atmospheric CO, (Bolton & Stoll,
2013; Bolton et al., 2016; McClelland et al., 2017) causing a reallocation in the coccol-
ithophores of carbon from calcification to photosynthesis (Bolton & Stoll, 2013). These
isotopic differences, also known as vital effects, are known to vary with CO, availability
in culture studies of modern day coccolithophores (Dudley et al., 1986; Ziveri et al.,
2003; Rickaby et al., 2010) as well as with cell growth rates (Ziveri et al., 2003).
Recent studies have also noted these isotopic vital effects further back in ge-
ological time related to CO, availability. Claxton et al. (2022) found that carbon isotope
vital effects emerge and increase in magnitude during the Eocene, tracking the decline
in pCO, records from an early Eocene high. In the Neogene, similar patterns have
been observed, with limited vital effects during the middle Miocene Climatic Optimum,
a period of elevated atmospheric CO,, followed by an increase in vital effects through
the Miocene Climatic Transition and associated decline in atmospheric CO, (Hermoso
et al., 2020). As well as vital effects, there is also a strong trend of reduced coccolith
size and calcification over the past 15 million years (Bolton et al., 2016; Bendif et al.,
2019; Supraha & Henderiks, 2020), again linked to declining CO, and alkalinity. In
this case, reduced calcification in larger cells happens several million years prior to the
same response of smaller cells, supporting the notion of size-specific carbon limitation

driven by the fundamental differences in carbon uptake efficiency between large and
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small cells (Bolton et al., 2016).

There has been less focus on 880 records of coccolith calcite, with long-
term isotopic records either not including (e.g., Bolton et al., 2016; McClelland et al.,
2017) or not focusing on (e.g., Rickaby et al., 2010; Bolton & Stoll, 2013) the paired
5180 data that comes with standard stable isotope analyses. Culture studies on the
coccolith 5180 composition of modern coccolithophores have determined a split into
isotopically ‘heavy’ (e.g. Gephyrocapsa oceanica, Emiliania huxleyi) and isotopically
light’ groups (e.g. Calcidiscus leptoporus, Coccolithus pelagicus, Umbilicosphaera
spp.)(e.g., Dudley et al., 1986; Ziveri et al., 2003; Rickaby et al., 2010; Hermoso et al.,
2016a; Hermoso et al., 2016b; McClelland et al., 2017). It is, however, unclear how this
translated into the fossil record of coccolith isotopes, when the isotopically light group
evolved relatively recently (Pliocene or younger) compared to the studies that use §'80
as a focus of the work (Hermoso et al., 2020). It is also important to note that records
from the geological past focus on the size-separated sediment fractions, which are by
their nature multi-specific, rather than the monospecific analyses of culture studies (e.g.
Bolton & Stoll, 2013; Bolton et al., 2016; Hermoso et al., 2020; Claxton et al., 2022).
Here we present a 6'3C and 580 record of the size-separated coccolith fraction from
the late Miocene to the recent, processed using the novel separation method described
in detailed in Chapter 2, with the aim of testing the responses of coccolith vital effects
to the most recent phase of major cooling and atmospheric CO, decline (Westerhold
et al. 2020; Rae et al. 2021).

Within the late Miocene to Recent cooling trend, there are a series of more
rapid transitions in the Earth System and/or events that have been the focus of intense
study as future climate analogues. The late Miocene itself was a period of great change
to both marine and terrestrial environments and ecosystems (Herbert et al., 2016),
including the late Miocene cooling, where ocean temperatures dropped to near modern
values between ~7 and 5.4 Ma across both hemispheres (Herbert et al., 2016). Global

benthic foraminiferal 520 records do not show a strong signal of sustained climate
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change during this time (Herbert et al., 2016), indicating that this period of cooling was
not accompanied by a large permanent increase in ice volume. The cooling detected
at the tropics may not be detected in the benthic 520 because the polar regions,
the location of deep water formation, had already cooled substantially and so did not
affect the global 5§80 proxy (Herbert et al., 2016). The driver of this tropical cooling
is suggested to be declining atmospheric CO, levels (Herbert et al., 2016), which is
consistent with the late Miocene increase in coccolith vital effects (Bolton & Stoll (2013),
during a time when direct carbon dioxide proxy records are still relatively sparse (Fig.

4.1).
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Figure 4.1: Atmospheric CO, reconstructions from boron isotopes (dark blue cross
and dashed line) and alkenones (light blue circle and dashed line). Modified from data
compilation from Rae et al. (2021).

Across a similar interval of the late Miocene, although starting up to 1 million
years earlier, the late Miocene to early Pliocene “Biogenic Bloom” has been recorded
as a widespread increase in silica and carbonate accumulation rates (Diester-Haass et
al., 2006), and ranges from ~8 to 4.5 Ma (Lyle et al., 2019). Attributed to increases in
marine primary production, the expression of this event varies regionally in its nature,

time of onset and duration (Diester-Haass et al., 2006). The Biogenic Bloom coincides
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with the Late Miocene Carbon Isotope Shift (LMCIS) — the last significant carbon iso-
tope shift seen across all ocean basins (Drury et al., 2017). The causes of these two
events are uncertain, although there are some explanations that focus on the move-
ment of terrestrial matter to the marine realm and an increase in nutrients in the oceans,
as well as a shift from C; to C, vegetation (Grant & Dickens, 2002; Diester-Haass et
al., 2006; Herbert et al., 2016; Drury et al., 2018).

On the long-term cooling trend from the Miocene to Recent, the mid-Piacenzian
Warm Period (mPWP) in the Pliocene, at 3.264-3.025 Ma, is a major target for palaeo-
climate studies as a future climate analogue (Haywood et al., 2013; Haywood et al.,
2016; Burke et al., 2018). The mPWP had similar CO, measurements to today (Seki
et al., 2010) and surface temperatures 1.8°C to 3.6°C warmer than pre-industrial tem-
peratures (Haywood et al., 2013). However, with the current rates of CO, increase,
mPWP values may be surpassed by the year 2024/2025 (De La Vega et al., 2020).

Within studies of Pliocene climates, the dynamics of the Indo-Pacific system
have been a major focus, with the suggestion of ‘permanent El Nifio’-like conditions, or
‘El Padre’, present during the early Pliocene (Ravelo et al., 2004; Wara et al., 2005;
Fedorov et al., 2006; Ford et al., 2015). In the modern system, there are distinct gra-
dients in SSTs and thermocline depths between the Western and Eastern Equatorial
Pacific (WEP and EEP respectively) during non-El Nifio years (Philander, 1990). The
WEP is dominated by the West Pacific Warm Pool (WPWP), with a deep thermocline
(~200-400 m) that shallows towards the EEP (~50 m), where cool, sub-thermocline
water upwells to the surface (Ravelo et al., 2006). This asymmetry in surface ocean
characteristics is strongly coupled to the strength of the easterly trade winds, part
of the tropical Walker Cell (Philander, 1990; Lau & Yang, 2003). These trade winds
break down during El Nifio events, with surface temperatures off the coast of South
America warming as WPWP waters move eastwards, causing a reduction of upwelling
and a reduction in the east-west SST gradient. This change in surface ocean water

masses also shifts the location of the major up- and down-going regions of the atmo-
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spheric Walker circulation, causing east-west migrations of the major centres of rainfall
and drought. These regular inter-annual variations in the WEP to EEP SST gradient,
known as the El Nifio Southern Oscillation cycle (ENSO), characterize the climates of
the modern tropical Pacific Ocean. Palaeoclimate studies, specifically records of SSTs
in the WEP and EEP and reconstructions of thermocline depths, show that the modern
east-west SST gradient only developed during the late Pliocene to Pleistocene (Zhang
et al., 2014) and is associated with intensified Hadley and Walker circulation across
the Pliocene-Pleistocene transition (Etourneau et al., 2010).

The onset of extensive Northern Hemisphere Glaciation (NHG) occurred from
3.6 million years ago, and was recorded in the benthic 580 record as more distinct,
positive values during glacial stages, indicating a build-up of ice sheets in the Northern
Hemisphere (Mudelsee & Raymo, 2005). The subsequent intensification of the NHG
(INHG) at 2.7 Ma signalled a time where the 41kyr world of glacial-interglacial cycles
was amplified (Ruggieri et al., 2009). The cause of this intensification is still under
debate, but one suggestion is that the presence of permanent El Nifio conditions prior
to the INHG could have inhibited glaciation (Wara et al., 2005; Fedorov et al., 2006).

The modern east-to-west aasymmetry seen in the WEP and EEP fully started
to develop around 2.5 Ma, with the cooling of the EEP; however, a zonal difference
was increasing from ~3 Ma (Wara et al., 2005; Fedorov et al., 2006). However, the
link between NHG, iINHG and the development of the modern ENSO system is still
ambiguous.

Within the Pleistocene, the Mid-Pleistocene Transition (MPT) marks a shift in
the Earth’s response to orbital forcing between 1.2-0.8 Ma (Medina-Elizalde & Lea,
2005; Chalk et al., 2017). There is a transition to higher amplitude glacial-interglacial
cyclicity in the Pleistocene and a shift in period, from 40 kyr to 100 kyr cycles. However,
the cause of this major transition is still uncertain, with further modelling work needed
(Berends et al., 2021).

The long-term records over the Miocene to Recent generated in this study will
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provide more detail over these major climatic transitions. Although this record does not
capture orbital scale variations, it is enough of an improved resolution on the previous
most high-resolution studies (Bolton & Stoll, 2013; Bolton et al., 2016) to suggest how

or if these major changes had any impact on the coccolith vital effects records.

4.2 Methodology

The novel method described in Chapter 2 for splitting samples was employed in this
study for the analysis of stable isotopes and particle size distribution. In brief, samples
were washed through a 63 um then a 20 um Endecotts Laboratory Test Sieve using
deionized (DI) water, with the < 20 um material being collected. Sediment at this point
was in suspension in water. These were then centrifuged in a Mistral 1000 Centrifuge
for 6 minutes at 4000 rpm, with the excess water being poured off. When fully cen-
trifuged, samples were left to dry in an oven at 50°C overnight until fully dry. Once dry,
the samples were separated into 4 targeted size fractions: VF, F, M, and VC. The VF

(very fine) and VC (very coarse) are the only size fractions that were analysed.

4.2.1 Sample selection

Fifty-nine sediment samples analysed in this study were taken from IODP Expedition
363, Site U1482, on the north-west margin of Australia at 15°3.32’S, 120°26.10E in
1466m water depth (Rosenthal et al., 2018) (Fig. 4.2).
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Figure 4.3: Site U1482 age-depth plot for calcareous nannofossil and planktonic
foraminifera biohorizons (Rosenthal et al., 2018). Average sedimentation rates are
5.9 cm/ky during the late Miocene, 3.3 cm/ky in the early Pliocene, and 7 cm/ky in the
Pleistocene (Rosenthal et al., 2018).
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The samples span an age range from 0.1 to 7.7 Ma, with an average temporal
resolution of ~65 Ka, with the shortest interval being ~36 Ka and the longest ~1030
Ka, following the age model created with shipboard biostratigraphy and paleomagnetic
stratigraphy (Rosenthal et al., 2018) (Fig. 4.3). Samples were taken between 8.05
and 423.25 CCSF-A-m from the secondary splice (Rosenthal et al., 2018), paired with
samples for organic geochemistry analysis taken by Prof. Yige Zhang (Texas A&M Uni-
versity). Nannofossil sample tubes were within a 3 cm gap of the organic geochemistry
samples, and the ages are calculated for the midpoint of the organic geochemical sam-
ple. The characteristics of the sediment was a clay-rich and foraminifer-rich nannofossil
ooze, a clay-rich foraminifer nannofossil ooze and a nannofossil ooze (Rosenthal et al.,

2018).

4.2.2 Stable isotope analysis

Stable isotope analysis was conducted on the split samples, where the VF and VC
fractions were analysed and 118 samples (59 VF, 59 VC) were analysed at the BGS
Stable Isotope Facility, Keyworth, Nottingham, on a VG Optima mass spectrometer
(standard reproducibility of < + 0.1%). All data are reported to the Vienna Pee Dee
Belemnite (VPDB) standards. The sample went through a plasma ashing process at
BGS, a widely used process to remove organic matter from samples, before being
analysed. Sample material was powdered to yield CO, from the equivalent of 10 mg
of 100% calcite and reacted with anhydrous phosphoric acid in vacuo overnight at a
constant 25°C. Liberated CO, was separated from water vapour under vacuum and

collected for analysis.

4.2.2.1 Carbon isotopes

Carbon naturally occurs in three isotopic forms, of which two are stable (*>C and '3C)
and one which is radioactive (}*C). They occur in different concentrations in the natural

environment: 2C at 98.9%, 3C at 1.1% and *C which occurs in trace amounts. The
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presence of the latter is used in organic materials to radiocarbon date samples, and has
been widely used in geological, archaeological, and palaeontological studies for this.
The 3C/*2C ratio of a sample whether it is, for example, bulk sediment or foraminifera,
is measured and compared to the *C/!2C ratio of a known standard, in this case a
laboratory standard calcite. Carbon isotopes (6'3C) are reported as a per mille (%)

difference to the VPDB standard (equation below).

13 12 13 12
C / Csample - C / Cstandard
13 C/12 Cstandard

0B C = X1000

4.2.2.2 Oxygen isotopes

Oxygen naturally occurs in three stable isotopic forms: 10, 7O and ¥Q. They occur
in different concentrations in the natural environment: °O at 99.763%, 1O at 0.0375%
and O at 0.1995%. The 80/!*°0 ratio of a sample is measured and compared to
the 180/°0 of a known standard, in this case a laboratory standard calcite. Oxygen
isotopes (5'80) are reported as per mille (%o) relative to the standard (equation below).
If the o is positive, then it indicates enrichment of the heavier isotope relative to the
standard. Contrarywise, if the 6 value is negative, then there is a depletion of the

heavier isotope.
18 0/16 Osample —18 0/16 Ostandard

18y __
5 O B 180/16 Ostandard

X1000

4.2.3 Particle size analysis

Particle size analysis was conducted on both VF and VC size fractions using slides
prepared following the technique of Flores & Sierro (1997). Slides were imaged us-
ing a Zeiss AxioScope A.1 at 1000x magnification with circular polarisation, and a
Méarzhauser Wetzlar motorised XYZ stage with 20-30 fields of view (FOV) taken. Im-
ages were then processed using Fiji (Schindelin et al., 2012), a version of ImageJ that
facilitates the determination of particle size distributions. Any particle less than 1 um?

or greater than 80 um? were excluded. A further in-depth description of this method
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can be found in Chapter 2.

4.3 Results

4.3.1 Stable isotope analysis - 5**C

The §'3C ¢ signal remains relatively stable though time, with values between 2.35 %
and -0.29 %o, a range of 2.64 %.. The §'3C is stable between 7.7 and 5 Ma, followed
by a slightly decreasing trend from ~5 to 3.75 Ma. After this, the 5§3Cr has an overall
increasing trend for the remainder of the record. The §3C, signal is more variable,
with values between 1.31 %, and -2.65 %, a range of 3.96 %o. 5!3Cy¢ shows an overall
decreasing trend for the first half of the record, with a decrease in values from 1.31
%o to -2.65 %.. This is then followed by a generally increasing trend from 3.91 Ma to
Recent. For most of the record, the §*3Cr and the §'*Cy¢ show similar patterns of
temporal variability (Fig. 4.4c).

The difference between §3C,r and §'3C was calculated for all samples as:

ASBC =88 Cyr — 813Cyc

LOESS smoothing (locally weighted smoothing) was applied to A5'3*C to make trends
in this relationship clear (Fig. 4.4d). On the LOESS regression curve, the A53C is
smallest at 7.7 Ma (0.03 %) and at ~1.8 Ma (~0.75 %), and largest at ~4 Ma (3.2 %).
The overall trend seems to be an increase in A§'3C from 7.7 Ma to ~4 Ma, followed by

a decrease from ~4 Ma to ~1.8 Ma, and then it remains stable till the recent.

4.3.2 Stable isotope analysis - 50

The 880 record includes values between 0.44 %, and -1.09 %o, a range of 1.53 %
(Fig. 4.4e). During the first half of the record (~7.7 to ~3.5 Ma), the 580, is stable, or
shows a very slight decreasing trend, but then significantly steps up in values between

3.5 and 3.0 Ma, with a step of 0.93 %.. For the remainder of the record (3.0 to 0.1 Ma),
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580yr shows a slight trend to higher values through time. The trends in the 5§30,
are somewhat similar to those of 50, although without the significant positive step-
change at ~3.0-3.5 Ma. The 50, values are consistently lighter than 580, with
values between -0.66 %o and -1.78 %o, a range of 1.12 %e.

The difference between 580, and §'80,, was calculated for all samples as:

ASBO = 580y — 680

LOESS smoothing (locally weighted smoothing) was applied to A5*20 to make trends
in this relationship clear. Stable isotope data reveals a varying offset between the 530
of the different size fractions throughout the time period, with a peak at ~2.9 Ma (~0.9
%o) just above the step-change towards higher values in §'80r. There are three lows;
the first at 7.7 Ma, where values are ~0 %, at ~3.8 Ma where values are ~0.25 %y,

and at ~1.8 Ma where values are ~0.5 %y.
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Figure 4.4: Stable isotope measurements (6'3C and 5*¥0) of the very fine (VF) and
very coarse (VC) size fractions from the Miocene to Recent (cont. on next page)
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Figure 4.4: Stable isotope measurements from the Miocene to Recent. Panel a and
b are benthic 50O and §'3C showing their respective overall trends since the late
Miocene, edited from (Westerhold et al., 2020). The yellow line indicates a 1-million-
year LOESS smoothed trend line. Significant events are highlighted, including the
mPWP (mid-Piacenzian Warm Period) and the M2 glaciation on panel a, and the LM-
CIS (Late Miocene Carbon Isotopic Shift) on panel b. Note the reversed axis on panel
a. Panel ¢ shows carbon isotopic signal of the VF (dark blue) and the VC (light blue)
size fraction. Panel d shows the difference between the §'3C for the VF and VC frac-
tions (8'3Cyr — 8'3Cyc). Note that the red line is LOESS smoothing with a span of 0.2.
Panel e shows the oxygen isotopic signal for VF (dark green) and VC (light green).
Panel f shows the difference between 580 for the VF and VC fractions (5§00 —
580yc). Note that the red line is LOESS smoothing with a span of 0.2.

4.3.3 Particle size analysis

Particle size analysis of the VF and VC fractions shows a generally good split between
them; the VF fraction tends to have a smaller average particle size (um?) than the VC
fraction throughout the time period (Fig. 4.5a). The VF average particle size ranges
from 2.24 um? to 5.69 um?. The VC average particle size ranges from 3.21 um? to
9.2 um?. There are two VC samples at 6.55 and 6.81 Ma that are larger than the
rest of the VC samples, with average particles sizes of 8.08 um? and 9.2 um?2. This is
most likely due to a combination of clumping of liths on the slide and the threshold that
was set (outlined in Chapter 2) was slightly too low, artificially making particles larger.
Overall, the VF size fraction average particle size stays relatively stable from 7.7 Ma
to 0.1 Ma, whereas the VC fraction average particle size remains stable from 7.7 Ma
until ~3.5 Ma, before decreasing from ~3.5 to 2 Ma and remaining stable until 0.1 Ma.
The relationship of the average particle size against the §!3C values shows that the VC

fraction 8'3C is mostly more negative than the §'3C of the VF fraction (Fig. 4.5b).

86



CHAPTER 4: MIOCENE TO RECENT COCCOLITH GEOCHEMISTRY

101 a 104 b
A
9: 9 A
o~ 8 A . 8 A
= . A e A
3 7 A
o 1A A A A a =7 Y a4 ahn, 4
N g4 A A 4 8 A 4 a
7] ] x A 4 »n © A A A AX
S 5] % Aty . £ 3 A as x
.g 1 A(?HXA fa s £ ° A “ﬂAA“AXAXx X
S R AR S A O Ca S e
- X [
2,0 0 koM R X 6 by g
g 7] T oxx Kox % X X g X R0
< 2 Z X
. 2
1 1
0 0
0o 1 2 3 4 5 6 7 8 2.5 1.5 0.5 0.5 1.5 25
Age (Ma) 8"C (%o VPDB)

Figure 4.5: Panel a shows average particle size (um?) throughout the late Miocene to
Recent, panel b shows the average particle size versus the 5!3C measurement. The
VF is represented by the blue crosses and the VC by the green triangles.

4.3.4 Size corrections of 5'3C

Using the same methodology described in Chapter 3, an initial attempt at correcting
for variability in size and mass distributions between the size fraction separates was
conducted, assuming a linear trend between coccolith size fraction isotopic values and
coccolith size (the average area of the particles).

Similarly, to those corrected in the Pliocene-Pleistocene transition study, there
is reduced variation on corrected samples where there is a larger (> 2 um?) size differ-
ential offset (Fig. 4.6). When there is a small size differential offset (< 2 um?), the use of
the correction causes a consistent bias towards greater isotopic offsets, particularly as
the size offset moves towards zero (Fig. 4.6). This is because the raw isotopic offsets
do not change with the mean size differential, so as the size differential reduces, the
gradient of the size-isotopic composition line increases as the size differential moves
closer to 0, leading to a larger gradient.

However, in the samples used for the size corrections, there are 2 samples
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Figure 4.6: Average differential size offset (area) between the VF and VC fraction ver-
sus AS'3C. The grey dashed line in both A and B denotes 2 um? differential size offset.
Note both panels are on the same A$'3C scale. Panel a shows the original A§'3C be-
tween the VF and VC fraction versus average area offset. Panel b shows the corrected
AS13C between the VF and VC versus the average area offset. In those samples with
a > 2 um? differential size offset, the correction reduces sample intervariability. If the
size offset is < 2 um?, the correction splays the results, biasing them to bigger isotopic
offsets.

that have a larger average area in the VF fraction than the VC fraction, but still have
the isotopic signature expected of them (VF more positive, VC more negative). This
led to negative corrected A5'3C values, with one sample having a corrected -35 %o
isotopic offset with a -0.07 um? average area offset, and the other with a corrected -1.6
%o isotopic offset with a -1.09 um? average area offset. As with the samples with the
expected relationship of larger average area in the VC fraction than the VF fraction, the
closer to zero the differential offset is, the more biased towards greater isotopic offsets.
These samples have not been plotted in Fig. 4.6 to allow for the trends towards biasing

in smaller offsets to be fully visible.
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4.4 Discussion

4.4.1 Coccolith size-fraction stable isotopes and geochemistry

Our results follow on and confirm the large (> 1 %0) 5!3C isotopic offset seen between
large and small coccolith size fractions from the late Miocene to Recent (Bolton & Stoll,
2013; Bolton et al., 2016). When data from ODP Site 925 (tropical Atlantic Ocean)
(Bolton et al., 2016) is plotted alongside data collected in this study, they plot consis-
tently well together and follow the same overall pattern (Fig. 4.7a). The §3C, from
our study reaches its most negative values at 4 Ma. In comparison, a further study
of size separated coccolith §'3C at ODP Site 999 (the Caribbean Sea) (Bolton & Stoll,
2013), the 9-12 um 5*3C of coccoliths also reach their most negative values at 4 Ma,
and the 10-12 um 5%3C reach their most negative slightly earlier, at 5 Ma. The 1 %
offset begins at ~7 Ma in our study, similar to those sites in the tropical Atlantic Ocean
(Bolton & Stoll, 2013; Bolton et al., 2016). At cold-water sites, the threshold was met
slightly later at 5 Ma, due to the solubility of CO, being higher in cold waters (Bolton &
Stoll, 2013). The Bolton et al. (2016) study is the most recent and highest resolution
study of 53C from size separated coccoliths over the late Miocene to Recent inter-
val, and contains 16 sampling intervals (both the small (3-5 um) and large (8-10 um)
coccoliths), whereas this study has 119 samples intervals.

Coccolithophores utilise carbon for both calcification and photosynthesis, and
when they are grown under CO, limiting conditions, their calcite plates show a wide
range of carbon and oxygen isotopic values (Dudley et al., 1986; Ziveri et al., 2003).
These deviations from the expected isotopic values of inorganic calcite are called ‘vital
effects’. In the data presented here, it is clear that these vital effects increase sig-
nificantly between 7 and 5 Ma. Following previous interpretations, this is thought to
represent a threshold response by coccolithophores to declining atmospheric pCO,
levels, whereby intra-cellular HCO; (bicarbonate) is reallocated from calcification to

photosynthesis (Bolton & Stoll, 2013). In this situation, larger cells have a smaller sur-
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Figure 4.7: 53C and size data for Reticulofenestrids for the same period for U1482.
Panel a shows §'3C of the VF (dark blue line) and VC (light blue line) from this study.
From Bolton et al. (2016): small coccoliths (3-5 um, dark blue circle) and large coccol-
iths (8-10 um, light blue open circle) §'3C record over same time period. B) Box-whisker
plot containing Reticulofenestra length measurements from Site U1482, Exp 363 (pers.
comm. Mariem Saavedra Pellitero & Tom Dunkley Jones).

face area to volume ratio, making them less efficient at diffusive uptake of CO,, and
more sensitive to CO, limitation. Larger cells are thus required to use more bicarbon-
ate for photosynthesis, resulting in coccolith isotopic signatures that are more negative
in comparison to the smaller cells. This is supported by culture experiments, where

large-celled coccolithophores (Coccolithus pelagicus spp. braarudii) preferentially in-
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crease HCO; transport for photosynthesis instead of for calcification, resulting in lower
513C and 580 values when compared to small cell species (Gephyrocapsa oceanica
and Emiliania huxleyi) (Rickaby et al., 2010; Bolton & Stoll, 2013). When cultured at
increased DIC concentrations with a constant pH, these differences between the large
and small cells disappears (Rickaby et al., 2010). In the fossil record, reduced allo-
cation to calcification was first seen in larger cells around 8 million years ago (Bolton
et al., 2016). The smaller cells, in contrast, indicate a stable HCO3 allocation to the
coccolith vesicle in relation to calcification, represented by a stable and near constant
Ecoccolith (CArbon isotopic fractionation in calcification) (Bolton et al., 2016). This can
be seen in our data, where the §'3C is relatively stable through time, but the 53C,,¢
varies, becoming more negative from 7.7 Ma to 4 Ma - due to that reallocation of HCO3
from calcification.

Some of the most notable changes in coccolith isotopic compositions are
within the Pliocene, including a considerable decline in §'3Cy¢ from ~5.32 to 3.91
Ma, followed by a sharp increase until ~3 Ma. The decrease in §3Cy coincides with
an increasing size range of Reticulofenestra, with more specimens in the medium to
large size range (> 5 um), including some reaching over 9 um in length at ~4 Ma
(Fig. 4.7b). These medium to large Reticulofenestra then almost disappear after 4
Ma, the time when §'3C returns to more positive values. This increase of larger
Reticulofenestra is also seen in the north-west Pacific Ocean (Imai et al., 2015), the
Indian Ocean (Young, 1990), tropical Atlantic Ocean (Bolton et al., 2016) and the At-
lantic and the western Pacific Oceans (Pratiwi & Sato, 2016), and broadly correlates
with the re-emergence of the > 5 um Retic. coccoliths following the ‘Reticulofenestra
pseudoumbilicus gap’ (Young, 1998).

Extant Noelaerhabdaceae (e.g. E. huxleyi and G. oceanica) are part of the
isotopically ‘heavy’ group with respect to their coccoliths. Both these commonly cul-
tured species are, however, relatively small coccolithophores, producing small and

lightly calcified coccoliths, making it unclear whether their isotopic signatures relate
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to their size and calcification or phylogeny. Overall, there is a distinct lack of large Noe-
laerhabdaceae in extant species, which means there is no living analogue to the large
reticulofenestrids of the Miocene and Pliocene. Although Bolton et al. (2016) recorded
the lowest thickness of Noelaerhabdaceae since the mid-Miocene 4 million years ago,
this was only in coccoliths < 5 um in length. A recent study measured the Reticulofen-
estra thickness from the Oligocene-Miocene and found that reticulofenestrid average
thickness was comparable to Coccolithus pelagicus and Helicosphaera spp. (Guitian
et al., 2022), whose coccoliths are both part of the isotopically ‘light’ group of modern
coccolithophores. Such findings would be consistent with the patterns of 53C,, values
measured from 5.32 to 3.91 Ma in our study, where an increase in the abundance of the
larger, more heavily calcified reticulofenestrids would lead to more negative coccolith
513C values as these larger cells become diffusively limited in their uptake of CO,, and
so need to exploit HCO; for photosynthesis.

These trends through the Pliocene indicate the more dynamic interplay be-
tween the size distribution of coccolithophore species in any time period and carbon
availability — as set by atmospheric CO, concentrations — in determining A83C. The
onset of distinct A5'3C between large and small coccolith size fractions in the late
Miocene has been — probably correctly — interpreted as a response to declining atmo-
spheric CO, concentrations not yet recorded in the sparse atmospheric CO, record
(Bolton & Stoll, 2013)(Fig. 4.8b). However, in our new, higher resolution data, the peak
in the Pliocene in A§'3C is more likely driven by the evolution of larger-sized reticulofen-
estrid coccolithophores under more stable CO, conditions. Such an interpretation fits
with recent studies of Eocene A§*3C, where isotopic offsets are still observed, even
under CO, concentrations substantial higher than the Mio-Pliocene, because coccolith
— and inferred coccolithophore cell — sizes were substantially larger, triggering carbon-
limitation at higher CO, concentrations (Claxton et al., 2022).

There is a larger difference in the 63Cr and 53Cy¢ in the Pliocene than

the Pleistocene (Fig. 4.5a), even though atmospheric CO, more than halved, relative

92



CHAPTER 4: MIOCENE TO RECENT COCCOLITH GEOCHEMISTRY

Age (Ma)
0 1 2 3 4 5 6 7 8
a L
-3
-2.5
- >
2,
-2 cs,;
/ F15 <
5
- =}
@
-1 ~
700 ° i
b -0.5
600 1 i
-0

500 A

400 A

w
o
o

Atmospheric CO, (ppm)

N
o
o

-

o

o
1

o

Pleistocene Pliocene Miocene
0 1 2 3 4 5 6 7 8
Age (Ma)
=— A\§'3C O Alkenones —— —— LOESS smooth
=== | OESS smooth + §"B — — — LOESS smooth

Figure 4.8: A5**C and atmospheric CO, over the past 8 million years. Panel a shows
the difference between the VF and VC fraction from this study, panel b shows atmo-
spheric CO, concentrations, from the Rae et al. (2021) compilation. Light blue empty
circles are alkenone measurements, and dark blue crosses are boron isotope mea-
surements. There is a peak in difference at 4 Ma, which we have attributed to larger
size reticulofenestrids, and the steady state difference after 4 Ma we have attributed to
a dominance of Gephyrocapsa in assemblages. Gephyrocapsa ameliorates the effects
of carbon limitation (reduced A$'3C) despite declining atmospheric pCO..

to the Pliocene, in glacial climates of the late Pleistocene. The explanation for this
trend in AS*3C is likely due to the coincident long-term trend towards smaller-sized
coccolithophores, similar to those seen in the oceans today, through the Pliocene-
Pleistocene. In the Pliocene, with relatively large coccolith and coccolithophore cells,
carbon limitation impacted these communities even at higher atmospheric CO, concen-

trations. However, in the Pleistocene, the shift to smaller cells, and potentially dominant
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species with more active carbon concentration mechanisms, reduces the isotopic ef-
fects of carbon limitation even at low atmospheric CO,. This hypothesis is supported by
coccolith size measurements through time (Fig. 4.5a), where there is a noted decrease
in the average particle size of the VC size fraction after 4 Ma, representing the loss of
the population of large coccoliths. This observation also fits with the noted crash in bulk
carbonate mass accumulation rates after ~4 Ma, ascribed to the overall late Neogene
size-reduction trend of coccolithophores (Suchéras-Marx & Henderiks, 2014).

The long-term trends in A5!3C are important, not only for an understanding of
the strength of carbon limitation experienced by coccolithophore communities through
time, but also potentially using this understanding to inform estimates of atmospheric
CO, based on coccolithophores-derived alkenone biomarkers (Rae et al., 2021). The
alkenone CO, proxy relies on the relationship between the isotopic fractionation of
carbon taking place during photosynthesis and the extent of carbon limitation, with
greater isotopic fractionation alongside increased carbon availability. Recent studies
have strongly indicated that this relationship breaks down within the Pleistocene to
modern oceans when extreme carbon limitation is counter-acted by small cell sizes
and active uptake mechanism in the gephyrocapsid clade (Badger, 2021). The results
of A8'3C presented here support that conclusion — that peak carbon limitation was
experienced by coccolithophore communities in the Pliocene, after which the evolution
of small, Gephyrocapsa-dominated assemblages somewhat ameliorated the effects of
carbon limitation driven by declining atmospheric CO..

The loss of the large reticulofenestrids at ~4 Ma coincides with the flourishing
of Gephyrocapsa spp. (Fig. 4.9b) and Florisphaera profunda (Jones, 2021; Boscolo-
Galazzo et al., 2022), both of which are prolific in the late Pliocene-Pleistocene oceans.
Florisphaera profunda is an extant sub-euphotic zone (SEZ) species that lives in trop-
ical to subtropical oceans, below the deep chlorophyll maximum (Hernandez-Almeida
et al., 2019). Coccolithophores have also become more efficient in nutrient utilisation

under nutrient limiting conditions, an adaptive strategy seen in modern oceans. Emilia-
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nia huxleyi, a modern taxa closely related to Gephyrocapsa, is the stronger competitor
over the marine diatom Phaeodactylum tricornutum under nutrient limiting conditions,
at the expense of population growth rates (Zhao et al., 2015). This indicates that E. hux-
leyi has adapted a more economic strategy to dealing with nutrient depleted environ-
ments (Zhao et al., 2015). One explanation for this ecological shift in coccolithophore
communities in the late Pliocene is a change in ocean biogeochemistry, particularly a
deepening of the nutricline (Boscolo-Galazzo et al., 2021). Such a late Pliocene nu-
tricline deepening is inferred from biogeochemical modelling and foraminiferal isotopic
data (Boscolo-Galazzo et al., 2021) as well as being consistent with the proliferation
of twilight zone species of foraminifera, and the rise of deep-dwelling coccolithophore
ecotypes (i.e. F. profunda) (Boscolo-Galazzo et al., 2022).

The most striking feature of the 510 isotope records is the marked increase
to more positive values, particularly in the VF fraction, from 3.72 Ma. This isotopic shift
coincides with a sharp increase, from < 10% to ~ 30%, in the abundance of Gephyro-
capsa spp. in the unsplit assemblages from this site (Jones, 2021) (Fig. 4.9a). The VC
also exhibits a small increase, but not of the same magnitude as the VF fraction and
more gradually. Smaller coccoliths, particularly taxa from the Noelaerhabdaceae fam-
ily, are concentrated in the VF fraction, and the large change in abundance in Gephy-
rocapsa in the unsplit sediments will be even more pronounced in the VF fraction. This
middle Pliocene increase in Gephyrocapsa spp. was also noted in Sites from IODP
Exp. 356 from 4.42 Ma (Karatsolis et al., 2020), and across the midlatitudes of the
Indian and Atlantic Oceans, where it has been described as the ‘small Gephyrocapsa
interval’ (Young, 1990; Auer et al., 2019). Analyses of modern E. huxleyi and Gephyro-
capsa coccoliths place them in a distinct isotopically heavy group with respect to 520
(Dudley et al., 1986), attributed to a high growth and calcification rate (Hermoso et al.,
2014; Hermoso et al., 2016b). The change in assemblage over the mid Pliocene, par-
ticularly between 3.72 and 3.1 Ma, is thus the most likely driver of the observed change

in the size-separated 580 record. The size separation method employed does not re-
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Figure 4.9: 50 and Gephyrocapsa species abundance since the late Miocene. Panel
a shows 580 of the VF (dark green) and VC (light green) fractions. Panel b shows
Gephyrocapsa spp. abundance from the late Miocene to the mid Pleistocene (1.7 Ma)
from Jones (2021). Grey shading denotes period of interest, the ‘small Gephyrocapsa
interval’, and the oxygen isotope vital effect splay.

sult in a pure size split sample, and there are often smaller taxa within the VC fraction.
However, they constitute a smaller portion of the mass, and so whilst the VF fraction,
dominated by Gephyrocapsa spp., becomes rapidly more positive, the VC, which will
contain Gephyrocapsa spp. but other taxa which constitute more of the mass, is only
slightly affected. This results in a much more positive 5§20 VF fraction, and a slightly
more positive VC fraction. Following this middle Pliocene shift in assemblages, and the
associated 5¥0 of the size splits, 520 values remain relatively constant through the

remainder of the Pliocene-Pleistocene, likely as a result of the continued dominance of
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Gephyrocapsa spp., with their higher 520 values, from the mid Pliocene to the Recent.

VF fractions showing a larger mean particle size by area than VC fractions
(2 samples out of 50) could be due to clumping on the smear slide in the VF fraction,
making artificially large particles, or it could be due to a general lack of larger particles
in the VC fraction. After ~4 Ma to the recent, the VC fraction has a smaller average
area than the rest of the record (Fig. 4.5), with a strong decline in average particle size
area seen after 4 Ma. This is most likely due to the shift towards smaller cells in the
Pleistocene and the proliferation of Gephyrocapsa spp. (Fig. 4.9b), with larger coccol-
iths being relatively sparse. As discussed in Chapters 2 and 3, the size distribution is
not necessarily reflective of the mass distribution, so whilst the large coccoliths may be
more absent from the assemblage, when they are present their mass will make up a

large proportion, which is what is driving the isotopic signatures and offset.

4.5 Conclusion

This study offers the most high-resolution 53C and 580 for size separated coccolith
fractions from the late Miocene to Recent, using a successful novel method. Alongside
assemblage data, the study provides insight into the vital effects of coccolithophores
in relation to declining atmospheric CO, (Bolton & Stoll, 2013; Bolton et al., 2016) and
nutricline deepening (Boscolo-Galazzo et al., 2021; Boscolo-Galazzo et al., 2022). The
long term macroevolutionary trend of declining cell size and thickness (Bolton et al.,
2016), and changes in diversity (Bown et al., 2004) over the Neogene left an imprint
on both the §3C and §'80 records. There was a consistent offset in both the §'3C
and the 50, due to the presence of vital effects. These vital effects are the result
of reallocation of HCO; from calcification to photosynthesis (Bolton & Stoll, 2013),
affecting the larger cells the most, making them more negative in both the §'3C and
5180. This reflects what is seen in culture studies (e.g. Ziveri et al., 2003; Rickaby et
al., 2010; Hermoso et al., 2014; McClelland et al., 2017).

As demonstrated, vital effects can have a profound impact on the 5!3C and
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5180 measurements. This may need to be considered when working with bulk carbon-
ate analyses. We show that the proliferation of Gephyrocapsa spp. affected the 580
measurement, which would be recorded in bulk carbonate records.

With the application of our novel size-separation technique we have achieved
this new, higher-resolution record of late Miocene to Recent coccolithophore isotopic
evolution. The honing of this method will open-up the further use of coccolithophore
isotopes in palaeoclimatology. When paired with the alkenone CO, proxy, it would al-
low us to study coccolithophore carbon limitation through time. Movements are already
being made to using them as a palaeothermometer (Hermoso et al., 2020) and as a
pCO, indicator rather than as a pCO, trend recorder (Godbillot et al., 2022; Claxton et
al., 2022), but further work is still needed to both refine size correction and normalisa-
tions, as well as our understanding of phylogenetic variations in coccolithophore vital

effects.
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5 CONCLUSIONS & FUTURE WORKS

5.1 General conclusions and summary

This thesis employed a novel size separation technique and comprehensively tested
it by creating two high-resolution records of size separated coccolith fraction isotope
records: one through the Pliocene-Pleistocene Transition, the other from the late Mioc-
ene to Recent. All samples were from IODP Exp. 363, Site U1482, off the north-west
margin of Australia. These records are the highest resolution over each of the stud-
ied time periods and lay excellent groundwork for further research. These records
document how climate changes, both on a regional and global scale and as well as
macroevolutionary trends, affect the recorded coccolith isotopic signals and productiv-
ity indicators. In this chapter, the overall aims of the thesis are addressed, the main
findings summarised, and future directions of work proposed.

One of the aims of this thesis was to develop and test a novel size separation
technique, based on centrifugation. The most common methods for size separation of
the coccolith fraction include micro-filtration (Minoletti et al., 2009) or sinking-decanting
(Paull & Thierstein, 1987; Stoll & Ziveri, 2002) techniques, which are very time consum-
ing. By developing a new size separation technique with a much quicker turnaround
in sample preparation time, higher-resolution size-separated coccolith records could
be generated, leading to a more complete understanding of the isotopic offset seen
between large and small coccolith size fractions, and from this produce a better under-
standing of the magnitude of coccolith vital effects. The robustness of this novel method

was tested via coccolith size analysis with Fiji software (Schindelin et al., 2012). Using
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circular polarizing transmitted light microscopy, 20-30 fields of view were taken using
an automated stage and slide scanning software, with the image output used to deter-
mine the particle size distribution by coccolith area. The average area in um? of each
size-split was then calculated for each sample. In the vast majority of cases (~97%),
the very fine fraction recorded a smaller average area particle size than the very coarse
fraction, implying that this method was successful in generating size-separated coccol-
ith fractions.

Using this novel size separation technique, two new high-resolution records
for multiple parameters, including §'3C, §'80 and Sr/Ca ratios, were generated. The
Pliocene-Pleistocene transition record consists of 5*C and §'80 records for between
1.38-3.02 million years, with an average temporal resolution of ~4 Ka. A consistent ~1
%o offset was seen between the VF and VC fractions for the §'*C record, which is con-
sistent with other records of §13C isotopic offsets of this time period (Bolton et al., 2012;
Bolton & Stoll, 2013; Bolton et al., 2016). The 680 also recorded an offset through the
time period but was slightly more variable than the §'3C record. Both of these offsets -
513C and 680 - were retained through orbital scale variations. Both the §!3C and §80
records showed influences from regional climatic changes, with a strong influence from
the 41 kyr obliquity cycle in the 5'3C of both size fractions. We recorded a decline to
almost 0 %o in the A5'80, which, when paired with a decline in Florisphaera profunda
coinciding with the large Gephyrocapsa interval, we attributed to a restriction of the
Indonesian Through Flow and a weakening of the Leeuwin Current. The Pliocene-
Pleistocene was also the focus of this study due to the final extinction of the prominent
group, the discoasters. Their demise was recorded in the assemblage analysis, with
the final extinction of D. brouweri occurring at ~1.95 Ma, which is consistent with other
studies (Chapman & Chepstow-Lusty, 1997; Raffi et al., 2006; Schueth & Bralower,
2015; Tangunan et al., 2018). The Sr/Ca ratios indicated a stable productivity environ-
ment, particularly when looking at the VF fraction. However, the VC fraction was much

more varied, which we attributed to the presence of discoasters and other larger and
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more heavily calcified liths that have been shown to yield a much larger range of Sr/Ca
values than smaller liths. Overall, however, there is no clear signal in any of the coc-
colith geochemistry that could be interpreted as a major environmental perturbation at
this site associated with the Discoaster extinction. Finally, a size correction for the §'3C
was attempted, which yielded promising initial results. When there was a large differ-
ence in size distribution between VF and VC fractions, this normalization reduced the
variance isotopic compositions between samples. However, when there is a small size
distribution, the correction causes a consistent bias to greater isotopic offsets. Further
work needs to focus on transforming these size distributions into better estimations of
mass distributions.

The Miocene to Recent record is of relatively high resolution when compared
to other records over this time period (Bolton & Stoll, 2013; Bolton et al., 2016). §'3C
and 580 isotope signals were generated for the VF and VC fraction, consisting of 118
samples spanning 7.7-0.1 million years, with an average temporal resolution of ~65 Ka.
This study offers the most high-resolution 5!3C and 50 record over this time period,
again using the novel size separation technique described in Chapter 2. Offsets can
be seen throughout the record for the §3C and §'80, apart from in the oldest sample
at 7.7 Ma, capturing the emergence of the vital effects between the small and large
size coccoliths in the late Miocene. The 53C\r remains relatively stable throughout
the record, whereas the §'3Cy moves towards negative values between ~5.32 to 3.91
million years, which we believe mirrors an increase in heavily calcified, large forms
of Reticulofenestra pseudoumbilicus. There is also a shift in the 5§80 that coincides
with the rise of Gephyrocapsa spp., particularly the small forms. These taxa have more
positive 6180 values, which we believe shifts the average §'80,r measurement to more
positive values from the late Pliocene onwards.

We believe that in both studies, a key point from the work completed in this the-
sis is the need to approach bulk §!3C, 580 and Sr/Ca ratio records from coccolith rich

sediments with caution. The presence of certain taxa could bias the measurements to
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positive or negative values, depending on the taxa present in the assemblages or the
coccolithophores physiological reaction to the changing climate of the time. However,
the size-separation methods used here provide a greater understanding of these vital
effects and their consistency through time, which it is hoped, can inform future studies
of the drivers of coccolithophore macroevolution and interpretation of coccolithophore-

derived biomarker isotopic analyses.

5.2 Further work

Work on IODP Exp. 363, Site U1482 remains an active area of research. Currently
there is work to extend the Miocene to Recent study further back in time to fully en-
capsulate the first records of the vital effects seen in coccolithophores. As stated in
Chapter 3, an attempt at size corrections for the §'3C records has been attempted
and yielded promising results. However, it is not a trivial process, and further collab-
oration with colleagues in the School of Mathematics is ongoing to convert coccolith
area distributions to mass distributions and then use these full distributions to correct
for sample-to-sample variations in size fractions. Sr/Ca ratios for the Miocene to Re-
cent study are still being analysed, and the return of this data should hopefully give
an insight into productivity trends over a key period of macroevolutionary and climatic
changes. The records generated in this thesis are representative of a stable, tropical,
oligotrophic environment. Similar studies on sites with more variable environments is
crucial to see if the signals recorded are mainly a factor of global forcing — such as
atmospheric CO, — or local oceanographic conditions. However, the samples in this
thesis are from an excellent, continuous sedimentary record from the Miocene to the
Recent with very good coccolith preservation. This level of completeness across the

same age intervals with excellent nannofossil preservation may be hard to find.
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