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Abstract

The pelagic ecosystem plays an important role in cycling carbon between ocean and
atmospheric reservoirs. This study explores the hypothesis that widespread extinctions
experienced by the pelagic ecosystem at the Cretaceous/Paleogene (K/Pg) resulted in a
reduction in surface-to-deep ocean organic carbon (C-org) flux, followed by a long
period of recovery (3-4 myr). This hypothesis, coined the ‘living ocean’ model by
previous authors, has potential problems. Firstly, benthic foraminifera, which are
believed to be dependent on surface-exported food, do not show widespread extinction.
Secondly, existing surface-to-deep ocean foraminiferal 8'°C records that are used to
reconstruct C-org flux fail to account for the changing ecologies and potential isotopic
disequilibrium effects on test calcite 8'°C of the newly evolved Paleocene planktonic
foraminiferal indicator species. The goal of this study was to constrain such ‘vital’
effects in early Paleocene planktonic foraminifera and produce a refined reconstruction

of the K/Pg marine carbon system response.

Multispecies 8'%0 and 8'’C studies from a South Atlantic core (ODP Site 1262)
constrain isotopic disequilibrium effects. The results provide the first species-specific
8'*C isotopic *adjustment factors’ that account for the influence of (i) unusually small
test sizes (metabolic fractionation) and (ii) planktonic foraminiferal symbiosis. The
adjustment factors were applied to a new stable isotope time series from Site 1262. In
the refined reconstruction the apparent *3'*C gradient-reversal’ recognised in previous
studies is eliminated, with benthic-planktic 8'*C differences now converging at zero.
This period of minimum 8'*C gradient lasted ~200 kyr, thereafter the vertical §'’C
gradient gradually expanded until a pre-extinction gradient of | %c was reached,
signalling full carbon pump recovery, at ~64.1 Ma. This is 1.58 myr after the K/Pg
event and represents close to half the recovery time estimated previously. Under this
model, recovery of the 8'’C gradient precedes the inferred evolutionary origin of
photosymbiosis by 0.6 Ma. Sedimentological (CaCOs), paleontological and bulk 8"c
changes indicate that full oligotrophic conditions did not take hold until ~61.4 Ma. This
suggests that although C-org flux recovered after 1.58 myr, the extended pelagic

ecosystem may have taken far longer (>4 myr) to fully recover from the catastrophe.
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Chapter | — Introduction

1. Introduction

This introduction is organized into the following sections; an account of current
understanding of the K/Pg extinction event and its possible causes and consequences,
an outline of the biology and ecology of the microfossil group used in this study, i.e.
planktonic foraminifera, and a review of the geochemical proxy methods used.

1.1. General background to the project

The Cretaceous — Tertiary (K/T), or Cretaceous — Paleogene (K/Pg) boundary, which is
the International Commission on Stratigraphy (ICS) preferred name, occurred ~65
million years ago (Ma) and marks the end of the Mesozoic Era and the start of the
Cenozoic (Figure 1.1). This boundary has long been associated with major changes in
Earth’s fauna and flora, including, most famously, the rapid demise of the dinosaurs.
The question of whether the changes at this boundary were catastrophic, involving mass
extinction, or more gradual, involving progressive faunal turnover resulting from
gradual environmental change (D’Hondt, 2005), is controversial. However, the weight
of evidence tips heavily in favour of the mass extinction theory (Schulte et al., 2010),
which implies vast and abrupt changes to Earth’s ecosystems 65 million years ago as
the result of some catastrophic event.

Now generally accepted as the second largest extinction event in Earth‘s history, the
K/Pg boundary event has become a fascinating interval for study, offering many
opportunities to explore the possible cause and consequences of a major disturbance to
the Earth’s biotic system. As on land, the marine realm suffered widespread extinctions
at the K/Pg that appear to be associated with major perturbations of the marine carbon
system. The purpose of this thesis is to explore the evidence for a carbon system crash
and the pattern of post-K/Pg recovery in the pelagic realm using foraminifera
evolutionary and geochemical analysis. The work builds on previous research by
D’Hondt et al. (1998) and Coxall et al. (2006) who suggested that disruption of pelagic
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Chapter 1 — Introduction

1.2. The cause of the K/Pg extinction event

The nature and mechanism of K/Pg extinction is a matter of heated and ongoing debate.
Many possible causes have been proposed ranging from natural ongoing climate change
and sea level rise (Haq et al., 1987, Keller et al., 1993 and Oms et al., 2007), flood
basalt volcanic eruptions associated with emplacement of the Deccan Traps in western
India (Officer and Drake, 1985; Duncan and Pyle, 1988; Courtillot et al., 1988) and
asteroid impacts (Alvarez et al., 1980) to name a few of the more widely argued
possibilities. In general however, evidence strongly favours the impact theory and many
scientists (but not all) now agree that an impact of a large asteroid body occurred at the
K/Pg boundary (Macleod et al., 2007; Kring, 2007; Schulte et al., 2010).

Support for the impact theory can be traced back to research conducted by Walter
Alvarez and co-workers in the 1980s who found unusually high concentrations of the
element iridium in Cretaceous — Paleogene sediments around the world. Iridium is
extremely rare in the Earth’s crust but occurs at higher concentrations in extraterrestrial
bodies, including asteroids and comets. The so-called K/Pg ‘Iridium anomaly’, together
with other evidence of an object impacting the Earth at this time (shocked quartz and
melt-induced glass spherules called tektites; Kring, 1993; D’Hondt, 1994a) led the team
to the Alvarez impact theory as the cause of the K/Pg extinction. Still requiring a site
for the proposed impact, Hildebrand and colleagues (1991), building on work by
Penfield and Camargo (1981), suggested the ~300 km Chicxulub crater in Mexico.
Buried on the coast of the Yucatan peninsula, the scale and age of this crater matched
the other geochemical, sedimentary and palacontological evidence for a devastating
K/Pg asteroid impact. Since Alvarez’ pioneering work, over 250 K/Pg boundary sites
have now been located around the globe (Schulte et al., 2010). These sites show varying
thicknesses of ejecta debris depending on proximity to the Chicxulub impact site
(Figure 1.2). These correlative horizons further strengthen the theory that a single
impact at the K/Pg boundary had global consequences (Schulte et al., 2010).
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1.2.1. Immediate effects of the Chicxulub bolides impact

The initial shock blast and heat produced by the impact of a large extraterrestrial body
on the Earth would have killed all plants and animals in the immediate vicinity and
generated numerous wild fires (Kring, 1993). As the Chicxulub crater was near the
coast large tsunamis would have been generated, affecting the whole of the Gulf of
Mexico region (Kring, 1993). The iridium signal and other impact ejecta, such as
spherules, have been found worldwide suggesting that the impact event had global
consequences. The lithology of the upper 3 km at the Chicxulub impact site are rich in
water, carbonate and sulphate, which upon impact could realise large quantities of SO,
H20O vapour (Pope et al., 1998) and CO, (Pope et al., 1997) into the atmosphere, as
predicted by impact models. Sulphate aerosols are predicted to have lead to near
freezing temperatures globally, despite the large amount of CO, released into the
atmosphere (Pope et al., 1997). The dust and sulphur aerosols would also have lead to
global darkness for up to a year (Toon et al., 1982) causing photosynthesis to cease.
This lack of photosynthesis could have lead to an increase in ocean alkalinity (due to
extinction of CaCO; producers) and a deepening of the carbonate compensation depth
(CCD) (Hsu, 1980; Caldeira and Rampino, 1993). Global darkness and cessation of
photosynthesis (Griffis and Chapman, 1988) seems a likely scenario for the K/Pg mass
extinction and is supported by the fossil record as aquatic deposit feeders and terrestrial
detritivores (which are less dependant on new production) were less affected than
primary and secondary consumers (Arthur et al., 1987; Hansen et al., 1987). Trace
metal poisoning (Jing et al., 2010) and increased acidity (D"Hondt ef al., 1994) have
been suggested as another mechanism for extinction within the marine realm, which
could amplify the stress affects of global darkness (Schulte et al., 2010).

1.2.2. T trial biotic ¢ e at the K/Pg boun

The K/Pg is most famous for the extinction of the dinosaurs (Sheehan er al., 1991;
MacLeod et al., 1997). Dinosaurs, along with pterosaurs were the only major terrestrial
vertebrate groups to become extinct at the K/Pg boundary (Milner, 1998). Lizards,
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snakes, freshwater fish, turtles, crocodilians and amphibians all seem to have passed
through the K/Pg boundary with little effect (Buffetaut, 1990; MacLeod et al., 1997).
Information on bird survival at the K/Pg boundary is patchy and no real conclusions can
be made (Buffetaut, 1990; MacLeod et al., 1997). Among mammalian taxa, the
marsupials seem to have been most severely affected with nearly all species becoming
extinct. In contrast the multituberculates and placental mammals seem to have actually
expanded in diversity (Buffetaut, 1990; Erwin, 1998). The extinctions on land seems to
have been selective with larger organisms dependent on plants, generally being more
susceptible than smaller animals (carnivorous, insectivorous or omnivorous), in most
cases (Buffetaut, 1990).

Among terrestrial plants the K/Pg boundary is also marked by a large extinction
incurring a loss of 30 to 35 % of palynoflora (Nichols, 2007). Johnson et al. (1989) also
found a 30 % palynofloral extinction at the K/Pg boundary and states that megaflora
underwent a 79 % tumover at the boundary. Above the boundary a spike in fern-spores
was found to be present by Nichols (2007) at a sampling site from western North
America. This is inferred to represent pioneer plant communities re-occupying
terrestrial terrains after the devastation of the extinction.

1.2.3. Marine biotic change at the K/Pg boundary

The marine ecosystem was also seriously affected with fossil records indicating that
over 50 % of marine genera (particularly organisms that produced calcareous skeletons)
were wiped out at the boundary across shelf and pelagic environments (Sepkoski, 1996;
D’Hondt 2005). Some groups survived better than others, such as those with benthic
lifestyles (e.g. benthic foraminifera) and those with the ability to form resting cysts (e.g.
dinoflagellates, except calcareous forms) (Kitchell et al., 1986). These lifestyles likely
facilitated protection from the environmental upheaval.
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Vertebrates

The fossil records of marine vertebrates are limited. Bony fish are generally thought to
have passed through the K/Pg extinction with few losses (MacLeod et al., 1997), but a
review by Kriwet and Benton (2004) showed that the neoselachian sharks suffered
major losses with 84 % (+/-5 %) of species going extinct. Batoids (rays) were also
seriously affected with almost all identifiable species lost. Benthopelagic and deep-sea
species of sharks and batoids were the only forms which showed little effect from the
K/Pg event, when compared to open marine, open continental and shallow sea forms.
Marine reptiles (e.g. mosasaurs and sauropterygians) also became extinct (MacLeod et
al., 1997).

Marine plankton

Calcareous nannoplankton, microscopic marine alga, suffered major losses at the K/Pg
boundary (Pospichal, 1994; Henriksson, 1996; MacLeod et al., 1997; Bown, 2005;
Bernaola and Monechi, 2007). Of the 131 late Maastrichtian species only 10 survived
into the Danian, resulting in a 90% loss of species diversity. The species that did
survive tended to be r-selected (opportunistic) taxa that were either uncommon or only
common in high latitude environments before the K/Pg boundary (Bown, 2005). The
abundance of calcareous nannoplankton in sea floor sediments, as recorded by fine
fraction carbonate sediment accumulation (D’Hondt, 2005), remained low for at least
150 kyrs after the boundary (Bernaola and Monechi, 2007). This would suggest that
they were still living in a unfavourable environment or had changed their life cycle
strategies (Bernaola and Monechi, 2007). There was a complete loss of all the
Cretaceous calcareous dinoflagellates (‘Calcispheres’) assemblages at the K/Pg
boundary with no Maastrichtian taxa continuing into the Paleocene. This was followed
by a mass occurrence in the Danian, when completely new Cenozoic assemblages
evolved (Futterer, 1990).

Although most marine plankton suffered some loss at the K/Pg boundary there was an
unexpected high survival of marine diatoms (Kitchell er al., 1986; MacLeod et al.,
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1997) and the majority of siliceous plankton thrived. Radiolarians showed no mass
extinction and diatoms actually increased in abundance relative to radiolarians. A
possible explanation for this is that reduced numbers of calcareous plankton led to
vacated niche space that allowed the opportunistic diatoms to bloom (MacLeod et al.,
1997). Enhanced upwelling or more efficient nutrient cycling may also explain this
plankton bloom in the first 1 million years of the Paleocene (Hollis et al., 1995).

Invertebrates

On the continental shelves, molluscan assemblages display major changes in taxonomic
and ecological make-up across the K/Pg boundary. Maastrichtian faunas were
dominated by diverse suites of suspension feeders but these were replaced by low
diversity, deposit feeding or camivorous species in the Paleocene (Hansen et al., 1987;
Hansena et al., 2004). Veneroid bivalves suffered an 81 % loss of subgenera at the K/Pg
boundary (Lockwood, 2004). Ammonoidea (Cephalopods) and rudist bivales along with
nerineid and acteonellid gastropods (largely suspension feeders) all became extinct
(MacLeod et al., 1997). The late Cretaceous and K/Pg boundary was a period of major
evolutionary turnover for ostrocods and echinoderms rather than obvious extinction,
although the timing of these events has not been fully constrained (MacLeod et al.,
1997).

Between 30 and 32 % of scleractinian corals became extinct at the boundary (Kiessling
and Baron-Szabo, 2004 and Baron-Szabo, 2006, respectively), with photosymbiotic
(zooxanthellate) corals being more affected than azooxanthellate corals (Kiessling and
Baron-Szabo, 2004). Approximately 13 % of bryozoan families went extinct at the K/Pg
boundary however, this had little effect on the long term pattern of bryozoan evolution
(MacLeod et al., 1997). Research into the decopod crustaceans and more specifically
the brachyura (true crabs) has shown that they did not suffer major extinction at the

K/Pg boundary (Brtsing, 2008).

One of the most severely affected marine groups were planktonic foraminifera
(MacLeod et al., 1997) with 90 % of species disappearing at the boundary (Smit, 1982;
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D’Hondt et al., 1996). One aspect of the K/Pg extinction is that open ocean faunal
assemblages are marked by a sharper turnover than near-shore assemblages (Keller,
1988; D'Hondt and Keller, 1991). This is probably due to near-shore assemblages
being dominated by small, opportunitstic multiserial taxa before the boundary
extinction; whereas the larger open ocean specialists that dominated in the Cretaceous
all went extinct (D’Hondt et al., 1996).

It is widely believed that as few as five species of planktonic foraminifera survived the
K/Pg extinction, of which three are believed to have seeded the radiation of the
Paleocene (Olsson et al., 1999). Other authors however, recognise additional
Cretaceous survivors and values range up to 26 species (MacLeod and Keller, 1991).
Keller et al. (1993), Keller (1988) and Canudo et al., (1991) propose a gradual
extinction caused by sea level regression rather than the rapid impact scenario, due to
their findings of Cretaceous foraminifera into Paleogene sediments and last occurrences
of foraminifera before the boundary. Other scientists however have argued that these
findings are purely an artefact of re-working (Norris et al., 1999) and the species whose
last occurrence were below the boundary were found to be rare and do occur up to the
boundary in other core sections (D’Hondt et al., 1996). Keller et al. (1993) argues that
if the foraminifera were simply an artefact or reworking then they would still display
Cretaceous 8'°C values, but they display tertiary values instead. A study by Huber
(1996) found no such 3"C evidence that foraminifera had survived beyond the
boundary. Another independent study by Macleod and Huber (1996) looked at the
problem of Cretaceous ‘survivors’ versus reworking by looking at the 87Sr/%Sr ratios of
foraminifera and inoceramids compared with ¥Sr/*®Sr seawater ratios and concluded
that the Cretaceous foraminifera in Paleogene sediments were a result of re-working. A
K/Pg sequence recovered from ODP Leg 207 on Demerara Rise in the Atlantic Ocean,
contains a complete sedimentary sequence unaffected by tsunamis and impact induced
shock waves (Macleod er al., 2007). Below the spherule bed (which occurs exactly
between the Maastrichtian and Danian sediment contacts) a complete Maastrichtian
assemblage is recognised with no changes in diversity. Above this spherule bed rare,
poorly preserved Cretaceous planktonic foraminifera are found only within the
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planktonic foraminifera biochron PO, indicating a catastrophic single impact induced
mass extinction (Macleod et al., 2007).

1.3. Consequences of the K/Pg boundary extinctions

1.3.1. Bi hemi 11 and recov

There are two main lines of evidence for major disturbance to the marine carbon cycle
at the K/Pg boundary; 1) a crash in carbonate sediment accumulation and 2) collapse in
the surface to deep carbon isotope (3'>C) gradient, both of which appear, in existing
records, to take ~3 myr to recover (D’Hondt, 2005, Figure 1.3). The dramatic reduction
(approximately SO to 85%, Zachos et al., 1985; Zachos and Arthur, 1986; Arthur et al.,
1987; D’Hondt and Keller, 1991) in the rates of deep sea carbonate sedimentation in all
ocean basins seems to be due to the major extinction of carbonate producers, i.e.
nannoplankton, and to a lesser extent planktonic foraminifera (D’Hondt, 2005). Several
lines of evidence suggest it was a reduction of sediment flux to the deep ocean rather
than an increase in dissolution that lead to this reduction of carbonate sediments. These
include increased preservation and reduced fragmentation in planktonic foraminifera
(D’Hondt, 2005) at the K/Pg boundary. The carbonate crash coincided with a collapse
of the vertical ocean 8'’C gradient between planktonic and benthic foraminifera
(D’Hondt et al., 1998). This has been interpreted as signalling a major reduction in the
flux of organic carbon to the seafloor (D’Hondt et al., 1998). The accumulation of
barium (Ba), a proxy for organic matter flux also shows a large reduction at the K/Pg
boundary (Zachos et al., 1989).

A reduction in primary productivity was first proposed by Hsii et al. (1982) to be the
cause of this reduced flux in a so called ‘strangelove’ ocean (Broecker and Peng, 1982).
Loss of primary production may have been an immediate consequence of impact dust
clouds that would have lead to global darkness and prevented photosynthesis. However,
models of large impact events have dust clouds leaving the atmosphere after
approximately only a year (Kring, 2000), which does not explain the apparent 3 myr
delay in organic carbon flux recovery. D’Hondt et al. (1998) proposed that primary
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1.3.2. Recovery of the pelagic ecosystem

Only two to three species of planktonic foraminifera occur consistently more than a few
centimetres above the many globally sampled boundary horizons (D’Hondt, 2005) and
can be classified as Cretaceous K/Pg survivors. These few survivors are thought to have
seeded the subsequent Paleogene evolutionary radiation of planktonic foraminifera
(Olsson et al., 1999). Two waves of evolutionary expansion have been proposed by
Coxall et al. (2006). The first stage of recovery was marked by the addition of 18 new
species and 8 new genera establishing basic test shape and generic diversity, whilst the
final recovery was marked by the addition of 16 new species and 3 new genera from a
South Atlantic (DSDP site 528) record. At this second stage of evolution of the group
known as ‘muricates’ (Morozovella, Acarinina and Igorina) evolved, which have been
suggested to be hosts to symbiont algae (Norris, 1996).

Unlike planktonic foraminifera, benthic foraminifera cross the boundary event with
relatively little or no extinctions (Thomas, 1990; Alegret et al., 2001; Alegret et al.,
2003; Culver, 2003; Coccini and Marsili, 2007). Studies show only a change in
community structure (increase in the proportion of agglutinated and epifaunal forams)
and a decrease in diversity that lasted for ~200 kyr (Kuhnt and Kaminski, 1993; Alegret
et al., 2001; Alegret et al., 2003; Peryt et al., 2002; Alegret, 2007; Alegret and Thomas,
2007).

Coccolithophores, a type of calcareous nannoplankton and the dominant CaCO;
producers in the Cretaceous (Stanley et al., 2005), suffered major extinctions at the
K/Pg boundary and, like planktonic foraminifera, their recovery was delayed. However,
their diversification after the boundary appeared to be slower than planktonic
foraminifera. A reason for this delay may be that the niche of principle primary
producer that they occupied in the Maastrichtian had been taken over by calcareous
dinoflagellates (e.g. Thoracosphaera spp.) in the early Danian (Fornaciari et al., 2007).
Thoracosphaera spp. are a significant component of the assemblage up to the base of
the calcareous nannofossil bizone Prinsius dimorphosus (Fornaciari et al., 2007), which
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correlates approximately with the upper part of the planktonic foraminifera biochron
Plb.

Molluscs located in shelf habitats also showed a delay in recovery of approximately
2 myr (Hansen et al., 2004). In the Cretaceous, molluscan populations were dominated
by suspension feeders. At the K/Pg boundary, most of these were wiped out and the
remaining species were predominately deposit feeders. Low diversity deposit feeders
dominated communities while 8'°C surface to deep sea gradient values were reduced.
Higher diversity, suspension feeding communities began to dominate as conditions and
8"3C returned to pre-extinction levels (Hansen et al., 2004). Veneroid bivalves were
found to have an even longer recovery as sub-genetic diversity did not return for
approximately 12 myr (Lockwood, 2004). This recovery occurred in a step by step
method from the survivors.

Aguirre et al., (2007) also found delayed recovery in calcareous red algae or corallines
after the K/Pg boundary. In the early Danian a total of 9 species were found, with
Melobesioids and sporolithaceans (deep cooler water species) being the dominant
groups. The largest species radiation occurred approximately 6 million years later as 29
species are recognised (19 of which were new) as the shallow warmer water species re-
occupied their habitat after the extinction (Aguirre et al., 2007). Reef facies and reef
biota showed a two-stage recovery during the Paleocene after the K/Pg boundary
(Vecsei and Moussavian, 1997).

For many groups (e.g. planktonic foraminifera [D’Hondt, 2005], molluscs [Gallagher,
2001] and echinoids [Markov and Soloviev, 1997]) the early stages of evolutionary
recovery involved very low diversity assemblages, dominated by small, opportunistic
taxa that could thrive in harsh environments (Erwin, 1998). Oceanic instability has been
inferred by Zachos et al. (1989) after the K/Pg, as foraminiferal assemblage turnover
rates were fast throughout the Danian, leading to the theory that a highly structured
ecosystem may have been incapable of developing initially.

13
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The wide variety of fossil evidence both on land and in the oceans suggests there was
significant extinction and evolutionary turover at the K/Pg boundary. The scarcity of
high quality terrestrial fossil records spanning the event has led many scientists to
concentrate on marine calcareous plankton, whose fossil records of evolutionary
change, in contrast, are extensive and almost continuous in places. Foraminifera provide
the added potential of recording environmental information, such as ocean temperatures
and the state of carbon cycling, in their calcareous test chemistry. For this reason the
remainder of this review will focus on planktonic foraminifera at the time of the K/Pg
boundary and the subsequent multi-million year phase of recovery in the Paleocene.

1.4. Planktonic Foraminifera

Foraminifera, are protists and members of the rhizopod order Foraminiferida (Eichwald,
1830). They are mostly marine and build an external test, usually of calcium carbonate
in the form of calcite. The majority of foraminiferal species live on the sea floor
(benthic), but a relatively small number of species live in the water column
(planktonic). Planktonic foraminifera, most of which are in the superfamily
Globigerinacea (Carpenter, Parker and Jones, 1862), have relatively low species
diversity but are far more abundant than their benthic counterparts (Haynes, 1981). The
group is believed to have originated from benthic foraminifera in the mid Jurassic
(Leckie, 1989; Schmidt et al., 2006), although multiple derivations of planktonic
ecologies from ‘tacky pelagic’ benthic ancestors is highly likely (Darling et al, 2009).
There are approximately forty five modern planktonic species (Aze et al., 2011), living
mostly in the photic zones where food is most plentiful. However, some species can
inhabit deeper levels of the water column. This species-specific depth specialization is
useful for providing tracers of different water masses in space and over time, including
thermal and nutﬁent stratification. Planktonic foraminifera make up a relatively small
part of the marine zooplankton but the constant deposition of their tests at the seafloor
makes a substantial contribution to sea floor sediments (Hemleben et al., 1989; Schiebel
2002; Schiebel and Hemleben, 2005). Today 47 % of the global ocean seafloor that lies
above the calcite compensation depth is covered by almost pure carbonate ooze (Leeder,
1999).

14
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The living planktonic foraminifera consist of a mass of cytoplasm (endoplasm) with a
nucleus and other organelles that inhabit the test, and a thinner layer of cytoplasm
(ectoplasm) then surrounds the test. The most striking structures of the ectoplasm are
the pseudopods, granular threads that stream out reaching lengths of up to three times
the diameter of the test. These pseudopods can be retracted on one side and 'thrown' out
on the other to allow the foraminifera to move, albeit slowly (Haynes, 1981).
Foraminifera have a range of diets including unicellular algae, especially diatoms,
dissolved and colloidal organic molecules, other protists and small crustaceans such as
copepods (Anderson et al., 1979; Haynes, 1981). They collect their food by means of
the pseudopods. According to Walker and Bambach (1974) part of the success of
foraminifera is due to the versatility of the pseudopodial network to utilise all the 6
main food classes. Unlike benthic foraminifers, whose laboratory study has revealed
alternating cycles of sexual and asexual reproduction (Haynes, 1981), difficulties in
capturing and retaining planktonic species means that very little is known about
planktonic foraminifera reproduction. What has been learned indicates that they
reproduce sexually, shedding gametes into the open ocean on what was thought to be an
approximate lunar cycle (for review see Hemleben et al., 1989). More recent literature
has shown that shallower dwelling species reproduce once or twice a month (Bijma et
al., 1990; Schiebel et al., 1997; Schiebel and Hemleben, 2005), but deeper dwelling
species are thought to reproduce much less often (Hemleben et al., 1989; Schiebel and
Hemleben, 2005).

The majority of our knowledge and taxonomy of both recent and past planktonic
foraminifera has come from the morphology of the adult test, the test wall ultrastructure
(including distribution of spines and pores), chamber shape and wall ornamentation,
which provide the diagnostic characters that define species (Hemleben et al., 1989).
Small juveniles grow by addition of chambers, usually in a spiral, until the onset of
reproduction, when gametes are released and the empty test falls to the sea floor. Some
planktonic foraminifera can be spinose, characterized by the presence of small, acicular
spines (consisting of a single calcite crystal) radiating out from the surface. Spines are
thought to be fundamental to the biology, probably serving to support food-gathering
rhizopods (which secure prey items during digestion) and harbour algal symbionts.
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Although rarely preserved in ancient specimens, the presence of spines is signalled by
tiny scar-like ‘spine-holes’ in some well preserved fossils (Olsson et al., 1999). The
evolution of spinose morphologies for the first time in the early Paleocene is believed to
represent a milestone in planktonic foraminifera biology that allowed ecological
specialization and contributed to the success of these organisms in the pelagic realm for
the remainder of the Cenozoic (Olsson et al., 1999).

Many spinose species of modern planktonic foraminifera have algae living in their
cytoplasm suggesting a symbiotic relationship (B¢ et al., 1982; Spero and DeNiro,
1987; Hemleben, et al., 1989; Spero, 1992; Spero and Lea, 1993; Norris, 1996). During
the day these symbionts are transferred to the pseudopodia where they can carry out
photosynthesis but are transferred back to the cytoplasm at night (Haynes, 1981). The
symbionts provide photosynthetically fixed carbon for the foraminifera in exchange for
protection and nutrients from captured zooplankton (Hemleben et al., 1989). Symbionts
in foraminifera are predominately dinoflagellates but can also be chysophytes
(Hemleben et al., 1989; Schiebel and Hemleben, 2005).

The ecology of modem planktonic foraminifera has been the subject of many scientific
investigations. Assemblages of planktonic foraminifera can be divided into five major
faunal provinces; 1) Polar, 2) Subpolar, 3) Transition (tcmperate), 4) Subtropical, 5)
Tropical (Bradshaw, 1959; Bé and Tolderlund, 1971), which are predominately
dependent on food, which in turn is dependent on hydrographic conditions (such as
temperature, salinity and upwelling). Recently Aze et al. (2011) have recognised 6
ecological groups among the Cenozoic macroperforate planktonic foraminifera (1. Open
ocean mixed layer tropical/subtropical, with symbionts, 2. Open ocean mixed layer
tropical/subtropical, without symbionts, 3. Open ocean thermocline, 4. Open ocean sub-
thermocline, 5. High latitude and 6. Upwelling/High productivity). In general
planktonic foraminifera are open water species with abundance and diversity reduced in
shelf and coastal waters (Hemleben et al., 1989). Superimposed on this general trend
are seasonal variations (B¢, 1960; Schiebel and Hemleben, 2000), vertical distributions
and patchiness (Bradshaw, 1959; B¢, 1960) linked to the physical-chemical
environment, food resource, test morphology, population dynamics and reproductive
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stages (Fairbanks et al., 1982; Hemleben et al., 1989; Schiebel and Hemleben, 2000;
Schiebel and Hemleben, 2005). Changes in assemblages over time, therefore, provide
indications of environmental change, which is used extensively in palacoclimate
studies.

1.5. Environmental proxies - Stable isotopes

Oxygen and carbon exist in nature in various stable isotope species. There are three
stable isotopes of oxygen: '°0, 'O and '®0, with relative natural abundances of
99.76 %, 0.04 % and 0.20 % respectively. Because of the greater mass difference and
higher abundance of '°0 and %0, the ratio of '0/'%0 is used in isotopic studies. Carbon
occurs as two stable isotopes: '2C and >C, with relative abundances of 98.89 % and
1.11 % respectively. The difference in these isotope ratios, relative to a standard, is
reported as a delta (3) value i.e. 8'0 and 5'>C. Each of these isotopes shares the same
number of electrons and protons but have a different number of neutrons. The different
numbers of neutrons controls the mass of the element and as many physico-chemical
reactions are mass dependent, each isotope of an element behaves differently. The
partitioning of isotopes between substances with different isotopic composition is
known as fractionation. Fractionation mainly results from: (1) isotopic exchange
reactions, which are the partitioning of isotopes between phases that are in equilibrium.
These processes are essentially temperature dependent. (2) Kinetic effects, which cause
deviations from the simple equilibrium processes as a result of different rates of
reaction for the various isotopic species (Libes, 1992; Cooke and Rohling, 2001).

The isotopic composition of foraminiferal tests has been a powerful tool in
reconstructing past ocean climates. This work was pioneered by Emiliani (1954) and
Shackleton and Opdyke (1973), building on studies of heavy isotopes by Urey (1947).
The technique is based on the principle that foraminiferal calcite in the past records the
ambient 5'®0 and §'C of the water in which the organism was living and calcifying,
although in practice foraminiferal stable isotope values usually deviate from equilibrium
to some degree. These isotopic ratios, which are controlled by various physical and
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chemical parameters, have bearing on environmental and climatic conditions and allow
the construction of paleoceanographic time sequences. A more detailed explanation of
the principles involved can be found in Cooke and Rohling (2001) and Hemleben et al.,
(1989) but a summary is presented in the following paragraphs.

1.5.1. Oxygen

The oxygen isotope ratio of sea water is directly linked to the hydrological cycle as the
lighter isotope of oxygen within the water molecule is preferentially evaporated, leaving
the surrounding water enriched in 5'®0. This means that the amount of water stored on
land as ice also becomes an important factor, because the snow that forms the ice,
derived by evaporation of ocean water at low latitudes, has a very low isotopic
composition (-30 to -50 %o) due to the ‘Raleigh Distillation Effect’ (Libes, 1992).

There are several processes which determine the oxygen isotope composition of newly
formed foraminiferal carbonate; temperature and 8'%0 of the surrounding water being
the main two. It is this temperature effect that has been used by many
paleoclimatologists to reconstruct past temperatures from analysing foraminiferal tests.
The overall effect of equilibrium fractionation is roughly 0.2 %o depletion in carbonate
3'%0 for every 1 °C temperature increase (Kim and O’Neil, 1997). Studies show that
there was minimal ice during the K/Pg boundary time (e.g. Zachos e? al., 2001) so §'°0
variations are likely the result of local temperature and salinity values, biological
changes or post mortem diagenesis.

Five main sources of deviation from sea water isotopic equilibrium, while the
planktonic foraminifera are alive, are: (1) the ontogenic effect, through changes in
incorporation of metabolic products; (2) symbiont photosynthesis; (3) respiration (the
reverse of photosynthesis) within the water column and the use of these respiratory
products for calcification; (4) gametogenic calcite; (5) and the effect of changes in
[CO5%]. The various effects may operate in opposing directions, masking one another.
All of these influences are important for the interpretation of planktonic foraminifera

18



Chapter | - Introduction

stable isotopic climate proxies (Crowley and Zachos, 2000; Cooke and Rohling, 2001).
Diagenetic alterations of the planktonic foraminifera test after death can also alter 8'°0
values (e.g. Sexton et al., 2006). Many of these effects can largely be accounted for by
using species specific records, narrow test size fractions, avoiding specimens with

gametogenic calcite and being aware of the preservation state of the specimens.

1.5.2. Carbon

In the present day ocean there is an isotopic gradient, with respect to §'°C, between
surface and deep water due to the preferential uptake of '>C by primary producers in the
photic zone. This leaves waters of the surface ocean enriched in '*C relative to '*C. If
surface dwelling foraminifera secrete a calcium carbonate test in equilibrium (or close
to equilibrium) with the surrounding waters they too would show this isotopic ratio
enriched in >C. The 'C enriched organic matter then sinks through the water column to
the seafloor as it moves through the food chain into aggregates large enough to avoid
oxidation. As the '’C enriched organic matter sinks through the water column, it is
available to microbes and is subject to remineralisation. This process of remineralisation
leads to the release of '>C to the surrounding waters. Once out of the photic zone
remineralisation exceeds photosymbiosis, leading to a net release of '’C to the
surrounding waters. The benthic dwelling foraminifera then secrete their calcium
carbonate tests in equilibrium with these waters and consequently have an isotopic ratio
enriched in '’C. In the modern ocean this '>C depletion is strengthened in benthic
foraminifera and the deep ocean waters, as you move from the Atlantic through to the
Pacific Ocean, due to ocean circulation, that results in older, more '*C-depleted water in
the Pacific basin. The vertical gradient in '*C can be used to establish a depth habitat for
foraminiferal species and more importantly how efficiently the ‘marine carbon pump’ is
working.

Differences in foraminiferal 8'°C values relative to dissolved carbon in ambient sea
water may be caused by: (1) utilisation of metabolic CO, during shell formation; (2)
photosynthetic activity of symbionts; (3) growth rate; and (4) variation in carbonate ion

concentrations in ambient waters. The various effects are not strictly separate, and there
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may be strong overlaps between their regulating processes (Cooke and Rohling, 2001
for a review; details are given in Chapter 4).

1.6. Aims and objectives

The pelagic ecosystem is thought to play an important role in regulating global climates
by cycling carbon as biomineral skeletons and organic matter between ocean, sediments
and atmospheric reservoirs. It is important therefore, to have a greater knowledge of the
pelagic realm, with all its complexity as an integrated ecosystem, as its ability to
recover after major perturbations has far reaching implications. Models have shown that
complete cessation of oceanic productivity could lead to global warming of up to 3 °C
due to increased pCO,, levels by a factor of 2 or 3 on the time scale of a few 1,000 years
(Caldeira et al., 1988). Not only is the understanding of the pelagic realm necessary for
climate studies but also for environmental and ecological implications. A study by
Kirchner and Weil (2000) showed that smaller background extinctions, not just major
extinction events, display a time lag in recovery.

The widespread extinctions experienced by the pelagic ecosystem at the K/Pg boundary,
especially of calcareous producers, provides an excellent opportunity to better
understand the link between pelagic ecosystem function, carbon cycling and climate.
Much progress has been made in identifying the short and longer term consequences of
marine extinctions to the carbon system, but additional constraints are required to gain
confidence of geochemical reconstructions and improve understanding of ecosystem
function. The main question raised is whether the K/Pg recovery was as long as
proposed by carbon isotope gradients or is the 3'°C of planktonic foraminifera that are
used to reconstruct vertical carbon gradients, influenced by strong disequilibrium vital
effects because of a unique onset of environmental and ecological conditions in the
early Paleocene. Another important question postulated by D’Hondt (2005) was the link
between geochemical recovery and biological evolutionary recovery. The question at
the K/Pg boundary is what the driving force was; did recovery of the marine carbon
pump lead to increased pelagic speciation due to the availability of new ecospace or did
the eventual re-appearance of larger species after the extinction facilitate the transfer of
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organic matter to the deep sea and therefore play a role in ‘fixing’ the marine carbon
pump.

Despite much work on this important event many previous studies have had to use
patchy data from cores with rudimentary age models, which limit palacoenvironmental
reconstructions. An example of this is a former Deep Sea Drilling Program (DSDP)
cruise, leg 74, from Walvis Ridge in the Eastern South Atlantic, one of the few places
where it is possible to recover a complete K/Pg boundary section including Paleogene
sediments. Leg 74 sampled at this location but due to the available technology at the
time the cores were rotary drilled and consequently suffered poor recovery (25% - 75%)
and severe drilling disturbance (ShipBoard Scientific Party, 2004). With a new,
astronomically constrained age model (Westerhold et al., 2008), complete core from
Leg 208, drilled at the same location as Leg 74, important new insights into the
palacoenvironment and recovery after the K/Pg boundary can be gained. The newly
recovered records will allow for better constraints on the timing and resolution of the

recovery stages.

This project will explore the hypothesis that the vertical organic carbon flux that
collapsed at the K/Pg boundary remained suppressed for up to 3 myrs into the
Paleocene. The approach taken is to focus on constraining ecologies, depth habitats and
possible disequilibrium effects of the indicator species (planktonic foraminifera) used to
produce geochemical reconstructions. Focusing on the records from Ocean Drilling
Program (ODP) Site 1262 the specifics of the project include:-

(1) Conducting multispecies size analysis on planktonic foraminifera to assess the effect
of changing pelagic ecology, including the influence of test size on 3'C throughout the
K/Pg extinction and recovery interval (Chapter 4 and 5).

(2) Creating improved down-hole planktonic and benthic foraminifera §'’C records
across the K/Pg interval and extending 4 myr into the Paleocene, that ensure continuous
coverage by appropriate indicator species and accounting for vital effects (Chapter 6).
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(3) Exploring the pattern of planktonic foraminifera assemblage turnover and test size
distribution in the early Paleocene, which has implications for carbonate production and
provides additional insight into pelagic ecosystem function (Chapter 7).

(4) Auxiliary to the Site 1262 studies, well preserved Paleocene planktonic foraminifera
from Tanzania will be studied. This will provide the first account of the K/Pg transition
in southern coastal Tanzania as well as a snapshot of early Paleocene low latitude
paleotemperatures as derived from rare ‘glassy’ planktonic foraminifera (Chapter 8).

1.7. Account of project

This PhD project was devised by my supervisor Dr. Helen Coxall after she recognised a
gap in the understanding of the K/Pg marine geochemical records, especially in relation
to the interpretation of the oceanic carbon system response. I began the project in
October 2007 having been awarded a NERC studentship. At the beginning of this
project I went to the IODP core repository in Bremen to participate in the ODP leg 208
sampling meeting. Whilst there I met one of my other supervisors for this project Dr
Daniella Schmidt (University of Bristol) and benthic foram expert Prof Ellen Thomas
(Yale University). The three of us were there to sample ODP Leg 208 Site 1267, and
obtain Cretaceous/Paleogene (K/Pg) boundary core samples. We each took every third
sample to wash and analyse in our various laboratories. This was a great opportunity for
me to observe the core that I have worked on first hand, as well as interacting with
members of the leg 208 scientific shipboard team, including co-chief scientist Prof. Jim
Zachos.

During the spring of 2008 I visited the other co-chief scientist Prof. Dick Kroon in
Edinburgh to collect washed ODP Leg 208 Site 1262 samples that have been the source
for the majority of my analysis. Under the guidance of Helen Coxall I was trained in
Paleocene planktonic foraminifera taxonomy and biostratigraphy and produced a range
chart and biozonation scheme for this site. With this knowledge I was able to conduct
the initial paleoecological analysis on multispecies at differing size fractions that helped
constrained paleoecologies and select key species to focus on for the rest of the
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analysis. These initial findings were presented at a number of conferences that I
attended in 2008 (Geochemistry Group Annual Research in Progress Meeting (GSPSE)
in London, The Micropalaeontological Society AGM in London and The
Paleontological Association annual meeting in Glasgow).

In the summer of 2008 I joined an expedition of the Tanzanian Drilling Project (TDP)
led by Dr. Brian Huber (Smithsonian Institution) to Tanzania. The main aims of the
expedition were to recover excellently preserved calcareous microfossil sediment cores
for scientific research spanning the Paleocene/Eocene, K/Pg and Cretaceous. Whilst in
Tanzania I gained valuable experience of field drilling, including sediment core
lithologic characterisation, logging, and biostratigraphy. The excellent preservation of
Tanzanian planktonic foraminifera reported elsewhere in the clay rich sediments would
have provided an excellent opportunity to study the K/Pg and its recovery, using high
quality ‘glassy’ foraminifera based proxy tools. However, hopes of recovering the K/Pg
boundary were short lived when drilling was terminated prematurely in 2008 because of
bands of sandy porous sediments that prevented drilling. Despite the lack of finding the
K/Pg boundary we were able to recover lower Paleocene sediment, which had always
remained elusive on previous drilling seasons. This will help fill in the gaps of previous
paleotemperature estimates for the region (Pearson et al., 2001; 2007).

Back in Cardiff I picked multispecies samples of planktonic foraminifera at a range of
test sizes to explore the role of test size and ontogeny on Paleocene planktonic
foraminifera stable isotope signals. During this time the mass spectrometer at Cardiff
University stopped working temporarily so I diverted my attention away from stable
isotope records and concentrated on changing planktonic foraminifera assemblages and
differing sample size weights through the recovery interval.

During February and March of 2009 I participated in a research cruise with my second
supervisor Prof. Paul Pearson (Cardiff University) off the coast of Tanzania. The
purpose of this cruise was to collect site survey data for future offshore scientific
drilling, as well as the shallow coring of Holocene sediments. Whilst on board the ship I
learnt many additional skills such as digital seismic surveying and sediment core
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retrieval and Plio-Pleistocene planktonic foraminifera biostratigraphy. I was also very
fortunate to see live planktonic foraminifera collected from plankton nets. During the
cruise Plio-Pleistocene sediment was collected and I used this opportunity to obtain
modem planktonic foraminifera to form an analogue to the multispecies test size work I
was conducting in the Paleocene. I was awarded an ECORD scholarship in the summer
of 2009, to attend the USSP summer school ‘Past Global Change Reconstruction &
Modelling Techniques’ in Urbino. This course allowed me to broaden my view of past
global climates and find out about other proxies and modelling approaches used
throughout the paleoclimate community. Later on that year I returned to Tanzania with
the TDP, where again we tried to locate the K/Pg boundary after the promising results
of the previous season attempt. The hope was that by casing the hole the problems of
loose sediment could be overcome. This approached worked and 172 m was recovered.
However, we were still unsuccessful in drilling the K/Pg boundary because a hiatus was
discovered at the K/Pg boundary. After spending much of the beginning and middle of
the year away from Cardiff the end of the year was concentrated on finishing isotope
multispecies/size fraction time slices and assemblage counts. The isotopic time slice
data provided constraints on the phylogeny and timing of the evolution of symbiosis
within the planktonic foraminifera. I presented the results of this work at the 2009
PalAss conference in Birmingham.

At the beginning of 2010 I focused my attention on picking planktonic and benthic
foraminifera to produce a down-hole Site 1262 stable isotope record spanning 4 myrs
from the late Maastrichtian through to the end of the proposed carbon system recovery
period. Initial results of this work, along with the new understanding of planktonic
foraminiferal ecology in the Paleocene were presented at the ‘Forams 2010° conference
in Bonn, Germany. With all my data collected I embarked on the task of writing my
thesis, separating each discrete study into its own chapter before bringing all the results
together in the final synthesis chapter.




Chapter 2 — Materials & Method

2. Materials and Methods

This chapter focuses on the material studied within this thesis, giving an account of the
geological and oceanographic setting of each location. Details of sample selection,
preparation and analysis are also included.

2.1. Material

This thesis focuses on deep-sea sediment material recovered at Ocean Drilling Program
(ODP) Site 1262 because it represents the most continuous and well-dated marine
Cretaceous/Paleogene (K/Pg) boundary sequence available. I have also generated
multispecies foraminiferal isotope data on exceptionally well-preserved ‘glassy’
foraminifera from i) a Holocene box core recovered from offshore Tanzania (Chapter 4)
and ii) an early Paleocene sample from a new borehole drilled onshore coastal Tanzania

(Chapter 8).

2.1.1. Walvis Ridge, ODP Site 1262

Walvis Ridge in the south eastern Atlantic is one of the few locations where recovery of
continuous Paleocene sediments is possible. Leg 208 drilled close to previously drilled
sites from Deep Sea Drilling Project (DSDP) Leg 74 and although a great deal of useful
information was gleaned from that Leg the available technology at the time meant that
the cores were rotary drilled, which resulted in some intervals of poor recovery and
drilling disturbance. This lead to the subsequent ODP cruise Leg 208 where advances in
ODP coring technology, as well as using the new methods of drilling multiple holes at
each site, allowed for 100% recovery of the stratigraphy at these sites using Advanced
hydraulic Piston Coring (APC) (Shipboard Scientific Party, 2004).
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Walvis ridge is a northeast-southwest trending aseismic ridge that divides the South
Atlantic Ocean into two basins, the Angola Basin to the north and the Cape Basin to the
south. Water depth in the area varies between 2500 on top of the ridge to 4770 m at the
sea floor (Shipboard Scientific Party, 2004). Pelagic sediments vary in thickness from
~300 to ~600 m, but generally increase in thickness towards the continental margin
(Moore et al., 1984). These Sediments are mainly calcareous oozes and chalks (2 90 %
calcium carbonate) due to the predominance of calcite saturated NADW in the Angola
Basin. The non carbonate fraction is predominately clay with very little biogenic opal
(Moore et al., 1984 and Shipboard Scientific Party, 2004).

In the modern day ocean the south eastern Atlantic is dominated by two subsurface
water masses, North Atlantic Deep Water (NADW) and Antarctic Bottom Water
(AABW). NADW dominates in the Angola basin (North of Walvis Ridge) and AABW
dominates in the Cape Basin (south of Walvis Ridge) and the two meet at Walvis Ridge.
The surface flow of water (Benguela current) is generally in a northern direction over
Walvis Ridge, which is situated in the eastern part of the subtropical gyre. General
circulation models (GCMs) demonstrate the influences that a narrower Paleocene
Atlantic Ocean might have had on circulation, with far saltier waters (Brass et al., 1982;
Bice and Marotzke, 2001) and lack of a large sub tropical gyre (Barron and Peterson,
1991) in the South Atlantic Ocean. According to these models surface flow within this
area would have been dominated by eastern and equatorward patterns (Barron and
Peterson, 1991). The formation of deep water is proposed to have been from southern
high latitudes in the early Paleocene ocean (Miller et al., 1987; Corfield and Cartlidge,
1992) after a reorganisation and proposed shift in the source of deep water from the sub
tropical North Atlantic that was thought to have dominated during the Cretaceous
(Corfield and Norris, 1996; Cramer et al., 2009).

Site 1

ODP Site 1262 was one of six sites (Sites 1262-1267) drilled on Walvis Ridge during
ODP Leg 208 (Figure 2.1). Sites 1262 and 1267 both recovered Maastrichtian through
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Chronology

The age model for Site 1262 is based on the orbitally tuned chronology of Westerhold
et al., (2008). This age model was based on tuning of cyclical variations in X-ray
fluorescence (XRF) measurements of iron and other elements to the long and short
eccentricity cycles (405 kyr, 100 kyr, respectively), which have been found to be stable
over geological time (Varadi er al., 2003; Laskar et al., 2004). This was calibrated
relative to the detailed Leg 208 calcareous nannofossil biostratigraphy and magnetic
reversal stratigraphy (Westerhold et al., 2008), which gives three possible solutions for
the K/Pg (Westerhold ez al., 2007). Westerhold et al.’s (2008) ‘Option 2’ age for the
K/Pg of 65.68 Ma is this authors preferred solution, being most consistent with
radiometric and argon dating, and the one that I have followed in this study. This
calibration is 0.68 Ma older than the Cande and Kent (1995) K/Pg age estimate of 65.0
Ma and 0.18 Ma older than the Gradstein et al., (2004) estimate of 65.5 Ma.

2.1.2. Offshore Tanzania, Paleogene GL.Obal Warming events (GLOW) Site 3

logi ing and oceano. h

The area offshore Tanzania has a very tectonically active past. During the break-up of
Gondwana in the Permian to Early Cretaceous Madagascar rifted away from East Africa
along the Davie Ridge transform zone (Kent et al., 1971). After this time a passive
continental margin developed until the Miocene, when offshore rifting opened up a
series of basins (Kent et al., 1971; Nicholas et al., 2006; Nicholas et al., 2007). These
shallow coastal basins contain a Neogene to Pleistocene sedimentary fill, which has
been used to represent a post-Miocene re-establishment of a passive Tanzanian
continental margin. However, diverse structural evidence from field surveys suggests
that many of the faults in southern Tanzania were reactivated under a compressive
strike-slip regime during the Neogene, and that tectonic activity and regional uplift
along moving fault blocks continues into the Recent (Nicholas et al., 2007). The main
seabed structure offshore Tanzania is the Davie Ridge, which is a topographic high,
dominated by a NW-SE trending normal fault which interrupts the continental slope
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W Site

GLOW 3 (Latitude 8°51.5538'S Longitude 41°26.4102E; North of the Tanzania
Channel) was recovered by the RV Pelagica whilst on the Paleogene Global warming
events (GLOW) Cruise in the South West Indian Ocean off the coast of Tanzania
between the 10™ February and the 9" March 2009 (Figure 2.1) (Kroon et al.,
unpublished). The purpose of this cruise was to collect site survey data for future
offshore scientific drilling, as well as the shallow coring of Holocene sediments.

The GLOW Site 3 Box Core was taken using a Royal Netherlands Institute for Sea
Research (NIOZ) designed box corer with a barrel diameter of 30 cm and height of
55 cm. Water depth at the site was 3006 m. 100 cc of sediment from the top 0-1 cm of
the box core was sampled. A full profiling CTD (Conductivity, Temperature, and Depth
measurer) Seabird system, was deployed at GLOW Site 2, (Latitude 10°65.243’S and
Longitude 41°77.227’E), which is within 74 km of Site 3. The CTD cast provided data
on water column physical and chemical properties. In addition to the standard
measurements, oxygen concentrations, florescence and turbidity measurements were
also taken. Water depth at that site was 2219 m.

Chronology

Whilst on board the RV Pelagica preliminary biostratigraphy of core top material was
carried out using the scheme of Pearson (1995) and Wade et al. (2011), which dated the
top of GLOW 3 to be Pleistocene to Holocene in age, due to the presence of T.

truncatulinoides and absence of T. tosaensis.
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2.1.3. Onshore Tanzania Drilling Project (TDP) Site 27 & 37

Geologic setting

The geologic setting for these sites is similar to that of the offshore sites (Section 2.1.2).
The east African margin was affected by a marine transgression, which accompanied
seafloor spreading in the lower Cretaceous (Salman and Abdula, 1995; Jiménez
Berrocoso et al., 2010). During the Paleocene to Miocene period of tectonic stability,
when the passive continental margin developed, a sequence of marine sediments know
as the ‘Kilwa group’ (Figure 2.4) was laid down on the mid or outer shelf to upper
continental slope (Nicholas et al., 2006). A number of topographic highs (eg. Kimamba
hill) can be found on the otherwise low-lying coastal plain that have been interpreted as
a fault bounded tectonic unit and the surface expression of a deeper seated ‘flower
structure’ that has locally ‘popped-up’ during the Miocene or younger (Nicholas et al.,
2007).

Site 27 and 37

Tanzanian Drilling Project (TDP) was first established in 2002 after initial
reconnaissance work from surface exposures revealed exceptionally well preserved
species (Pearson et al., 2001; Nicholas et al., 2006). TDP Site 27 was cited on top of
Kimamba Hill (UTM 37L 574233, 8892237; 8° 55.448’S, 39 20.086’ E, Figure 2.1 and
Figure 2.4), 60 km from Kilwa Masoko. The Site was accessed via a track to a laterite
quarry off the main Hotelitatu —-Lindi road a few hundred metres north of the Ukuli
River Bridge. TDP Site 27 spudded-in approximately 100 m south east of the quarry
immediately off the track to the west. The objective was to drill and recover a
sedimentary sequence through the K/Pg boundary. This was the third attempt at drilling
this interval by TDP. Previous attempts (TDP Site 10 and TDP Site 19, Nicholas et al.,
2006) did not penetrate beyond the late Paleocene (planktonic Biozone P4). Kimamba
Hill was selected as a candidate K/Pg site because reconnaissance work had identified
upper Maastrichtian clays in the Ukuli River bank on the south-western flank of the hill
and the hill itself has been described as Paleocene from the outcropping limestones
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A mobile rig (Longyear 38) capable of wireline coring to about 150 m, supplied and run
by the Tanzanian State Mining Corporation (STAMICO), was used. The drill rig used
NQ (48 mm) core barrels in 2008 drilling. Each NQ barrel had a liner which was split in
half to allow the sediment core to be retrieved without disturbance. To improve on the
drilling problems of 2008, drilling in 2009 had the addition of HQ (64 mm) core barrels,
which were used for casing to stabilise the hole. Water was used to keep the diamond
carbite bit cool. Cores were photographed and describe (using the Munsell colour chart
system) with lithologic log produced on-site using PSICAT software, before samples
for dating and laboratory studies were taken. Before shipment back to the UK, cores
were stored in the air-conditioned core repository at the Tanzania Petroleum
Development Corporation (TPDC), Dar-es-Salaam after being transported back from
site.

Chronology

Planktonic foraminifera (this study) and nannofossil biostratigraphy (Lees, personal
communication) on site revealed the oldest biozone to be P3a based on the Berggren
and Pearson, (2005) biozonation scheme and age of 60 — 61 Ma based on the time scale
of Cande and Kent, (1995) or 61.2 - 62.2 Ma when approximately converted to the
Westerhold et al., (2008) time scale.
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Chapter 2 — Materials & Method

2.2. Sample preparation

Samples from Site 1262 were processed at the University of Edinburgh in the laboratory
of Professor Dick Kroon. Sample spacing varies between 36 and 144 cm (equivalent to
~ 45.68 and 182.74 kyrs, respectively). The TDP and GLOW samples were prepared at
Cardiff University. Samples were first dried for ~48 hours in a 40 °C oven before
weighing to determine whole sample dry mass. They were then washed through a 38
um sieve with de-ionised water, to separate the foraminifera-rich coarse fraction. The
remaining fine (<38 um) fraction was collected in a plastic bag. This fine sediment was
left to settle before the water was siphoned off. Both coarse and fine fractions were
dried in an oven at 40 °C and then weighed.

2.3. Analysis

2.3.1. Taxonomy, biostratigraphy and assemblage counts

The Site 1262 planktonic foraminifera assemblages were examined in detail using a
light microscope to record species stratigraphic ranges. This was used to produce a
biozonation, following the zonation scheme of Berggren and Pearson (2005).
Taxonomy followed Olsson et al. (1999) for the Paleocene and Bolli et al. (1985), with
guidance from Brian Huber for the upper Cretaceous. Identification for recent/modern
foraminifera recovered during the GLOW cruise followed Kennett and Srinavasan,
(1983) and Hemleben et al. (1989).

Planktonic foraminifera species abundance counts were made on 49 samples with a
resolution of 72 cm (~91.37 kyrs). The >106 um fraction and 38 — 106 um fraction
were analysed separately. In the >106 pm fraction, specimens were identified to species
level, whilst in the 38 — 106 um fraction, specimens were identified to genus. The
samples were examined under a binocular light microscope on a picking tray. The
foraminifera were identified and their number recorded out of a specimen total of 300. It
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has become standard in micropalaeontology to count 300 specimens since this should
allow 95 % of species that are present at >1 % abundance to be identified (Dennison
and Hay, 1967; Buzas, 1990; Al-Sabouni et al., 2007).

2.3.2. Scanning Electron Microscope (SEM) analysis

Species used for isotopic analysis (see below) were examined and imaged using a
Veeco FEI (Philips) XL30 FEG (Field Emission Gun) Environmental Scanning
Electron Microscope (SEM), fitted with a secondary electron detector (SE) to fully
document morphology. Specimens were gold coated and imaged under high vacuum
mode using SE, this has a resolution of 2 nm at 30 KV and magnification of x10 to x
500,000. Scales are indicated on images.

2.3.3. Sample selection for stable isotope analysis

Site 1262 — P logical analysis

Six samples spanning the early Paleocene (1262C-10H-3, 187.26 [61.16 Ma}, 1262B-
20H-3, 193.27 [61. 90 Ma], 1262C-11H-3, 198.09 [62.47 Ma], 1262C-11H-4, 199.29
[62.65 Ma], 1262C-12H-4, 207.42 [63.99 Ma] and 1262B-22H-3, 214.03 [65.1 Ma])
were initially chosen for multispecies isotopic analysis. The goal was to document
isotopic paleoecology in dominant species using isotope variability in different test size
fractions. These sample time slices cover the recovery period after the K/Pg to assess
changes in paleoecology through time and at differing size fractions (Table 2.1) as
shown by the preliminary range chart analysis (Chapter 3). The total number of species
analysed was 13. This included species from the genus Morozovella, which is
interpreted to have been photosymbiotic (D’Hondt and Zachos, 1993; Pearson et al,,
1993: D’Hondt et al., 1994; Norris, 1996; Coxall et al., 2006; Wade et al., 2008).
Praemurica, the supposed ancestor of Morozovella were also included, as were several
species believed to be asymbiotic belonging to the genera Subbotina and Parasubbotina
(Douglas and Savin, 1978; Boersma and Shackleton, 1979; Shackleton et al., 1985;
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Pearson et al., 1993; D’Hondt et al., 1994). Eoglobigerina eobulloides and Woodringina
hornerstowensis were also included as they have been suggested to have been symbiotic
(D’Hondt and Zachos, 1993). Building on these original six time slices additional
multispecies stable isotope analysis was also carried out on a 3 further time slices
(63.57 Ma, 63. 54 Ma and 63.50 Ma) between 63.99 Ma and 62.65 Ma, as this appeared
to represent a time of significant ecological change.

Mean Size of size Minimum number of
Size Fraction (um) fraction (um) specimens used

>300 300 2
>250 250 3
250 - 300 275 3
212 -250 231 4
180 - 212 196 9
150 - 180 165 17
125 - 150 1375 27
106 - 125 114.5 38
80 - 106 93 80

63 - 80 71.5 100

Table 2.1 - Size fractions utilised for monospecific samples and the minimum number of specimens
required by the mass spectrometer to achieve the necessary sample mass, derived from test runs by
Cardiff Universities’ stable isotope facility.

From each of the above samples every species that occurred in large enough quantities
to be analysed were chosen and picked. The number of specimens required for analysis
depended on the size fraction, but minimum numbers required to achieve the necessary
sample mass are given next to each size fraction (Table 2.1). At least 2 individuals were
always analysed to reduce individual variation. Care was taken to choose the best
preserved and most representative of the differing species selected. Specimens were not

cleaned prior to analysis due to their delicate nature and visible lack of organics and
sediment infill.
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Site 1262 — Down hole analysis

Results of the multispecies isotope analysis were used to infer relative isotopic depth
ecologies. This information was subsequently used to select appropriate water column
tracer species for the down hole paleoceanographic analysis. Cross plots of 5'°0 against
8'*C were constructed, and using the method described by Spero and Williams, (1989)
and Pearson et al., (1993) a relative depth habitat could be assigned. This facilitated the
selection of a thermocline dweller — Subbotina triloculinoides, an intermediate dweller
— Praemurica inconstans and surface dwellers — Morozovella praeangulata through to
M. angulata for down hole isotopic comparison. The benthic species Nuttallides
truempyi was also picked to provide a deep sea comparison, as this species is found
throughout the studied interval and is believed to be an epifaunal species living in
isotopic equilibrium with seafloor waters (Shackleton et al., 1984). Nearer to the K/Pg
boundary some of these planktonic species are not present, having not evolved yet and
Subbotina trivalis and Praemurica taurica were used instead. Where these evolutionary
species changes occur overlapping records have been produced so any changing
ecology related to species changes could be taken into account. Guembelitria cretacea
and Hedbergella holmdelensis were picked as the only species to cross the K/Pg
boundary. While in the Late Cretaceous Globotruncana falsostuarti and
Racemiguembelina fructicosa were chosen as intermediate/mixed layer dwellers
(D’Hondt and Zachos, 1998; Houston and Huber, 1998; Houston et al., 1999).

Initially a resolution of 72 cm (~91.37 kyr) was analysed for planktonic foraminifera
and 144 cm (~182.74 kyr) for benthic foraminifera. Specimens were picked from the
180-212 um, 212-250 um or 250-300 um size fraction depending on species natural
size ranges. Nearer to the boundary benthic species were picked at the same resolution
as the planktonic foraminifera. The size fraction, from which the planktonic
foraminifera were picked, had to be reduced, as the average size of the foraminifera
decreased nearer to the boundary. Above and below the boundary the resolution was
increased to 36 cm (~45.68 kyr). Following D’Hondt and Arthur (2002) a correction
factor for N. truempyi was not applied as this species is thought to be close to
equilibrium (Shackleton et al., 1984).
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GLOW 3

Monospecific samples were picked from 13 size fractions in the Glow Site 3 Box core
sample (Table '2.2) to provide a modern analogue for the Paleocene data. Twelve
species from the modern core top assemblage were analysed; Globigerina bulloides,
Globigerinoides ruber, Globigerinita glutinata, Globorotaloides hexagonus and
Globoturborotalita rubescens (pink) as these were all relatively small species so could
be comparable to the Paleocene small species. Globigerinoides sacculifer,
Globigerinella siphonifera and Orbulina universa were selected as known
photosymbiotic species and Globorotalia tumida, Globorotalia ungulata, Truncorotalia
truncatulinoides and Globorotalia scitula were chosen as known deeper dwelling
species (Hemleben er al., 1989). For the larger samples in the modem to reduce
variability, 3 or more specimens were crushed and part of the mixture was analysed.

Mean Size of size Minimum number of
Size Fraction (jam) fraction (um) specimens used

>710 710 1
600 - 710 655 1
500 - 600 550 1
425 - 500 462.5 1
400 - 425 412.5 2
355 - 400 377.5 2
300 - 355 327.5 2
250 - 300 275 3
180 - 250 231 4
150 - 180 196 9
125 - 150 165 17
106 - 125 137.5 27
80 - 106 114.5 38

Table 2.2 - Size fractions utilised for monospecific samples and the minimum number of specimens
required, derived from test runs by Cardiff Universities’ stable isotope facility.
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TDP 27

Despite drilling problems and poor core recovery some thin intervals of Paleocene
hemipelagic clays containing ‘glassy’ foraminifera were collected. The most diverse
and well preserved of these samples (sample TDP27/7/1, 10-20 cm) was used for
isotopic analysis. Though the planktonic foraminifera were exceptionally well
preserved, some infill was present, so the foraminifera were gently crushed and the
‘glassy’ test removed for analysis. Due to this process only species and size fractions
with sufficient quantities of calcite could be used for analysis. These were Morozovella
angulata and Praemurica uncinata (surface mixed layer dwellers) and Subbotina
triangularis (thermocline dweller). Size fractions utilised were 212-250 um and 300-
355 pum, where test, infill and a mixture of the two were also analysed as a control.

2.3.4. Carbon and Oxygen isotope analysis using mass spectrometry

A mass spectrometer separates a charged molecular mixture according to mass, using
the motions of the molecules in a magnetic or electric field. Absolute values for minor
isotopes cannot be determined accurately, however when compared to a known standard
a sample can be measured precisely. Thus isotope ratios of a sample are always
measured against a known standard and this difference is reported as a delta (8) value
that is defined as :-

R sample - R standard
R standard

Equation 2.1 Jin %o=[ ]xlOOO

Where R is the isotopic ratio with the most abundant isotope in the denominator (i.e.
13¢/'2C or *0/'°0).

The carbon dioxide (CO;) gas produced, when phosphoric acid is added, was analysed
to determine the relative abundances of 'O to '°0O and "C to '"C. The mass
spectrometer used to carry out isotopic analyses was a ThermoFinnigan MAT252 with
automated KIEL III carbonate preparation unit at Cardiff University stable isotope
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facility. Stable isotope results were calibrated to the PDB scale by international standard
NBS19 and analytical precision was better than 0.05 %o for 5'*0 and 0.03 %o for 8'°C.

2.3.5. Sample size fraction weights

Separated sieved size fractions (Table 2.3) were weighed in 94 samples with a
resolution of 36 cm (~45.68 kyr) to (i) establish the individual contribution of species
size classes of planktonic foraminifera (which dominate the coarse fraction) and (ii)
document how this changed over time, to the overall coarse weight of the sample, as
full sample weights were unavailable. Samples were weighed using an A & D semi-
microbalance (standard deviation of 0.1 mg). This was repeated three times and the
mean value taken, in all cases the standard error on the mean weight of the measuring
cup plus contents was <0.0005 %. The cup was weighed between each sample to check
for drift in the balance and the balance was re-zeroed if necessary.

Size Fraction
>300 pm
250 - 300 um
180 — 250 pm
150 — 180 um
125 — 150 um
106 — 125 pm
80 - 106 um
63 — 80 um
38 — 63 pm

Table 2.3 - Size fractions utilised for weights.
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2.3.6. Thin sections TDP Site 27 and 37

Sections of limestone were chosen throughout the two cores drilled at TDP 27 and 37
to give an even coverage of the distance drilled. Thin sections were processed back in
Cardiff Universities ‘Rock Preparation Facility’ using 600 grit silicon carbide for
lapping on a Logitech LP50. The resultant rock chips were mounted onto pre-ground
glass slides using araldite 20/20 epoxy resin before being re-lapped down to 40 pm.
The thin sections were then examined using a Lecia DMRX microscope mounted with
a Leica DFC490 camera and pictures were taken using the IM1000 software.
Identification of planktonic foraminifera within thin sections followed the same
protocol as sediment samples (see section 2.3.1). Identification of other fauna within
the thin sections followed descriptions and images from Fliigel (2004).
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3. Taxonomy and Biostratigraphy

This chapter gives an introduction to the taxonomy used throughout this thesis with
descriptions and figures of the planktonic foraminifera used for isotope analysis. This
chapter also contains the full stratigraphic ranges of planktonic foraminifera found at
Site 1262 and along with refined biostratigraphy using the new astronomically tuned
age calibrations for this site from Westerhold et al. (2008) may represent improvements
in the stratigraphic and chronological age estimates of early Paleocene biozones.

3.1. Introduction

The extinction of many planktonic foraminifera at the K/Pg was followed by a rapid
burst of evolution in the early Paleocene, including fundamental changes in test wall
structure and consequently biology. The resulting wall structure underpins the
fundamental classification of planktonic foraminifera (Olsson et al., 1999). The first tier
of classification is based on pore size, which separates species into macroperforate (pore
diameter 2-7um) and microperforate (pore diameter <lpm) forms (Olsson et al., 1999).
Several of the K/Pg survivors were microperforate species (Figure 3.1) ie.
Guembelitria cretacea, Zeauvigerina waiparaensis and Rectoguembelina cretacea. Of
these Guembelitria cretacea has been proposed as the ancestor to the Cenozoic
microperforates (D’Hondt, 1991; Liu and Olsson, 1992), although recent molecular
studies suggest microperforates may have had multiple independent origin from benthic
species (Darling, 2009). The only macroperforate (Figure 3.2) species to survive were
from the genus Hedbergella. Radical morphological developments occurred rapidly in
this genus resulting in the appearance of genus level structural modifications that
determine the next important classification tier; spinose (having spines) and non-spinose
(absent of spines). The spinose genera Eoglobigerina, Parasubbotina and Subbotina are
believed to have all descended from H. monmouthensis. The non-spinose species can
be further subdivided into smooth walled and cancellate walled varieties. The smooth
walled genus Globanomalina is thought to have descended from H. holmdelensis. Other
smooth walled genera may possess small surface pustules. When there is heavy
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