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ABSTRACT

During the Eocene-Oligocene Transition (EOT; ~34.4-33.7 Ma), the Earth
experienced a major shift in climate state, from so called “greenhouse” to “icehouse”
conditions, with the first formation of the modern continental-scale ice sheet on
Antarctica (Oi-1 event: ~33.7 Ma). This transition was associated with deep-sea cooling,
glacioeustatic sea level fall, worldwide regressions, along with major disturbances in the
global carbon cycle and ecosystems. To investigate this climatic disruption, high-
resolution coccolith fraction (<20 um) carbonate stable oxygen (5*80) and carbon (5'3C)
isotope records (~7 ka resolution), palynological and calcareous nannofossil assemblage
(~26 ka resolution) records, and bulk sediment X-ray fluorescence analyses (<10 ka
resolution) have been generated from a continuously cored (~137 m) and substantially
expanded (~4.7 cm kat) succession of upper Eocene-lower Oligocene (~4 Ma) mid-shelf
marine clays from the central Mississippi, US Gulf Coastal Plain — the Mossy Grove Core
(MGC). Based on a refined age-depth model, this multiproxy analysis revealed that the
increasing export of nutrients from the Southern Ocean to the tropical and sub-tropical
oceans enhanced marine primary production in these regions, further leading to increased
sequestration of atmospheric CO; through an invigorated biological pump. We also found
evidence that extraterrestrial impacts may have induced sulfate-aerosol-driven climate
forcing, triggering positive feedback mechanisms, and intensifying and/or sustaining the
cooling. Further analysis also demonstrated that a significant sea level fall (~34.5 Ma)
preceded the Oi-1 event by ~800 ka and represents the first stage of large-scale expansion
of the East Antarctica Ice Sheet. This challenges the current view that the dynamics of
the EOT are dominated by global cooling during the earliest stages, which then

precondition the system to continental-scale ice-sheet expansion in the later stages. We



also propose that the earliest stages of the major EOT eustatic sea-level fall had a
disproportionate effect on global biogeochemistry, by causing the first major incision of
organic- and nutrient-rich coastal low lands that had been accreting under warm, high

sea-level greenhouse conditions for tens of millions of years.



RESUMO

Durante a Transicdo Eoceno-Oligoceno (EOT; ~34,4-33,7 Ma), a Terra passou por
uma importante mudanga no estado climético, das chamadas condi¢des de “greenhouse”
para as condicGes de “icehouse”, ocorrendo entdo a primeira formagdo da moderna
camada de gelo em escala continental na Antartida (evento Oi-1: ~33,7 Ma). Essa
transicdo esteve associada ao resfriamento do mar profundo, & queda glacio-eustéatica do
nivel do mar, a regressdes em escala global, além de importantes disturbios no ciclo
global do carbono e nos ecossistemas. Para investigar esta perturbacéo climatica, registros
em alta resolucédo (~7 ka) de is6topos estaveis de oxigénio (5!80) e carbono (5**C) da
fracdo de cocolitos (<20 um) de carbonatos, registros de associacdes palinoldgicas e de
nanofosseis calcérios (resolucdo: ~26 ka) e analises de fluorescéncia de raios-X de rocha
total (resolucdo: <10 ka) foram gerados a partir de uma sucessdo continuamente
testemunhada (~137 m) e substancialmente expandida (~4,7 cm.ka) de argilas marinhas
de plataforma média do Eoceno superior ao Oligoceno inferior (~4 Ma), regido central do
Mississippi, Planicie Costeira do Golfo dos EUA — 0 “Mossy Grove Core” (MGC). Com
base em um refinado modelo de idade-profundidade, essa analise multiproxy revelou que
a crescente exportacdo de nutrientes do Oceano Austral para os oceanos tropicais e sub-
tropicais aumentou a producgédo primaria marinha nestas regides, levando ainda a elevado
sequestro de CO; atmosferico por meio de uma bomba bioldgica revigorada. Tambem
encontramos evidencias de que impactos extra-terrestres podem ter induzido forgamento
climéatico por aerossois de sulfato, desencadeando mecanismos de retroalimentacdo
positivos e intensificando ou sustentando o resfriamento. Analises adicionais
demonstraram ainda que significativa queda no nivel do mar (~34,5 Ma) precedeu o

evento Oi-1 em ~800 ka e representa o primeiro estagio de expanséo em larga escala da



Calota de Gelo da Antartida Oriental. Isto desafia a atual visdo de que a dinamica do EOT
é dominada por resfriamento global nos primeiros estagios, que entdo precondiciona o
sistema para expansdo de calotas de gelo em escala continental nos estagios finais.
Tambem propomos que 0s estagios iniciais da principal queda no nivel eustatico do mar
tiveram um efeito desproporcional na biogeoquimica global, causando a primeira
importante incisdo das terras costeiras baixas e ricas em nutrientes e matéria organica,
acumuladas sob condigdes “greehouse” quentes e com nivel do mar elevado por dezenas

de milhdes de anos.
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CHAPTER 1: INTRODUCTION

By the year 2100, it is predicted the concentration of carbon dioxide (CO-) will rise to
values between ~790 and 1,150 parts per million by volume (ppmv), if anthropogenic
carbon emissions to the atmosphere continue to grow at the same rate as in recent years
(IPCC, 2013). This represents an increase of ~2.8 to 4.1 times pre-industrial levels of
atmospheric CO» (280 ppmv). Multiproxy reconstructions of CO- records (Anagnostou
et al., 2016; Pagani et al., 2005, 2011; Pearson et al., 2009; Zhang et al., 2013) show that
the last time in Earth’s history the concentration of carbon dioxide in the atmosphere
reached values as high as these predicted values for 2100, was ~34 Ma ago, during the
late Eocene. The late Eocene is a key interval in the climate history of the past hundred
million years or more, as after a multi-million year decline in atmospheric CO;
concentrations (Anagnostou et al., 2016; Pagani et al., 2005, 2011; Pearson et al., 2009;
Zhang et al., 2013) and associated planetary cooling, East Antarctic continental-scale ice
sheets formed for the first time in the Cenozoic (Zachos et al., 2001, 2008). It has been
argued, therefore, that there is a threshold in atmospheric CO. concentration, on the order
of ~750 ppmv, below which a descending snowline intersects high-elevation regions of
Antarctica, permitting the coalescence of large ice caps into a more permanent feature —
the East Antarctic Ice Sheet (EAIS) — almost insensitive to orbital forcing and seasonal
melting (DeConto et al., 2008; DeConto and Pollard, 2003; Pearson et al., 2009).
Although there is likely strong hysteresis in this system, with warmer (and higher CO,)
climate conditions required for ice sheet melting than for growth, the same feedbacks that
cause this hysteresis (e.g. ice — albedo / ice — elevation feedbacks) also pre-conditions the
system for rapid non-linear changes in state (DeConto et al., 2008; DeConto and Pollard,

2003). If anthropogenic carbon emissions do not change in a dramatic way, by the end of



the century, atmospheric CO2 concentrations will approach the levels of greenhouse gas
forcing at which the EAIS first formed (DeConto et al., 2008; DeConto and Pollard,
2003). Understanding and predicting the behaviour of the EAIS around these thresholds
of climate forcing, and its role in the wider Earth System, should provide strong
cautionary evidence to support the mitigation of 215 century anthropogenic climate
change. These thresholds concern the first growth of the EAIS, but both data and models
show that the West Antarctic Ice Sheet (WAIS) is vulnerable at lower CO- levels (~250-
300 ppmv) and a threshold leading to its collapse may have been passed already (Joughin
et al., 2014; McKay et al., 2016b; Tripati et al., 2009).

Studies of global change are required to try and consider the Earth’s climate as a
complex system, with interacting components represented by the atmosphere (air), the
biosphere (ecosystems, biomes), the cryosphere (polar ice caps, sea ice, permafrost,
seasonal snow cover, mountain glaciers), the hydrosphere (oceans, lakes, rivers) and the
lithosphere (tectonic and magmatic processes), which are all related through the dynamic
exchange of matter and energy through multiple processes (Wild et al., 2013). Through
changes in surface albedo and atmospheric radiative absorption, these components
ultimately affect the planetary energy budget (Wild et al., 2013). The climate system is
thus under the continuous action of external forcing (orbital changes in insolation;
greenhouse gas concentrations) and internal feedback mechanisms (vegetation-ice-albedo
feedbacks; biosphere responses; weathering; ocean dynamics). While the external forcing
tends to “push” the planet into warmer or colder climate states, feedbacks either amplify
or attenuate the effects of this climate forcing. Both aspects play an important role in
understanding equilibrium climate sensitivity and predicting future climate states

(Rohling et al., 2012; Skinner, 2012).



Understanding the complexity of these systems has long been a challenge for
geoscientists (Shackleton and Kennett, 1975), and the motivation for efforts to establish
long-term records of climate proxies. Especially successful has been the development of
stable isotope records of oxygen (5*20) and carbon (§'3C) from benthic foraminifera
(Zachos et al., 1996), which provide insights into the long-term evolution of the Earth’s
climate, cryosphere and global carbon cycling (Zachos et al., 2001). Benthic foraminiferal
oxygen isotope records (8'80xs) record seafloor conditions and are strongly controlled by
global ice volume and temperatures at the site of growth (Pearson, 2012). Since most of
these records come from deep ocean sediments, at intermediate or deeper water depths,
and assuming that high-latitude deep-water formation prevailed over the last 50 Ma, this
proxy is considered a better indicator of long-term global temperature changes, than
surface ocean or continental records, which are more susceptible to seasonal, latitudinal
and geographical variations (Lear et al., 2000). The deconvolution of the impacts of
global ice volume — through changes in local seawater 5'8Qsy - from water temperature
effects on 5180ys requires an independent assessment of deep-water temperature, which is
typically from Mg/Ca palaeothermometry undertaken on the same benthic foraminiferal
calcite (Lear et al., 2000). Recent efforts have generated long-term paired records of
580p and Mg/Ca, which have provided unprecedented records of deep-water
temperature and ice volume since the Late Cretaceous (Cramer et al. 2011).

Similar long-term benthic foraminiferal 5'3C records are widely used to track first-
order shifts in the global carbon cycle, especially the movement of carbon between the
lithosphere and readily exchangeable reservoirs on the planetary surface — the
hydrosphere (ocean), atmosphere, and biosphere (marine and terrestrial biomass and

soils) (Ridgwell and Edwards, 2009). Carbon isotopic fractionation that occurs during



exchange between these reservoirs — especially between inorganic and organic
components — combined with the relative flux between the lithospheric (long-term
storage) and exchangeable reservoirs, drives variations in the carbon isotopic composition
(8%C) of oceanic dissolved inorganic carbon (DIC) through time (Ridgwell and Edwards,
2009). In general, §'3C values are highly negative in terrestrial vegetation and soils (-22
to -25%o0), moderately negative in the atmosphere (-6.5%o), to slightly positive in surface
ocean DIC (2%o) (Ridgwell and Edwards, 2009). As with terrestrial plants, phytoplankton
discriminates against the heavier carbon isotope (*3C) during photosynthesis (Rau et al.,
1996). This ultimately enriches the surface ocean DIC in 13C, to a degree dependent on
the strength of primary production and export of this production from surface to deeper
waters (Sarmiento and Gruber, 2002). Conversely, deep waters tend to be depleted in *C
(lower 8'3C than surface waters) to an extent that is dependent on water mass source, age
and overlying productivity (Sarmiento and Gruber, 2002).

The compilation of benthic foraminiferal oxygen and carbon isotope data from over
forty deep-sea sites is the fundamental reference point for understanding long-term
Cenozoic climate evolution (Zachos et al., 2001, 1996, 2008). These compiled isotope
records have been constantly improved (Cramer et al., 2011), and even extended back
through the Late Cretaceous (Cramer et al., 2011; Friedrich et al., 2012). These records
reveal the intricate path of Earth’s climate evolution, from short-term, orbital-scale
variability to multi-million-year trends driven by long-term tectonic and greenhouse gas
forcing. There are also rapid transient events and abrupt transitions, which stand out well
above “normal” background variability in terms of their rate and/or amplitude of change,
and are normally accompanied by a major perturbation in the global carbon cycle as

inferred from carbon isotope data (Zachos et al., 2001). One of these aberrations, in fact



the most sudden and prominent in the last 112 Ma (Cramer et al., 2011; Friedrich et al.,
2012), occurred ~34 Ma, between the Eocene and the Oligocene epochs, and shifted
Earth’s climate into a new mode that has persisted ever since. This thesis focuses on
generating new high-resolution climate and biotic records of this event to better
understand the rates of change and mechanisms operating during these non-linear
transitions involving the Antarctic cryosphere. As part of wider palaeoclimate research
into the past dynamics of the Antarctic ice sheets, | hope the analyses of this event may
inform wider society about the risks of approaching critical thresholds in the climate
system.

To reach its scope, this thesis content was split into five major chapters, each of which
concerns a particular aspect of this study. Whereas Chapters 2 and 3 were dedicated to
literature review on key topics and methodological approaches covered by this study,
Chapters 4, 5 and 6 present detailed results and discussion that address the aims of this
work. Data for the entire thesis are provided in Supplementary Material (SM).
Furthermore, Chapter 4 was published in the Journal of Micropalaeontology (39, 1-26,
2020) and Chapter 5 was prepared for submission to a short-format journal but has not
yet been submitted. All ages in this work were calibrated from the literature to the
timescale of Westerhold et al. (2014); where necessary the original quoted age from
within a publication, and consistent with the timescale originally used, is given in
brackets.

In order to emphasize the importance of the climate transition between the late Eocene
and the early Oligocene and the mechanisms and sensitivities of Cenozoic climate,

Chapter 2 provides a review on its causes and consequences, along with a summary on



the current state of understanding based on fossils and palaeoclimatic proxies for the
Eocene—Oligocene climate change.

Chapter 3, presents a detailed description of the Materials and Methods used in this
work, starting with a brief discussion on the upper Eocene-lower Oligocene sucession of
the Gulf Coastal Plain, followed by a chronostratigraphic characterisation of the study
site. Preparation protocol and assemblage characterization of organic-walled and
carbonate microfossils are also presented, along with summaries of proxy analysis applied
to the thesis, i.e., palynomorph-based palaecoenvironmental reconstruction, and data
generation from bulk-stable isotopes and X-ray fluorescence.

Chapter 4 presents new dinocyst biostratigraphic data from the study site, the Mossy
Grove Core, Jackson, Mississippi, and, since sediments yielded well-preserved and highly
abundant palynomorph assemblages, this chapter includes illustrated descriptions of these
assemblages. This chapter was published in the Journal of Micropalaeontology (39, 1-
26, 2020).

New high-resolution (~6 ka) fine-fraction (<20um) carbonate stable oxygen (6*20)
and carbon (5*3C) isotope analyses, bulk sediment X-ray fluorescence (<10 ka) data and
palynological (~26 ka) analyses are presented in Chapter 5, in order to generate a
multiproxy record through the late Eocene-early Oligocene. These ultimately provided an
entirely new sea-level change record across the critical late Eocene-early Oligocene
interval, with unequivocal linkages with coeval large-scale ice-sheet expansion on
Antarctica.

Chapter 6 aims to document potential changes in sub-tropical North Atlantic surface
waters associated with proposed late Eocene variations in Atlantic Meridional

Overturning Circulation (AMOC). It uses plankton-based biotic records from the same



study site on the US Gulf Coast to assess water mass changes through the late Eocene. It
also interrogates the effects of major late Eocene impact events and their potential role in
the onset of the Eocene-Oligocene Transition.

Finally, through the convergence of the results exposed in the previous three chapters,
the Conclusion of this Thesis integrates the data provided by all the proxies adopted
throughout the entire chronostratigraphic range of the studied section in order to assess

the dynamics of the EOT from a more general perspective, in a deep-time context.



CHAPTER 2: THE EOCENE-OLIGOCENE TRANSITION: UNDERSTANDING

THE DYNAMICS OF THE ANTARCTIC CRYOSPHERE

2.1. Overview

The relatively rapid, widespread glaciation of Antarctica during the Eocene-Oligocene
Transition (EOT: ~34.4-33.7 Ma) marks the climax of a shift from the warmer Cretaceous
and early Paleogene climates towards the typical colder climate state that prevails since
the Oligocene (Westerhold et al., 2014; Zachos et al., 2001) (Figure 1). This greenhouse-
to-icehouse climate transition was first recognised by an abrupt ~1.0-1.5+0.1%o increase
in benthic foraminifera oxygen stable isotope ratio (5'8Ops) close to the Eocene-Oligocene
boundary (Coxall et al., 2005; Kennett and Shackleton, 1976; Miller et al., 1987). The
presence of distinct rapid positive “steps” in the first high-resolution benthic foraminiferal
oxygen isotope (5'80) records across this event (Figure 1) was initially interpreted as
representing at least two pulses of accelerated ice-sheet growth (Coxall et al., 2005).
These steps appear to be orbitally paced, with a duration of 40 ka, separated by a ~250 ka
interval of relative stability, or “plateau” (Coxall et al., 2005; Scher et al., 2011;
Westerhold et al., 2014). The first step in '80 records (EOT-1) is thought to be associated
with relatively limited ice-sheet growth (Katz et al., 2008; Lear et al., 2008), being mainly
driven by significant global cooling (Houben et al., 2018; Katz et al., 2008; Miller et al.,
2008; Wade et al., 2012). The second step in 820 (EOT-2) is thought to be dominated by
ice-volume expansion (Katz et al., 2008; Lear et al., 2008), a sharp deepening of the ocean
carbonate saturation depth (Coxall et al., 2005) and a massive and abrupt increase in
weathering flux from East Antarctica (Scher et al., 2011). However, based on evidences
from a sequence boundary at Saint Stephens Quarry, Alabama, and increased glacial

weathering fluxes from Prydz Bay, Antarctica, some authors proposed an early-stage



onset of the large-scale expansion of the East Antarctic Ice Sheet in the late Eocene
(Miller, 2005; Passchier et al., 2017). For the purpose of this work, we adopted an EOT
defined between the extinction of nannofossil species Discoaster saipanensis (~34.4 Ma)
and the beginning of the early Oligocene glacial maximum (EOGM: ~33.7 Ma) (Pearson

et al., 2008; Westerhold et al., 2014).

Figure 1. Summary figure of the EOT. A: Long-term benthic foraminifera oxygen isotope record during
the Cenozoic. B: High-resolution benthic foraminifera oxygen isotope record from Equatorial Pacific



(Coxall et al., 2005). C: Location of key geological features (see explanation in Section 2.2). D: Multiproxy-
based long-term atmospheric CO2 concentration. Legend: Pli — Pliocene; Ple — Pleistocene; Priabon. —
Priabonian; PETM - Paleocene-Eocene Thermal Maximum; ETM2 — Eocene Thermal Maximum 2; EECO
— early Eocene Climatic Optimum; MECO — middle Eocene Climatic Optimum; LOW - late Oligocene
Warming; Mi-1 — Miocene Isotopic Event 1; MMCO - middle Miocene Climatic Optimum; MMCT -
middle Miocene Climate Transition.

2.2. Causal mechanisms

Two main hypotheses have been proposed to explain the onset of the EOT: Antarctic
cooling related to changes in the geometry of Southern Ocean gateways (Kennett, 1977)
and global cooling linked to declining greenhouse gas concentration (DeConto and
Pollard, 2003; Pagani et al., 2005). More recent work has focused on an understanding of
the interaction between these two processes, especially the role of the developing
Antarctic Circumpolar Current (ACC) on global biogeochemistry and carbon dioxide
drawdown through the middle to late Eocene (Coxall et al., 2018; Elsworth et al., 2017).
Other causal mechanisms, however, have been proposed as minor drivers of this climate
transition and may have played important roles in the timing and dynamics of the onset
of the EOT. We briefly discuss each of these mechanisms below (Figure 1).

Geometry of oceanic gateways. The tectonic opening of Southern Ocean gateways
(Drake Passage and Tasmanian Gateway; Figure 1) would have reduced southward
oceanic heat transport and facilitated cooling of Southern Ocean sea-surface temperatures
(Nong et al., 2000; Toggweiler and Bjornsson, 2000), allowing the formation of the
Antarctic Circumpolar Current (ACC), the thermal isolation of the Antarctic continent
(Kennett, 1977; Scher and Martin, 2006; Stickley et al., 2004b) and a less arid maritime
climate (Lear et al., 2000).

However, coupled ocean-atmosphere models suggested that warm waters did not
penetrate to high latitudes (Huber et al., 2004) and the rise of Antarctic glaciation

enhanced northward transport of Antarctic intermediate water and invigorated the
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formation of Antarctic bottom water, reorganising ocean circulation and better explaining
the oceanographic changes (Goldner et al., 2014). This ultimately demonstrates that the
existence of a continuous ACC and the colder SSTs were an effect of glaciation rather
than the cause. Moreover, multiproxy records from the Drake Passage and the Tasman
Gateway show that they initiated a deepening and widening process much earlier than the
onset EOT, with estimates varying from ~1 to more than 15 Ma (Bijl et al., 2013; Scher
and Martin, 2006; Stickley et al., 2004b). And using a general circulation model with
coupled components for atmosphere, ocean, ice sheet and sediment, other authors
advocate a secondary role for the opening of continental gateways in the EOT (DeConto
and Pollard, 2003; Pagani et al., 2005) and invoked an alternative explanation for this
climate transition.

Greenhouse gases. This second hypothesis argues that a long-term decline of
atmospheric CO» concentration from ~1,000-2,000 parts per million by volume (ppmv)
typical in the Paleocene-early Eocene (Pagani et al., 2005; Pearson and Palmer, 2000)
towards a critical threshold (~750-760 ppmv) (Figure 1) (DeConto et al., 2008; DeConto
and Pollard, 2003; Pearson et al., 2009) would have permitted orbital forcing (Coxall et
al., 2005; Pélike et al., 2006) and ice-climate feedbacks (DeConto et al., 2008; DeConto
and Pollard, 2003) to drive cooler high-latitude summers during times of low summer
insolation. These combined factors may have allowed a descending snowline to intersect
high elevation regions on Antarctica and permit large-scale ice growth during the EOT
(Pearson et al., 2009). This hypothesis was tested with a coupled ice sheet and general
circulation climate model for glacial inception and early growth of the East Antarctic ice
sheet, including scenarios with closed gateways and an unobstructed Southern Ocean

(DeConto and Pollard, 2003). As a result, it was observed that declining Cenozoic CO>

11



led to the formation of initially small and highly dynamic ice caps on high Antarctic
plateaux. However, once a CO. threshold was crossed, ice-sheet height/mass-balance
feedbacks caused the ice caps to expand rapidly, paced by large orbital variations, and
eventually coalescing into a continental-scale ice sheet (DeConto and Pollard, 2003).

Enhanced overturning circulation. The recent studies (Coxall et al., 2018; Elsworth
et al., 2017) of multiple Atlantic Ocean sites proposed a third mechanism to explain the
origins of the EOT, by means of a link between tectonic movements and CO, drawdown.
They argue for a strong role of the Atlantic Meridional Overturning Circulation (AMOC)
in pre-conditioning the late Eocene Earth for the greenhouse-icehouse transition. As a
major component of the ocean circulation system, the AMOC is responsible for
redistributing heat, influencing the global carbon cycle and therefore impacting Earth’s
climate evolution. The strength of the AMOC depends on a delicate balance between
temperature and salinity and comprises northward transport of warm and salty surface
waters that cool and sink at high latitudes and perform a deep southward return flow to
lower latitudes. As a consequence, the AMOC can affect not only the North Atlantic and
surrounding landmasses, but also global-scale ocean circulation.

The formation and strengthening of a late Eocene North Atlantic Deep Water (NADW)
component at ~35.9 Ma, i.e., ~1.5 Ma prior to the EOT, would have enhanced northward
ocean heat transport, and is suggested to be linked to a significant increase in rainfall over
land and silicate weathering (Coxall et al., 2018). This increased weathering is then
proposed as a driver of long-term CO: drawdown through CO-weathering feedback
loops (Coxall et al., 2018; Elsworth et al., 2017), which culminated with the Antarctic
glaciation. Nevertheless, the cause of such an enhanced AMOC is under discussion. One

view suggests that, as the tectonics deepened the Drake Passage below a critical threshold,
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the newly formed Southern Ocean isolated Antarctica from warm and salty subtropical
waters, initiating strong overturning circulation in the North Atlantic (Elsworth et al.,
2017). The other hypothesis argues that tectonic adjustments in subarctic seas enabled an
increased exchange across the Greenland-Scotland Ridge (GSR; Figure 1), which created
a considerable salinity and temperature gradient between cooler and more brackish Arctic
waters and warmer saltier North Atlantic surface waters (Coxall et al., 2018). This
ultimately permitted sinking and a progressive increase in NADW export (Coxall et al.,
2018).

Extra-terrestrial impact events. An additional hypothesis invokes the role of extra-
terrestrial impact events as a further forcing mechanism behind the EOT. These
phenomena can trigger climate cooling by blocking sunlight due to dust loading of the
atmosphere, shock formation of nitrogen oxides, and atmospheric injection of sulfur
dioxide (Toon et al., 1994). Moreover, feedback mechanisms could have extended
impact-induced climate cooling (Vonhof et al., 2000). This is partly supported by the
discovery of multiple layers of breccia and ejecta deposits in late Eocene strata, especially
of the Northern Hemisphere (Figure 1) (Bottomley et al., 1997; Koeberl et al., 1996; Poag
et al., 2002; Poag and Poppe, 1998). Three of the identified impact craters are bigger than
10 km in diameter and have well-constrained ages (error <1.0 Ma). These are the Popigai
crater (diameter: ~100 km) in central Siberia, and the Chesapeake Bay (diameter: ~90
km) and Toms Canyon (diameter: ~20 km) craters, on the Atlantic margin of North
America. Biochronology, magnetostratigraphy, and radiometric dating methods provided
an age assignment to these events of ~36.1-35.5 Ma (Bottomley et al., 1997; Koeberl et
al., 1996; Liu et al., 2009a; Poag, 2012; Poag et al., 2002; Pusz et al., 2009), which places

them ~1.1-1.7 Ma prior to the EOT. Although some biotic turnover episodes are
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associated with these late Eocene impacts (Coccioni et al., 2009; Keller, 1986; Pusz et
al., 2009; Vonhof et al., 2000), it has been widely considered that the impact events in
general could not be invoked as a possible cause of long-term climatic evolution (Coxall

and Pearson, 2007; Pusz et al., 2009).

2.3. Consequences of the EOT

A growing body of evidence, built up worldwide in the course of the last five decades
through a range of multiproxy studies (Coxall and Pearson, 2007) have demonstrated that
the abrupt, global-scale climatic shift through the EOT was responsible for major
disruptions in many components of the Earth System, including atmospheric circulation
(Xiao et al., 2010) and hydrological cycling (Robert and Kennett, 1997; Wolfe, 1995),
the biosphere (Coxall and Pearson, 2007; Prothero, 1994a) and cryosphere (Kennett,
1977; Scher et al., 2011; Zachos et al., 1992). These are discussed in more detail below.

Global cooling. The EOT is characterised by global cooling, with falling temperatures
in the deep sea (Cramer et al., 2011; Lear et al., 2008), sea surface (Katz et al., 2008; Lear
etal., 2008; Liu et al., 2009b; Wade et al., 2012), and continental environments (Schouten
et al., 2008; Zanazzi et al., 2007). Although some authors argue that temperature change
was negligible (Grimes et al., 2005; Ivany et al., 2000; Kobashi et al., 2001; Kohn et al.,
2004; Sheldon, 2009), other workers point to a ~4° C deep-sea cooling (Cramer et al.,
2011; Lear et al., 2008), ~2.5-5° C sea-surface cooling (Katz et al., 2008; Lear et al.,
2008; Liu et al., 2009b; Wade et al., 2012), and a decrease in ~8° C of tropospheric
temperatures (Dupont-Nivet et al., 2007; Zanazzi et al., 2007). Although this pattern did
not follow a uniform path across the globe, with high-latitude regions cooling more than
the Equatorial zone (Liu et al., 2009b; Zachos et al., 1994), geochemical and

micropalaeontological evidence indicate that even subtropical realms, such as the Gulf of

14



Mexico, underwent substantial cooling during the EOT, especially in surface waters
(Houben et al., 2018; Katz et al., 2008; Wade et al., 2012).

Antarctic ice-sheet growth and glacioeustatic sea-level fall. The apex of the EOT
was undoubtedly the rapid expansion of the first permanent continental-scale ice sheets
on Antarctica (Kennett, 1977; Scher et al., 2011; Zachos et al., 1992), associated with a
glacioeustatic sea-level fall and regressions worldwide (Kominz and Pekar, 2001; Miller
et al., 2008; Pekar et al., 2002; Pekar and Christie-Blick, 2008). The assessment of
significant expansion/retraction of Earth’s cryosphere is performed by means of the
benthic foraminiferal oxygen stable isotope (5'8Owr) records (Zachos et al., 2001, 1996),
which represent a combination of local temperature-dependent isotopic fractionation
during calcification and the isotopic composition of seawater in which the organism
calcified (5*80sw) (Zachos et al., 2001). Changes in the §'80sw composition of deep-waters
are largely a function of global ice volume (Zachos et al., 2001), since the hydrological
cycle concentrates 10 in ice sheets, leaving the oceans more enriched in 2O during
glaciated climate states (Hays et al., 1976). Quantifying this global ice volume component
within 880y, therefore, requires an independent assessment of deep-water temperature,
typically from Mg/Ca palaeothermometry (Lear et al., 2000).

Through the EOT, however, deep-water foraminiferal Mg/Ca ratio is likely affected
by the dramatic increase in the deep ocean carbonate saturation state (Coxall et al., 2005),
which substantially reduces Mg/Ca-derived estimates of cooling (Lear et al., 2000, 2004,
2008) and makes the accurate quantification of ice growth across the EOT challenging.
The best estimates to date indicate total ice-sheet expansion to a volume equivalent to
70% of the present Antarctic ice sheet (Cramer et al., 2011; Lear et al., 2008), assuming

the same mean isotopic composition of modern Antarctic ice (Shackleton and Kennett,
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1975). The maximum ice-sheet expansion in the EOT led to a glacioeustatic sea-level fall
on the order of ~70+20 m (Kominz and Pekar, 2001; Miller et al., 2008; Pekar et al., 2002;
Pekar and Christie-Blick, 2008), which considers the isostatic response of the oceanic
lithosphere to the change in weight of the overlying water (hydroisostasy). This is based
on the fact that an eustatic sea-level change is fixed relative to the centre of the Earth and
is due to actual variations in the volume of Earth’s ocean water, whereas apparent sea-
level change is the observed fluctuations in water depth relative to the ocean floor during
an eustatic sea-level change (Kominz and Pekar, 2001; Pekar et al., 2002). Therefore,
apparent sea-level changes observed through sequence stratigraphy must be calibrated
against oxygen isotope records by a factor of 0.68 to obtain the equivalent glacioeustatic
change (Pekar et al., 2002).

The current view of East Antarctic Ice Sheet (EAIS) dynamics suggests that, as
atmospheric CO concentration declined, initial glaciation formed relatively small ice
caps in the East Antarctic interior (Barrett, 1996) and in the highest elevations of
Dronning Maud Land (DeConto and Pollard, 2003) driven by orographically lifted
maritime moisture. High winter snowfall rates would have enabled isolated ice caps over
the high elevations of the Gamburtsev Mountain region and along the Transantarctic
Mountains (DeConto and Pollard, 2003). Discharge mainly occurred via the Lambert
Graben to Prydz Bay (Barrett, 1996; Passchier et al., 2017). As CO, concentration
continued to fall, height/mass-balance feedbacks suddenly initiated, and larger dynamic
ice sheets coalesced until the EAIS became a more permanent feature (DeConto and
Pollard, 2003). Accumulation zones eventually reached sea level around most of the

continent and a massive ice sheet, almost insensitive to orbital forcing (little summer
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melting), was formed by the early Oligocene (Barrett, 1996), paced by Milankovitch
orbital parameters (Naish et al., 2001; Pélike et al., 2006; Zachos et al., 1996).

The best direct evidence for massive ice-sheet growth on Antarctica comes from the
wide spectrum of proximal glacial-related deposits produced by surges of erosion that
carried weathering products to depocentres around the continent. These include
glaciomarine sequences on the continental shelves (Barrett, 1996; Cooper and O’Brien,
2004), coarse grains of ice-rafted debris (IRD) in pelagic sediments of the circum-
Antarctic and Southern Ocean (Barrett, 1996; Zachos et al., 1992), weathering flux
inferred from fossil fish teeth radiogenic Neodymium from the Kerguelen Plateau
(Southern Ocean) (Scher et al., 2011), and a shift from smectite- to illite-dominated clay
mineral assemblages, interpreted as the transition from a chemical weathering regime to
one of mechanical weathering by ice sheets (Ehrmann and Mackensen, 1992).

Although estimates of ice volume growth and deep-ocean cooling through the EOT
could be accommodated on Antarctica alone (DeConto et al., 2008; Larsen et al., 1994;
Lear et al., 2008; Liu et al., 2009b; Pearson et al., 2009; Shackleton et al., 1984), some
studies (Coxall et al., 2005; Lear et al., 2004) argue for a “bipolar glaciation hypothesis”,
i.e., for some coeval Northern Hemisphere continental-scale ice-sheet growth. Evidence
for this has now come from records of continental cooling (Zanazzi et al., 2007) and IRD
deposits in the Greenland Sea (Eldrett et al., 2007; Tripati et al., 2008) and the Arctic
Ocean (Tripati et al., 2008), although likely associated with isolated ice caps and/or alpine
outlet glaciers. Considering that even the lowest estimates of the threshold for Antarctic
ice-sheet growth, i.e., ~450 ppmv (Pearson et al., 2009), is nearly twice the modelled
value for widespread Northern Hemisphere continental glaciation, i.e., ~280 ppmv

(DeConto et al., 2008), and since there is a lack of direct evidence for significant and
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consistent Northern Hemisphere ice sheets before ~3.0 Ma (Shackleton et al., 1984;
Larsenetal., 1994), we assume that the Eocene-Oligocene climate transition is dominated
by continental-scale ice-sheet growth only on Antarctica.

Global carbon cycle perturbations. An abrupt positive shift in benthic foraminiferal
carbon stable isotope ratio (53Cyr) coeval with the 580y signal suggests that a major
disturbance in the global carbon cycle is also associated with this climate transition
(Zachos et al., 1996). This idea was reinforced by reconstructions showing a deepening
of the calcite compensation depth (CCD) of more than 1 km near the EOT (van Andel
and Moore Jr, 1974; Coxall et al., 2005), which raised speculations on potential
relationships between the Antarctic glaciation and the global carbon cycle, including a
large-scale perturbation to oceanic carbonate chemistry (Pélike, 2012). A number of
hypotheses have been proposed to explain the coupled shifts in marine carbon isotopes
and oceanic carbonate chemistry during the EOT, including an increase in organic carbon
burial rates (Olivarez Lyle and Lyle, 2006; Salamy and Zachos, 1999; Zachos et al., 1996;
Zachos and Kump, 2005), an increase in global silicate weathering rates (Ravizza and
Peucker-Ehrenbrink, 2003; Zachos et al., 1999; Zachos and Kump, 2005), an increase in
global siliceous (versus calcareous) plankton export production (Coxall et al., 2005), and
a shift of global calcium carbonate (CaCOs) burial/sedimentation from shallow shelf seas
to deep ocean basins coupled with a temporary increase in carbonate weathering from
freshly exposed, fast-weathering, and *3C-enriched carbonate shelves (Coxall et al., 2005;
Kump and Arthur, 1997; Merico et al., 2008; Opdyke and Wilkinson, 1988).

Attempts to model these processes (Merico et al., 2008) indicate that Antarctic ice-
sheet growth and concomitant glacioeustatic sea-level fall exposed widespread shallow-

shelf limestone platforms to erosion, inducing a one-off discharge of dissolved inorganic
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carbon and alkalinity into the ocean. This eventually increased oceanic carbonate
(COs%), deepened the CCD and increased seawater §'3C. The reduction in shelf habitat
for neritic benthic calcifiers would also have led to a large reduction in CaCOs burial state
in shallow seas. To balance river inputs of dissolved CaCO3z with global CaCOs3 burial,
the decline in shallow-sea burial forces a compensating increase in deep-sea carbonate
burial through a deepening of the CCD. However, critics of this hypothesis suggest that
the sea-level fall across the EOT is insufficiently large or so unique as to cause such a
large and permanent change in both shelf carbonate burial and weathering (Miller et al.,
2009; Rea and Lyle, 2005). An alternative proposed mechanism (McKay et al., 2016a)
suggested that the rapidity of the two steps in the §'3Cy palacorecord can best be
attributed to the net sequestration of ~1,000 Pg of organic carbon during the EOT by
“carbon capacitors” through processes such as permafrost and peatland expansion. Even
in this scenario, a large repartitioning of carbonate burial from the shelves to the deep
ocean is required in order to explain the long-term deepening of the CCD observed across
the EOT (McKay et al., 2016a).

Biotic turnovers. The EOT is associated with biotic turnovers and biogeographic
reorganisation in plants and animals across a range of latitudes (Prothero, 1994a), as well
as substantial extinction and ecological reorganisation in the marine microplankton.
Although not comparable to the “Big Five” mass extinction events (Raup and Sepkoski,
1982), EOT-related strata contain records of major turnover and/or influx of molluscs in
North America and Europe (Dockery 111, 1986; Dockery 111 and Lozouet, 2003; Hickman,
2003; Nesbhitt, 2003; Squires, 2003), disappearance of tropical taxa and declining
diversity of amphibians and turtles (Hutchison, 1992; Rage, 1986), radiation of passerine

birds (Mayr, 2005), turnover in mammalian faunas in Europe and Asia (Meng and
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McKenna, 1998; Stehlin, 1909), extinction of the archeocete whales (Fordyce, 1992,
2003; Manning, 2003), and diversification of cat-like carnivores (Bryant, 1996).
Remarkable biogeographic reorganisation was also observed in plant groups: in North
America, widespread replacement of subtropical vegetation by cooler, deciduous forms,
regional extinctions (Wolfe, 1992, 1994), and diversification of desert species in the
continental interior as aridity increased (Moore and Jansen, 2006; Yancey et al., 2003);
in Europe, replacement of tropical and subtropical taxa by a more seasonal temperate
flora (Collinson, 1992); in South America, rapid changes in floral (pollen and spores)
records (Jaramillo et al., 2006); in Australia, a shift to lower diversity, higher seasonality
and a spread of cool-temperate plants (Kemp, 1978); in Asia, diversity reduction (Leopold
et al., 1992); and in Antarctica, a change from evergreen forest to sparse tundra on the
Antarctic peninsula and Seymour island (Francis, 1999; Francis and Poole, 2002).
Detailed micropalaeontological records also show that substantial extinction and
ecological reorganization are closely coupled to the EOT (Cotton and Pearson, 2012;
Coxall and Pearson, 2007; Dunkley Jones et al., 2008; Houben et al., 2013a; Moore et al.,
2015; Pearson et al.,, 2008, 2009). These include extinctions in the planktonic
foraminifera with the worldwide last occurrence of the planktonic foraminiferal Family
Hantkeninidae (five species and two genera — Hantkenina and Cribrohantkenina), which
is the marker of the Eocene-Oligocene Boundary (EOB: 33.89 Ma) (Nocchi et al., 1988;
Premoli Silva and Jenkins, 1993; Westerhold et al., 2014). The EOB extinction event is
slightly preceded by the extinction of the widespread Turborotalia cerroazulensis group
at ~34.0 Ma (Pearson et al., 2006) and followed by the extinction of the dwarfing
Pseudohastigerina naguewichiensis at ~32.1 Ma (Wade and Pearson, 2008). Among the

benthic foraminifera, there was a sudden increase in worldwide, deep-sea accumulation

20



rate (Diester-Haass et al., 2003; Diester-Haass and Zahn, 2001), decline of deep-sea
benthic diversity and subsequent increase in dominance of opportunistic species (Thomas
and Gooday, 1996), acme of deep-water agglutinated species in the North Atlantic and
Western Tethys (Kaminski, 2005), abrupt turnover of neritic benthic foraminifera in
Australia (McGowran et al., 1992; McGowran and Beecroft, 1986) and in the U.S. Gulf
Coast (Fluegeman, 2003), mass extinction of some important long-ranging genera and
species, notably Asterocyclina, Discocyclina and some species of Nummulites (Adams et
al., 1986), and rapid decline in larger foraminifera in the Caribbean that may be associated
with the boundary interval (Cotton and Pearson, 2012; Robinson, 2004). Calcareous
nannofossils present major turnovers (Bordiga et al., 2015a; Dunkley Jones et al., 2008;
Persico and Villa, 2004, Villa et al., 2008), long-term decline in diversity (Aubry, 1992;
Bown et al., 2004; Perch-Nielsen et al., 1986), and extinctions of Discoaster saipanensis
(Berggren et al., 1995) and Pemma papillatum (Varol, 1998). Significant drop in
ostracode diversity has been recorded (Schellenberg, 1998; Yamaguchi et al., 2014).
Other major biotic event was the increase in cold-adapted diatom species in Antarctica
(Olney et al., 2005), and increase in the diversity of benthic diatoms associated with the
increasing influence of the Antarctic polar current (Rabosky and Sorhannus, 2009;
Whitehead, 2005). The radiolaria group also records major turnover of tropical species
in the Pacific (Funakawa et al., 2006) and North Atlantic (Kamikuri and Wade, 2012),
including extinction of several taxa, sudden drop in diversity and radiolarian
accumulation rates, and expansion of cool-water cosmopolitan taxa. Among organic-
walled dinoflagellate cysts, two successive influxes of high-latitude species have been
observed in Italy (Brinkhuis & Biffi 1993), along with decreasing diversity in the Wedell

Sea and off Dronning Maud Land, Antarctic margin (Mohr, 1990), and significant
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turnover and biotic reorganisation in the Gulf of Mexico (Houben et al., 2018) and
Southern Ocean (Houben et al., 2013a).

Other consequences. Evidence of a significant increase in primary productivity have
been reported from several deep-sea sites in the Southern Ocean (Anderson and Delaney,
2005; Diester-Haass et al., 1996; Latimer and Filippelli, 2002; Salamy and Zachos, 1999)
and may be associated with upwelling of nutrient-rich waters driven by cooling-induced
increases in surface-ocean divergence and/or enhanced fluxes of weathering derived
nutrients during rapid sea-level fall (Nilsen et al., 2003; Salamy and Zachos, 1999; Zachos
and Kump, 2005). Other important disturbances caused during the EOT include changes
in atmospheric circulation (Xiao et al., 2010), increased aridification (Dupont-Nivet et
al., 2007), and increased seasonality (Eldrett and Harding, 2009; Ivany et al., 2000; Wade

et al., 2012).

2.4. Why was the EOT a unique event?

Studying the EOT climate transition provides important information about two major
questions for Earth Scientists: [1] what are the driving mechanisms and feedbacks that
generate rapid changes of state in the Earth’s Climate System and [2] how does this
understanding translate into predictions of future climate conditions in response to rapid
greenhouse gas climate forcing?

[1] Although substantial efforts have focused on modelling the dynamic growth of the
Antarctic ice sheets, and the potential for non-linear positive feedbacks within the
cryosphere that could contribute to the observed step-change into the modern icehouse
climate state in the earliest Oligocene (DeConto et al., 2008; DeConto and Pollard, 2003),
there is substantial evidence for contemporaneous increases in the carbonate saturation

state of the global oceans (Coxall et al., 2005; Pélike et al., 2006) and significant
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acceleration of the marine biological pump (McKay et al., 2016a; Merico et al., 2008;
Salamy and Zachos, 1999), the causes and effects of which are poorly known. Long-term
records of atmospheric CO> levels estimate late Eocene values close to the threshold for
Antarctic ice-sheet growth (Anagnostou et al., 2016; Pagani et al., 2005), whilst the only
available record of the transition itself, indicates a transient drawdown of CO. closely
coupled to the main phase of ice-sheet expansion (Pearson et al., 2009). Modelling studies
show that changes in the partitioning of organic and inorganic carbon burial from
continental margins to the deep ocean, as well as the magnitude of nutrient trapping within
shelf systems and weathering fluxes from rapidly exposed coastal environments are
essential drivers of the observed global carbon cycles perturbations (McKay et al., 2016a;
Merico et al., 2008). Within the dynamics of the EOT itself, however, the timing of
changes in these sea-level controlled shelf-ocean partitioning and nutrient / carbon fluxes
is, however, very poorly known.

[2] By the year 2100, it is predicted that the CO2 concentration in the atmosphere will
rise to values between ~790 and 1,150 ppmv if anthropogenic carbon emissions to the
atmosphere continue to grow at the same rate as in recent years (IPCC, 2013). This
represents an increase of ~2.8 to 4.1x PAL (pre-industrial atmospheric levels) CO..
Multiproxy reconstructions of atmospheric CO2 concentrations through the Cenozoic
(Anagnostou et al., 2016; Pagani et al., 2005, 2011; Pearson et al., 2009; Zhang et al.,
2013) show that the last time in Earth’s history the concentration of carbon dioxide in the
atmosphere reached values that high was ~34 Ma, after a long-term (10°-to-10"-year
scale) decline (Pagani et al., 2005). As a result, descending snowline would have lowered
enough to intersect high elevation regions in Antarctica, thus permitting the formation of

its first continental-scale ice sheets (DeConto et al., 2008; DeConto and Pollard, 2003).
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It has been argued, therefore, that there is a threshold in atmospheric CO2 concentrations,
~750-760 ppmv, below which stable and large ice caps coalesce and become a more
permanent feature, which are less sensitive to orbital forcing and seasonal melting
(DeConto et al., 2008; DeConto and Pollard, 2003; Pearson et al., 2009). Following from
this premise and assuming that anthropogenic carbon emissions do not change in a
dramatic way, we recognise that, by the end of the century, atmospheric CO;
concentrations will be approaching the threshold levels for stability for the EAIS.
Furthermore, modelling studies proposed a hysteresis effect associated with ice-sheet
height mass balance feedbacks, where CO; levels need to rise slightly above 3x PAL to
induce drastic retreat of a pre-existing EAIS, and need to drop slightly below 3x PAL to
grow a large ice sheet from no ice (McKay et al., 2016a; Pollard and DeConto, 2005).
When albedo feedback is added, the hysteresis between forward and reverse runs results
in even more sudden transitions occuring at 3x and 4x PAL CO; (Pollard and DeConto,

2005).
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CHAPTER 3: MATERIALS AND METHODS

3.1. Regional geological context

The Gulf Coastal Plain is one of the largest physiographic provinces in North America.
In the subsurface the Mississippi embayment consists of a structurally complex basin with
thick Jurassic-to-Holocene deposits (Cushing et al., 1964; Hosman, 1996). Within these
sequences, the most continuous Paleogene successions are found between central and
southern Mississippi and Alabama (Cushing et al., 1964; Hosman, 1996).

The upper Eocene to lower Oligocene stratigraphy of the US Gulf Coast is split into
two groups — the Jackson (~ upper Eocene) and Vicksburg (~ lower Oligocene) groups
(Cushing et al., 1964; Hosman, 1996). The contact between these groups is commonly
indistinguishable on a lithologic basis, but they have distinct faunal assemblages
(Hosman, 1996). The lithology, and constituent formations within these groups, also
varies geographically across Mississippi and Alabama, reflecting relative positions along
the palaeoshelf and proximity to river outflows. The upper middle Eocene of Mississippi
consists of discontinuous and lenticular beds of lignitic-to-carbonaceous fine-to-medium
quartz sand, silt, and clay. These sediments constitute the non-marine Cockfield
Formation, the youngest continental deposits of the Eocene on the Gulf Coastal Plain
(Cushing et al., 1964; Hosman, 1996). The upper Eocene Jackson Group overlies the
Cockfield Formation, and it represents the last extensive marine inundation within the
Mississippi embayment (Cushing et al., 1964; Hosman, 1996). The Jackson Group
consists of two major facies: to the west of the Gulf Coastal Plain, towards Texas, a
shallow-water marine facies with beach sands, clays, and occasional volcanic tuffs, whilst
to the east, in the central part of the Gulf Coastal Plain (Mississippi and Alabama), the

group becomes more fossiliferous and argillaceous as deeper-water clays dominate
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(Cushing et al., 1964; Hosman, 1996). The two main lithostratigraphic units within the
Jackson Group are the highly fossiliferous glauconitic sandy marls of the basal Moodys
Branch Formation and the calcareous fossiliferous dark-grey to blue clays of the Yazoo
Formation (Cushing et al., 1964; Hosman, 1996). The Yazoo Formation has four well-
characterized members in eastern Mississippi and Alabama: the North Twistwood Creek
Member (marl and calcareous clay), the Coccoa Sand Member (sandy marl), Pachuta
Marl Member (glauconitic fossiliferous marls and sandy hard limestones), and the
Shubuta Member (calcareous clays with concretions) (Cushing et al., 1964; Hosman,
1996). In central Mississippi, in the region of the Mossy Grove core, the entire Yazoo
Formation is represented by an undifferentiated marine clay unit — the Yazoo Formation
(Dockery 111 et al., 1991). Towards northern Mississippi this group occurs as a non-
marine clastic facies, with evidence of lacustrine, palustrine, and lagoonal sedimentation,
and the Yazoo Formation becomes undifferentiated and relatively homogeneous
(Cushing et al., 1964; Hosman, 1996). The Oligocene series begins with the marine
fossiliferous glauconitic clay and sandy clay of the Red Bluff Formation, overlain by the
fossiliferous and laminated sands of the Forest Hill Formation. Westward, this unit
presents some lenses of lignite and lignitic clay. Above the Forest Hill Formation is the
fossiliferous, granular, white crumbly limestone of the Bumpnose Formation (Cushing et
al., 1964; Hosman, 1996). The Bumpnose Formation in Alabama and Florida is the
equivalent of the Red Bluff-Forest Hill sequence in central and southern Mississippi
(Hosman, 1996). Finally, overlying all these units is the Marianna-Mint Spring
Formation, which consists of fossiliferous and porous limestone, glauconitic marl, and
calcareous clay (Cushing et al., 1964; Hosman, 1996). In northern Mississippi, no evi-

dence of Oligocene sedimentation is observed (Cushing et al., 1964; Hosman, 1996).
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The upper Eocene to lower Oligocene lithostratigraphy outlined above has been
interpreted within two distinct sequence stratigraphic models. The first argues that the
Yazoo-Bumpnose contact coincides with a maximum flooding surface throughout the
region (Baum and Vail, 1988; Echols et al., 2003; Jaramillo and Oboh-lkuenobe, 1999;
Loutit et al., 1988; Mancini and Tew, 1991; Tew, 1992). The second, and more recent
(Miller et al., 2008), supports the association of the Yazoo-Bumpnose contact (Dockery,
1982) with a low stand sequence boundary, which is linked to the increasing §'0 (Zachos
et al., 2001, 1996, 2008) and global eustatic sea level fall (Coxall et al., 2005; Pekar et
al., 2002) during the EOT. Sequence stratigraphic interpretations are difficult because of
the depositional and lithologic variability across this region, and the difficulties in
establishing robust, mostly biostratigraphic, tie points between key sections (Miller et al.,
2008). Some of the key sections, from both outcrops and cores, which have been used for
regional stratigraphic correlation, chronostratigraphy, and sequence stratigraphy, are
shown in Figure 6.

Even at the St. Stephens Quarry section, southwestern Alabama, which is a widely
studied reference for the EOT (Katz et al., 2008; Miller et al., 2008; Wade et al., 2012),
establishing a robust biostratigraphy and sequence stratigraphy has been difficult (Miller
et al., 2008). The low abundance and generally poor preservation of hantkeninids in the
shallow-water Gulf Coast successions make the accurate placement of their last
occurrence (LO) problematic (Miller et al., 2008). This difficulty is further aggravated by
the reworking of upper Eocene calcareous microfossils up into lowest Oligocene
sediments as a result of the major regression across the EOT (Bybell and Poore, 1983).
Nevertheless, a middle-to-late Priabonian age was assigned to the Pachuta Member at

SSQ, based on the LO of R. reticulata, upper part of nannofossil zone NP19-20 (Miller
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et al., 2008). The Shubuta Member has a late Priabonian age correlated to the lower part
of NP21 zone, the interval between E16 and the lower part of O1 zones, and the upper
part of magnetochron C13r (Miller et al., 2008). The Red Bluff-Bumpnose sequence was
dated as late Priabonian to early Rupelian age and can be correlated to the middle part of
NP21 zone, the lower to middle part of O1 zone and the upper part of C13n magnetochron

(Miller et al., 2008).

3.2. Mossy Grove borehole

The Mossy Grove borehole was drilled in September 1991 at Mossy Grove, Hinds
County, Mississippi, to investigate the clay mineralogy and geologic history of a complete
section of the Yazoo Formation in central Mississippi where this unit has a thickness
greater than ~120 m (>400 ft) (Dockery Il et al., 1991). It consists of a 161.6 m (530 ft)
continuously cored succession, with near full recovery (Dockery 111 et al., 1991). At its
base it recovered ~5.5 m of the upper Cockfield Formation (161.6 to 156.1 m; 530 to 512
ft, 18 ft thick), overlain by ~3.7 m of the Moodys Branch Formation (156.1 to 152.4 m;
512 to 500 ft, 12 ft thick), and then a thick 140.9 m succession of the Yazoo Formation
(152.4 to 11.6 m; 500 to 38 ft, 462 ft thick). At the top of the core, overlaying the Yazoo
Formation, 3.0 m of terrestrial lignites of the Forest Hill Formation were recovered (11.6
to 8.5 m; 38 to 28 ft, 10 ft thick), which in turn was overlain by a 8.5 m thick (28 ft) cover
of Pleistocene loess. To improve the chronology of the upper Yazoo Formation, “°Ar/3°Ar
absolute dating was undertaken from a number of bentonite layers at four sites
(Obradovich et al., 1993; Priddy, 1960), including seven layers within the Mossy Grove
core, from which two dates were recovered (Obradovich et al., 1993; Obradovich and
Dockery I11, 1996). Establishing a robust age model for the Mossy Grove core has

required significant effort and the integration of dinocyst, calcareous nannofossil, and
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radiometric dating techniques. Initial age models were based on planktonic foraminifera
assemblage data (Fluegeman, 1996; Fluegeman et al., 2009), but due to low planktonic
foraminifera abundances, especially in the upper part of the core (<91.4 m; 300 ft), this
age model relied upon poorly calibrated secondary markers. For instance, the direct
placement of the EOB, based on the last occurrence of the Hantkeninidae, is problematic
as the record of Hantknenina alabamensis, the only hantkeninid species found in the core,
is poor and discontinuous above ~86.6 m (284 ft). The last occurrence of Turborotalia
cerroazulensis, expected to be ~0.1 Ma older than the EOB and the Hantkeninidae
extinction, occurs ~7.3 m (24 ft) higher than the last occurrence of H. alabamensis.
Radiometric “°Ar/*Ar dating is significantly offset from the existing planktonic
foraminifera biochronology. Bentonite layers at ~26.5 m (87 ft) and ~84.4 m (277 ft) were
dated to 33.40 and 34.36 Ma, respectively (Obradovich and Dockery 111, 1996), whereas
foraminifera biochronology places these bentonites at ~33.87 and 35.33 Ma, respectively
(Fluegeman et al., 2009), an offset of between 0.5 and 1.0 Ma. This mismatch has
implications for the accurate placement of the EOB in this section; assuming a constant
sedimentation rate within the interval between the bentonites, radiometric dating would
place the boundary at ~56.7 m (186 ft), which is ~30.2 m (99 ft) lower than the existing
foraminiferal estimate of ~26.5 m (87 ft) (Fluegeman et al., 2009). For a complete sample

list with methods applied in this work, see Appendix 1.

3.3. Palynological preparation techniques

Samples were processed at PetroStrat Ltd. by Dr Roger Burgess with support of
PetroStrat staff members Gary Smith, Marcel Polling, Neil Campion, and Paul Cornick,
and followed standard techniques. Altogether, 112 sediment samples were collected from

the Mossy Grove core at ~1.2 m (4 ft) intervals, between ~17 and 152 m deep (55 and

29



499 ft). A mass of 20 g from each sediment sample was broken into pieces, ~5 mm in
diameter, using a pestle and mortar. This was followed by a set of acid treatments,
including (1) 40% HCI for 30 min to remove carbonates; (2) 60% HF for 24 h to
disaggregate the rock matrix; (3) sieving of the residues at 10 um through a nylon mesh
sieve to retain the HF effluent from the material; (4) a second HCI treatment to remove
any precipitate formed during stage 2; and (5) a final sieving, as per stage 3. The material
was then subjected to oxidation (70% HNO3 for exactly 2 min) to remove pyrite,
inorganic debris, and any unstructured organic material from the residues. Another
sieving step was done to remove any HNOs effluent. A final cleaning treatment was
undertaken with a combination of domestic and industrial detergents. Using a glass
swirling dish and centrifugal swirling techniques, palynomorphs in each sample were
subsequently concentrated and Bismark brown was added to make them more visible with
light microscopy. Finally, the samples were sieved into two size fractions, 10-30 um
(concentrating spores and pollen) and >30 pum (concentrating dinocysts), and then
mounted on separate 22x22 mm coverslips, which were glued to a glass slide using
Norland optical adhesive. In this work, only the coarse fraction content of each slide was
analysed. A pilot survey of these slides revealed that the acid and oxidizing technique
yielded higher diversity than their non-acid and non-oxidizing counterparts (Burgess,
2015). The coarse/fine-fraction sorting follows the premise that pollen and spores size
mostly ranges between 11 and 44 pm, whereas dinocysts range between 20 and150 um
(Tyson, 1995). All slides were stored in the collection of the School of Geography, Earth

and Environmental Sciences, University of Birmingham.
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3.4. Palynomorph assemblage characterization

The number of cysts which should be counted in order to obtain reliable data for the
assessment of diversity and absolute abundance has been a matter of debate for decades.
Some authors (Traverse, 2007; Tyson, 1995) assert that 200-300 palynomorph counts
might be viewed as sufficient for determining the overall nature of the palynomorph
population, unless a few of these counts were plankton. Recent interlaboratory calibration
exercise concluded that an additional 100 cysts in the counting technique shows
insignificant disparities in the results (Mertens et al., 2009). In this sense, with a Zeiss
transmitted-light microscope, at least 200 dinocyst specimens were counted in each
sample, along with the respective number of spores, pollen, algae (Prasinophyceae and
Chlorophyceae), zoomorphs/zooclasts, phytoclasts, and amorphous organic matter. Once
200 specimens were counted, the remaining fields of the coverslip were scanned for very
rare dinocysts. Only palynomorphs that were more than 50% complete and not obscured
either by air bubbles or organic debris were considered (Clowes et al., 2016). We used
the following abundance scheme: 0% — barren (B); 0-1% — trace (T); 1-10% — few (F);
10-25% — common (C); >25% — abundant (A). Preservation was qualitatively categorized
as good (G), moderate (M) or poor (P). Reworked acritarchs and amorphous organic
matter were excluded from the final sum of palynomorphs and thereby from the

percentage calculations (SM2, SM3).

3.5. Palynomorph-based palaeoenvironmental analysis

Excluding the component of dispersed organic matter contents that derives from
reworking processes, newly-formed organic matter can be classified as either continent-

derived (e.g. spores and pollen, Pediastrum, phytoclasts) or ocean-derived (e.g.
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prasinophyte algae, acritarchs, dinoflagellate cysts, zoomorphs, zooclasts, AOM) (Figure

2) (Traverse, 2007; Tyson, 1995).

Figure 2. Schematic illustration of factors influencing the distribution of dinocysts and typical
palynomorphs. Dinocyst genera indicative of specific environmental conditions are also shown (Brinkhuis,
1994; Pross and Brinkhuis, 2005; Sluijs et al., 2005; Tyson, 1995; de Vernal and Marret, 2007).

It is worth mentioning that rich and diverse organic matter content of a single
palynological slide can provide a broad and relatively complete palaeoenvironmental
assessment, either from continental or shallow/deep marine sediments, and from

Paleozoic to Recent strata (Tyson, 1995). Relative abundance of individual organic matter
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components can be used to infer palaeoenvironmental conditions, such as shifts in
proximal-distal trend (Brinkhuis, 1994; Pross and Brinkhuis, 2005; Sluijs et al., 2005;
Tyson, 1995; de Vernal and Marret, 2007). Therefore, relative abundances of dinocysts,
plant cuticle, plant resin, and Pediastrum spp. have been calculated based on the overall
counts of organic matter components of each sample. The palynomorphs and

palynodebris discussed below are shown in Figure 3.
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Figure 3. Photomicrographs of selected palynomorphs found at MGC and used for palaeoenvironmental
reconstruction purposes. Legend: 1 —plant cuticle fragmente; 2 — plant resin fragmente; 3 — Pediastrum sp.;
4 — Hemiplacophora semilunifera; 5 — Homotryblium floripes; 6 — “short-process” Spiniferites bentori; 7 —
“long-process” Spiniferites pseudofurcatus; 8 — Svalbardella partimtabulata; 9 — Talassiphora fenestrata.

Dinocysts are fossilized remnants produced by single-celled flagellate eukaryotes and
preserved in the geological record (Head, 1996). Of all living dinoflagellate species, only
10-20% are known to produce cysts (Dale, 1976; Dodge and Harland, 1991; Evitt, 1985;

Head, 1996), and less than 70% of these may produce cysts that are preserved as fossils
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(Dale, 1976). These percentages also vary according to the species, and might range from
<3% in Spiniferites spp. to 50-85% in Operculodinium spp. (Dodge and Harland, 1991).
Dinoflagellates are rarely found below 100 m depth and their abundance is strongly
controlled by the hydrographic stability, which determines the distribution of nutrients
and efficiency with which available light can be utilized (Dodge and Harland, 1991;
Margalef, 1978; Raine et al., 2002). This in turn provides the basis for several
environmental proxies, including surface water temperature, salinity, productivity, and
shoreline proximity (Brinkhuis, 1994; Brinkhuis et al., 1992; Brinkhuis and Biffi, 1993;
Chateaneuf and Reyre, 1974; Dale, 1996; Kothe, 1990; Pross and Brinkhuis, 2005; Sluijs
et al., 2005; de Vernal and Marret, 2007; Wall et al., 1977; Zevenboom et al., 1994).
Although dinoflagellates have a relatively broad temperature tolerance (1-35 °C),
temperature can control patterns of dinocyst abundance, with most species associated
with optimum temperatures of 18 to 25 °C. For instance, Thalassiphora spp. has been
associated with cooling of surface waters in Central Italy (Coccioni et al., 2000; Vonhof
et al., 2000), whereas the absence of low latitude Hemiplacophora semilunifera was
reported as a response to major cooling events (Brinkhuis and Biffi, 1993). Recent study
(Frieling and Sluijs, 2018) tested empiral relations between extinct dinocysts and high-
quality geochemical data in order to extract more quantitative information of ecological
signals from a wide range of taxa (Brinkhuis, 1994; Brinkhuis and Biffi, 1993; Pross,
2001). Their findings suggest a strong control of sea-surface temperature on some
dinocyst genera: Lentinia spp., and Phthanoperidinium spp., are associated with 15-30
°C; whereas Heteraulacacysta spp., and Homotryblium spp. are commonly found at 25-
40 °C (Frieling and Sluijs, 2018). Most dinocyst species show optimal growth at 10-20

practical salinity units, even though in some species the size and morphology of the cyst
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may vary considerably with salinity (Pross and Brinkhuis, 2005; Sluijs et al., 2005; de
Vernal and Marret, 2007). Many studies have corroborated that process length in various
chorate dinocysts, such as Spiniferites spp., can be determined by salinity (Dale, 1996;
Ellegaard, 2000; Lewis et al., 1999; Mudie et al., 2018). Although salinity is not the only
factor controlling these morphological changes (Kokinos and Anderson, 1995), other
works have demonstrated that process lengths tend to reduce at lower salinities, (e.g.
Lewis and Hallett, 1997). Additionally, recent study supports the premise that long-
process S. ramosus and short-process S. bentorii had very distinct ecological preferences
(de Vernal et al., 2018). At MGC, we approached this assumption by assessing the long-
short process ratio in the genus Spiniferites. This was obtained by the relative abundance
of long-process species (S. mirabilis, S. pseudofurcatus, and S. ramosus) divided by the
relative abundance of all the species of the same genus, which included the short-process
S. bentori. Furthermore, the generally sharp separation between peridinioid- and
gonyaulacoid-dominated dinoflagellate assemblages led to the development of the
gonyaulacacean ratio (Harland, 1973), or peridinioid:gonyaulacoid cyst ratio (P:G ratio)
(Downie et al., 1971), as an environmental index. This ratio is calculated between
gonyaulacoid and peridinioid cysts, either applying actual cyst abundance or species
diversity (Powell et al., 1990). This index has been interpreted as being indicative of
brackish-to-open marine environments, palaeo-salinity, or productivity variations
(Harland, 1973; Kothe, 1990; Sluijs et al., 2005; de Vernal and Marret, 2007).

The abundance, i.e., the number of cysts per gram of sediment, and diversity of
dinocysts increase in the unstable seasonal temperate latitudes and in shelf sediments,
which is reflected in the fossil record (Dodge and Harland, 1991; Harland, 1983; Sluijs et

al., 2005; de Vernal and Marret, 2007; Wall et al., 1977). Besides, the abundance of
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dinocysts may not be directly linked to primary productivity, since the distribution of
cysts can be modified by sedimentological and hydrographic factors (Wall et al., 1977).
They generally have two abundance maxima in onshore-offshore profiles: nearshore and
on the upper part of the continental slope, with declining numbers with increased water
depth and distance offshore (Davey, 1970; Davey and Rogers, 1975; Farr et al., 1989;
McMinn, 1990; de Vernal and Giroux, 1991). Regional surveys have shown an effective
absence within 15 km of a delta front (Muller, 1959), scarcity in sandy nearshore
sediments (Rossignol, 1961, 1969; White and Lewis, 1982), but high abundance in silt-
and clay-rich shelf sediments (Dale, 1976; Wall et al., 1977). In semi-restricted
conditions, for instance in the Gulf of St Lawrence, dinocyst abundance in sediments
increases dramatically from the upper estuary into more open marine conditions (de
Vernal and Giroux, 1991), which is a combination of reduced sediment accumulation
rates and salinity and turbidity-controlled variations in primary productivity. This is part
of a consistent pattern of increasing abundance from the head to the mouth of estuaries
(Anderson et al., 1982; Balch et al., 1983; Tyler et al., 1982) and then out to the
continental slope (Wall et al., 1977). In Mesozoic deep-sea sediments deposited during
periods of high sea-level — when most terrigenous material was trapped on wider
continental shelves — dinocysts tend to be abundant relative to low concentrations of total
palynomorphs (Habib, 1983).

Other palynological components such as plant debris and freshwater algae are widely
assigned as continent-derived sedimentation (Carvalho et al., 2006; Clowes et al., 2016;
Tyson, 1995). Plant cuticle or epidermal tissue remains is a non-opaque phytoclast mostly
derived from leaves (Carvalho et al., 2006; Clowes et al., 2016; Tyson, 1995). Plant resin

is a particular kind of amorphous material, but is a natural product of higher plants that
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forms a physical surface barrier against infections (Carvalho et al., 2006; Clowes et al.,
2016; Tyson, 1995) or is a result of fast-growing healthy trees (Larsson, 1978). Resins
are strongly resistant to decay and are typically best preserved when deposited in
subaqueous or waterlogged environments (Larsson, 1978). Atmospheric weathering often
produces opaque surface crusts and oxidation rims, and may result in an overall darkening
of the resin grains (Murchison and Jones, 1964). Pediastrum spp. is a genus of colonial
algae and one of the most common forms of fossilizing Chlorococcale (green) algae
(Carvalho et al., 2006; Clowes et al., 2016; Tyson, 1995). They are the dominant
structured algal component of Cenozoic lacustrine oil shale and source rock facies, and
are commonly associated with hard water lakes (Chu, 1942; Crisman, 1978; Prescott and
Vinyard, 1965; Reynolds and Allen, 1968), the periphyton (Cronberg, 1982; Tyson,
1995), hyper-eutrophic lakes with unstable water columns (Hutchinson, 1967; Reynolds,
1980, 1984), and even swamps (Korde, 1960; Prescott, 1951), but is absent or rare in bog
or deep waters (Korde, 1960; Pentecost, 1984; Prescott, 1951). In fact, it has been
observed that increases in the absolute abundance of Pediastrum are associated with
increase in the abundance of cuticle debris (Hultberg, 1987), which further confirms their

continental origin.

3.6. Calcareous nannofossil assemblage characterization

Samples for the analysis of calcareous nannofossils were taken at ~1.2 m (~4 ft)
intervals throughout the MGC, and prepared using the simple smear slide technique
(Bown and Young, 1998). Calcareous nannofossil assemblages were observed and
quantified with standard transmitted cross-polarized light (XPL) microscopy (Zeiss
AxioScope at 1250x magnification). A total of 135 simple smear slides were prepared

from raw samples and within each slide individual taxa were quantified by the counting
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of at least 400 specimens. The relative abundance of each taxa was reported as a
percentage of the total number of nannofossils observed in each sample. Calcareous
nannofossil preservation and abundances were logged for all samples with taxonomy
following Dunkley Jones et al. (2009). Major biohorizons were identified based on the
presence and absence of key marker taxa following the biostratigraphic scheme of Agnini
et al. (2014). This work was undertaken by Dr Nursufiah Sulaiman as part of her doctoral
thesis (Sulaiman, 2017), but is unpublished and is included and re-interpreted here with
the aim of providing the basis for an integrated micropalaeontological and

palaeoenvironmental analysis of the MGC.

3.7. Bulk stable-isotope data

The MGC sediments contain exceptionally well-preserved calcareous nannofossil
assemblages and light microscopy demonstrated that coccolith carbonate dominates the
fine (<20 um size) fraction carbonates (Sulaiman, 2017). Therefore, this size-fraction was
targeted for bulk isotope analyses to reduce noise from the mixing of planktonic and
benthic foraminifera, ostracod carbonate, or other allochthonous carbonate which could
affect the geochemical signals. Coccolithophores dwell and secrete coccolith plates
within the photic zone (Okada and Honjo, 1973). The chemical compositions of
coccoliths are thus considered to record signals in the shallow mixed layer (Dudley et al.,
1980, 1986; Goodney et al., 1980). Further comparative studies on planktic calcareous
microfossils have demonstrated that nannofossil §'80 values vary in parallel to those of
planktic foraminifers (Ennyu et al., 2002). This technique is particularly useful for
Cretaceous and Tertiary pelagic nannofossil oozes and chalks that rarely or do not contain
planktic foraminiferal tests and allows more rapid assay of variability in a record than

does washing and picking individual foraminifers (Ennyu et al., 2002).
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In this sense, a total of 444 bulk sediment samples, taken at ~30 cm spacing from the
MGC, were processed at the University of Birmingham (SM1). The sediment was sieved
over a 20 um stainless steel mesh, with the fine-fraction passing through the sieve
captured on ultra-fine-grade filter paper and air dried. The sediment residue was then
transferred to 50 ml centrifuge tubes and organic matter within this fine fraction removed
by overnight reaction with 5% sodium hypochlorite (NaClO) solution. The sample was
then spun down at 4,500 rpm and the supernatant discarded. The sample was then washed
2-3 times with de-ionized water — each wash consisting of resuspension, agitation and
then centrifuging and disgarding of the solution as above - until a neutral pH was
established. Stable isotope measurements were performed at the NERC Isotope
Geochemistry Laboratory (NIGL) at the British Geological Survey, Keyworth, on a dual
inlet, triple collector, gas source mass spectrometer which is capable of simultaneously
determining mass ratios 44/45 (*2C/*3C) and 46/44 (**0/*80). The carbonate analysis
method involves reacting the carbonate sample with anhydrous phosphoric acid to
liberate CO». All data are reported against VPDB after calibration of the in-house standard

with NBS-19.

3.8. X-ray fluorescence (XRF) data

Several elements and element ratios have been reported as process and environmental
proxies (Rothwell, 2015). To assess major changes in sedimentation patterns, we used
combined ratios between calcium (Ca), silicon (Si), iron (Fe), and titanium (Ti). Whereas
Ca reflects biogenic carbonate content, Si, Fe, and Ti provide evidence for rainfall, runoff,
sediment density, and terrigenous sediment delivery (Ingram et al., 2010; Itambi et al.,

2009; Rothwell, 2015). Therefore, Ca/Si, Ca/Fe, and Ca/Ti ratios can be used as a proxy
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for biogenic versus lithogenic sedimentation, inputs from terrestrial sources, and
ultimately continental influence (Rothwell, 2015).

We analyzed the elemental composition of the sediment core using two XRF
techniques. 179 samples collected every 20-30 cm downcore, spanning the interval 106.8-
151.6 m, were finely ground and dried before analysis as pressed powders in wax pellets.
Pellets were analysed with a Bruker S8 TIGER XRF spectrometer with 8 min analysis
time, at the School of Chemistry, University of Birmingham. Another 2,098 intervals on
the original core section were analysed at a resolution of ~1.2 cm across the interval 17.1-
109.4 m, directly with a hand-held XRF analyser at the core store of the Mississippi
Department of Environmental Quality, in Jackson, Mississippi, by Dr Tatsuhiko
Yamaguchi (Kochi University, Japan). The two methodologies were cross-calibrated over
an interval of overlap between 106.8 and 109.4 m, with a total of ~80 samples, spanning

a range of compositions, cross-correlated from both analysis methods (SM4).
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CHAPTER 4: ORGANIC-WALLED DINOFLAGELLATE CYST
BIOSTRATIGRAPHY OF THE UPPER EOCENE TO LOWER OLIGOCENE

YAZOO FORMATION, US GULF COAST

(Author contributions: Marcelo A. De Lira Mota conceived the study, processed and
analysed samples, interpreted results, and wrote and edited the article; Guy Harrington
analysed the samples and participated in interpretation of the article; Tom Dunkley
Jones collected samples and participated in interpretation, writing, and editing of the

article.)

4.1. Introduction

The Eocene-Oligocene transition (EOT: ~34.0 Ma; Westerhold et al., 2014) represents
a phase of accelerated climatic and biotic change that began before and ended after the
Eocene-Oligocene boundary (EOB: 33.89 Ma). It is one of the most significant changes
in the long-term background climate state over the past 110 Ma (Friedrich et al., 2012;
Zachos et al., 2001). Across the whole EOT there is a ~1.2-1.5%o increase in benthic 50
(e.g. Coxall et al., 2005; Kennett, 1977; Kennett and Shackleton, 1976b; Lear et al., 2000;
Miller et al., 1987; Zachos et al., 2001, 1996, 1999), interpreted to represent ice expansion
equivalent to 60% to 110% of the present Antarctic ice-sheet volume (Cramer et al., 2011)
and a 3-4 ° C deep-water cooling (Cramer et al., 2011; Lear et al., 2003b). This ice
expansion resulted in ~50-60 m of eustatic sea level fall (Cramer et al., 2011; Pekar et
al., 2002), and it is associated with an estimated 3-6 ° C cooling across latitudes (Lear et
al., 2008; Liu et al., 2009b). The presence of distinct rapid positive steps in high-
resolution benthic foraminiferal oxygen isotope (5'80) records are interpreted as

representing at least two pulses of accelerated ice-sheet growth (Coxall et al., 2005; Scher
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etal., 2011). These steps appear to be orbitally paced, with a duration of 40 ka, separated
by a 300-400 ka interval of relative stability, or plateau (Coxall et al., 2005; Scher et al.,
2011; Westerhold et al., 2014). The first step in 580 records is thought to be associated
with relatively limited ice-sheet growth (Katz et al., 2008; Lear et al., 2008), being mainly
driven by significant global cooling (Houben et al., 2018; Katz et al., 2008; Miller et al.,
2008; Wade et al., 2012). The second step in 8*0 is thought to be dominated by ice-
volume expansion (Katz et al., 2008; Lear et al., 2008), a sharp deepening of the ocean
carbonate saturation depth (Coxall et al., 2005), and a massive and abrupt increase in
weathering flux from East Antarctica (Scher et al., 2011). The geological rapidity of the
EOT is, most likely, driven by the non-linear dynamics of Antarctic ice-sheet growth in
response to a gradual decline in atmospheric greenhouse gas (carbon dioxide, CO3)
forcing (DeConto et al., 2008; DeConto and Pollard, 2003; Pagani et al., 2011; Pearson
et al., 2009). These same positive feedbacks also resulted in a strong hysteresis, with the
climate state becoming locked into a long-term icehouse state with large continental-scale
ice sheets on Antarctica since the earliest Oligocene (Cramer et al., 2011; Lear et al.,
2003a; Zachos et al., 2001). Furthermore, the EOT is associated with biotic turnover in
plants and animals across a range of latitudes and environments (Prothero, 1994b).
Although not comparable to the “big five” mass extinction events (Raup and Sepkoski,
1982), detailed micropalaeontological records show that substantial extinction and
ecological reorganization is closely coupled to the EOT (Cotton and Pearson, 2012;
Coxall and Pearson, 2007; Dunkley Jones et al., 2008; Houben et al., 2013b; Moore et al.,
2015; Pearson et al., 2008, 2009). These include the extinction of the planktonic
foraminiferal Family Hantkeninidae, which marks the EOB (Nocchi et al., 1988; Pearson

et al., 2008; Premoli Silva and Jenkins, 1993), significant extinction in shallow-water
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benthic foraminifera (Cotton and Pearson, 2012; Pearson et al., 2008), radiolarian
(Kamikuri and Wade, 2012), and community overturning in the calcareous phytoplankton
(Bordiga et al., 2015a; Dunkley Jones et al., 2008; Persico and Villa, 2004; Villa et al.,
2008).

Dinocysts have been widely used in biostratigraphic and palaeoenvironmental studies
(e.g. Bujak and Williams, 1985; Duxbury and Vieira, 2018; Kothe, 1990; Powell, 1992;
Pross et al., 2010; Stover et al., 1996; Vieira et al., 2018), including several detailed
studies of the EOT (e.g. Brinkhuis, 1994; Brinkhuis and Biffi, 1993; Houben et al., 2012,
2013b, 2018b; Jaramillo and Oboh-lkuenobe, 1999; Van Mourik et al., 2001; Oboh-
Ikuenobe and Jaramillo, 2003). A major compilation of Late Cretaceous—Neogene
calibrated dinocyst bioevents, from both Northern Hemisphere and Southern Hemisphere,
demonstrates a strong climatic control on the timing of bioevents, which are commonly
diachronous (Williams et al., 2004). Dinocyst biostratigraphic studies thus need to
consider comparable realms in similar climatic zones when selecting appropriate dinocyst
bioevents (Williams and Bujak, 1985). There are existing dinocyst biostratigraphic
studies of the Eocene-Oligocene from both the Northern Hemisphere (Brinkhuis and
Biffi, 1993; Bujak and Mudge, 1994; Egger et al., 2016; Mudge and Bujak, 1994;
Sliwinska et al., 2012; Thomsen et al., 2012; Wilpshaar et al., 1996) and the Southern
Hemisphere (Bijl et al., 2018; Wilson, 1988). At the Massignano Eocene-Oligocene
Global Stratotype Section and Point (GSSP), there are two successive influxes of cool-
water high-latitude organic-walled dinoflagellate cyst (dinocyst) species (Brinkhuis and
Biffi, 1993), the first of which correlates directly with the EOB and the second with the
onset of a more severe cold episode and inferred sea level lowstand. In parallel,

quantitative analysis of dinocyst distribution patterns from the “Massicore”, central Italy
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(Van Mourik and Brinkhuis, 2005), revealed biotic turnover potentially associated with
latitudinal and climatic zone changes through the Eocene-Oligocene transition. In the
Massicore, dinocyst assemblages are interpreted to represent substantial cooling on the
first step, with little subsequent change on the second step (Houben et al., 2012). Records
from the Antarctic Margin show decreasing dinocyst species diversity through the Eocene
and at the EOB (Mohr, 1990), interpreted as the progressive development of cold surface
waters. More recent dinocyst studies (Houben et al., 2013b) document a sudden regime
shift in zooplankton-phytoplankton interactions in the Southern Ocean associated with
the earliest Oligocene glaciation of Antarctica, likely triggered by cooling, ice-sheet
expansion, and sea-ice formation.

Eocene to Oligocene strata are well represented in outcrop and the shallow subsurface
across the Gulf Coastal Plain of Mississippi and Alabama, as well as in the offshore
systems of the northern Gulf of Mexico (Hosman, 1996). In these areas, dinocyst
assemblages have an instrumental importance for site-to-site stratigraphic correlation and
biochronology (Jaramillo and Oboh-lkuenobe, 1999). Existing palynological work from
five sites across southern Mississippi and Alabama allowed the correlation of
stratigraphic sequences through the upper Eocene and the lower Oligocene (Jaramillo and
Oboh-lkuenobe, 1999). They observed a maximum flooding surface, estimated to be
~100 ka older than the EOB and a lower Oligocene lowstand system tract, most likely
correlated to the global eustatic sea level lowstand coincident with the Earliest Oligocene
Glacial Maximum (EOGM; Jaramillo and Oboh-lkuenobe, 1999). However, this study is
not well integrated into biostratigraphic schemes based on the calcareous plankton or
detailed oxygen isotope stratigraphy, both of which are important in generating robust

correlations of dinocyst biohorizons into global records of the EOT. More recently,
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coupled sea level and palaeotemperature records from the neritic succession of the Saint
Stephens Quarry (SSQ), Alabama (Houben et al., 2018), are interpreted to show cooling,
minor ice-sheet expansion, and temperature-driven turnover in dinocysts in the first step,
while the second step is characterized by a significant hiatus, potentially associated with
a major sea level fall, with no meaningful change in palynological assemblages. Here we
seek to extend this work by adding new biostratigraphic data from a site, the Mossy Grove
core, Jackson, Mississippi, which recovered a continuous stratigraphic succession
through the uppermost Eocene and into the lower Oligocene. This core recovered a
complete sequence through the marine clays of the Yazoo Formation, central Mississippi
(Dockery 111 et al., 1991). This clay yields palynomorph assemblages with high
abundance and diversity, as well as an exceptional preservation. The Mossy Grove core
is also substantially expanded compared to the St. Stephens Quarry section, with
sedimentation rates estimated to be more than 10 times higher through the EOT (St.
Stephens Quarry ~0.4 cm ka1; Mossy Grove ~4.7 cm ka1). This current study includes
illustrated descriptions of the assemblages from the Mossy Grove core and dinocyst
stratigraphic range data for the purpose of establishing a more resolved regional
biostratigraphic scheme for the Gulf of Mexico and the US Gulf Coast.

While considerable attention has focused on EOT sections in southwestern Alabama
(Jaramillo and Oboh-lkuenobe, 1999; Katz et al., 2008; Mancini, 1979; Miller etal., 1993,
2008; Quaijtaal and Brinkhuis, 2012; Tew and Mancini, 1995; Wade et al., 2012) and
southeastern Mississippi (Jaramillo and Oboh-lkuenobe, 1999; Quaijtaal and Brinkhuis,
2012; Tew and Mancini, 1995), where the Yazoo Formation is lithologically
heterogenous and divided into multiple constituent members, in central and western

Mississippi the Yazoo Formation is a thick and relatively homogeneous succession of
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calcareous clays. For micropalaeontological and palaeoenvironmental studies, these
successions have the potential to yield some of the best marine records of the late Eocene
in all of North America, if not globally. The relative lack of study of these successions
appears to stem from early problems in determining a robust chronostratigraphic
framework and the failure to constrain the EOB within the upper Yazoo Formation
(Obradovich et al., 1993). The purpose of this study is to provide a detailed dinocyst
biostratigraphic framework through an expanded EOT succession from the US Gulf
Coast, as the basis for future studies of community change, extinction, and
palaeoenvironments based on these assemblages. Such studies of the response of organic-
walled cyst-producing dinoflagellate communities across this interval are important for
an understanding of the nature of the reorganization of planktonic ecosystems through

this major transition.

4.2. Regional geological context

The Gulf Coastal Plain (Figure 4) is one of the largest physiographic provinces in
North America. In the subsurface the Mississippi embayment consists of a structurally
complex basin with thick Jurassic-to-Holocene deposits (Cushing et al., 1964; Hosman,
1996). Within these sequences, the most continuous Paleogene successions are found
between central and southern Mississippi and Alabama (Cushing et al., 1964; Hosman,

1996).
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Figure 4. Palaesogeographic reconstruction showing location of the Mossy Grove, #1 Wayne and #1 Young
cores, as well as St. Stephens Quarry outcrop. Main North American palaeogeography at ~35 Ma follows
Deep Time Maps™ (https://deeptimemaps.com/, last access: 16 October 2018).

The upper Eocene to lower Oligocene stratigraphy of the US Gulf Coast is split into
two groups (Figure 5): the Jackson (~ upper Eocene) and Vicksburg (~ lower Oligocene)
groups (Cushing et al., 1964; Hosman, 1996). The contact between these groups is
commonly indistinguishable on a lithologic basis, but they have distinct faunal
assemblages (Hosman, 1996). The lithology, and constituent formations within these
groups, also varies geographically across Mississippi and Alabama, reflecting relative
positions along the palaeoshelf and proximity to river outflows. The upper middle Eocene
of Mississippi consists of discontinuous and lenticular beds of lignitic-to-carbonaceous
fine-to-medium quartz sand, silt, and clay. These sediments constitute the non-marine

Cockfield Formation, the youngest continental deposits of the Eocene on the Gulf Coastal
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Plain (Cushing et al., 1964; Hosman, 1996). The upper Eocene Jackson Group overlies
the Cockfield Formation, and it represents the last extensive marine inundation within the
Mississippi embayment (Cushing et al., 1964; Hosman, 1996). The Jackson Group
consists of two major facies: to the west of the Gulf Coastal Plain, towards Texas, a
shallow-water marine facies with beach sands, clays, and occasional volcanic tuffs, whilst
to the east, in the central part of the Gulf Coastal Plain (Mississippi and Alabama), the
group becomes more fossiliferous and argillaceous as deeper-water clays dominate
(Cushing et al., 1964; Hosman, 1996). The two main lithostratigraphic units within the
Jackson Group are the highly fossiliferous glauconitic sandy marls of the basal Moodys
Branch Formation and the calcareous fossiliferous dark-grey to blue clays of the Yazoo
Formation (Cushing et al., 1964; Hosman, 1996). The Yazoo Formation has four well-
characterized members in eastern Mississippi and Alabama: the North Twistwood Creek
Member (marl and calcareous clay), the Coccoa Sand Member (sandy marl), Pachuta
Marl Member (glauconitic fossiliferous marls and sandy hard limestones), and the
Shubuta Member (calcareous clays with concretions) (Cushing et al., 1964; Hosman,
1996). In central Mississippi, in the region of the Mossy Grove core, the entire Yazoo
Formation is represented by an undifferentiated marine clay unit — the Yazoo Formation
(Dockery 111 et al., 1991). Towards northern Mississippi this group occurs as a non-
marine clastic facies, with evidence of lacustrine, palustrine, and lagoonal sedimentation,
and the Yazoo Formation becomes undifferentiated and relatively homogeneous
(Cushing et al., 1964; Hosman, 1996). The Oligocene series begins with the marine
fossiliferous glauconitic clay and sandy clay of the Red Bluff Formation, overlain by the
fossiliferous and laminated sands of the Forest Hill Formation. Westward, this unit

presents some lenses of lignite and lignitic clay. Above the Forest Hill Formation is the
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fossiliferous, granular, white crumbly limestone of the Bumpnose Formation (Cushing et
al., 1964; Hosman, 1996). The Bumpnose Formation in Alabama and Florida is the
equivalent of the Red Bluff-Forest Hill sequence in central and southern Mississippi
(Hosman, 1996). Finally, overlying all these units is the Marianna-Mint Spring
Formation, which consists of fossiliferous and porous limestone, glauconitic marl, and
calcareous clay (Cushing et al., 1964; Hosman, 1996). In northern Mississippi, no

evidence of Oligocene sedimentation is observed (Cushing et al., 1964; Hosman, 1996).

Figure 5. Simplified stratigraphic correlation chart of upper Eocene to lower Oligocene sedimentary rocks
in the Mississippi-Alabama area (modified from Pasley and Hazel, 1995; Tew and Mancini, 1995; Hosman,
1996).
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The upper Eocene to lower Oligocene lithostratigraphy outlined above has been
interpreted within two distinct sequence stratigraphic models. The first argues that the
Yazoo-Bumpnose contact coincides with a maximum flooding surface throughout the
region (Baum and Vail, 1988; Echols et al., 2003; Jaramillo and Oboh-lkuenobe, 1999;
Loutit et al., 1988; Mancini and Tew, 1991; Tew, 1992). The second, and more recent
(Miller et al., 2008), supports the association of the Yazoo-Bumpnose contact (Dockery,
1982) with a low stand sequence boundary, which is linked to the increasing §'0 (Zachos
et al., 2001, 1996, 2008) and global eustatic sea level fall (Coxall et al., 2005; Pekar et
al., 2002) during the EOT. Sequence stratigraphic interpretations are difficult because of
the depositional and lithologic variability across this region, and the difficulties in
establishing robust, mostly biostratigraphic, tie points between key sections (Miller et al.,
2008). Some of the key sections, from both outcrops and cores, which have been used for
regional stratigraphic correlation, chronostratigraphy, and sequence stratigraphy, are

shown in Figure 6.
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Figure 6. Stratigraphic correlation between the Mossy Grove Core and other three sections from
Mississippi and Alabama (Jaramillo and Oboh-lkuenobe, 1999). Lithology at the Mossy Grove follows
Dockery 111 et al. (1991) and timescale for all sections follows Westerhold et al. (2014). See discussion
about dinocyst bioevents in section 4.4.3.
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Even at the St. Stephens Quarry section, southwestern Alabama, which is a widely
studied reference for the EOT (Katz et al., 2008; Miller et al., 2008; Wade et al., 2012),
establishing a robust biostratigraphy and sequence stratigraphy has been difficult (Miller
et al., 2008). The low abundance and generally poor preservation of hantkeninids in the
shallow-water Gulf Coast successions make the accurate placement of their last
occurrence (LO) problematic (Miller et al., 2008). This difficulty is further aggravated by
the reworking of upper Eocene calcareous microfossils up into lowest Oligocene
sediments as a result of the major regression across the EOT (Bybell and Poore, 1983).
Nevertheless, a middle-to-late Priabonian age was assigned to the Pachuta Member at
SSQ, based on the LO of R. reticulata, upper part of nannofossil zone NP19-20 (Miller
et al., 2008). The Shubuta Member has a late Priabonian age correlated to the lower part
of NP21 zone, the interval between E16 and the lower part of O1 zones, and the upper
part of magnetochron C13r (Miller et al., 2008). The Red Bluff-Bumpnose sequence was
dated as late Priabonian to early Rupelian age and can be correlated to the middle part of
NP21 zone, the lower to middle part of O1 zone and the upper part of C13n magnetochron

(Miller et al., 2008).

4.3, Materials and methods

4.3.1. Mossy Grove Borehole

The Mossy Grove borehole was drilled in September 1991 at Mossy Grove, Hinds
County, Mississippi. It consists of a 161.6 m (530 ft) continuously cored succession, with
near full recovery (Dockery I11 et al., 1991). At its base it recovered ~5.5 m of the upper

Cockfield Formation (161.6 to 156.1 m; 530 to 512 ft, 18 ft thick), overlain by ~3.7 m of
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the Moodys Branch Formation (156.1 to 152.4 m; 512 to 500 ft, 12 ft thick), and then a
thick 140.9 m succession of the Yazoo Formation (152.4 to 11.6 m; 500 to 38 ft, 462 ft
thick). At the top of the core, overlaying the Yazoo Formation, 3.0 m of terrestrial lignites
of the Forest Hill Formation were recovered (11.6 to 8.5 m; 38 to 28 ft, 10 ft thick), which
in turn was overlain by a 8.5 m thick (28 ft) cover of Pleistocene loess. To improve the
chronology of the upper Yazoo Formation, “°Ar/3°Ar absolute dating was undertaken
from a number of bentonite layers at four sites (Obradovich et al., 1993; Priddy, 1960),
including seven layers within the Mossy Grove core, from which two dates were
recovered (Obradovich et al., 1993; Obradovich and Dockery 111, 1996).

Establishing a robust age model for the Mossy Grove core has required significant
effort and the integration of dinocyst, calcareous nannofossil, and radiometric dating
techniques. Initial age models were based on planktonic foraminifera assemblage data
(Fluegeman, 1996; Fluegeman et al., 2009), but due to low planktonic foraminifera
abundances, especially in the upper part of the core (<91.4 m; 300 ft), this age model
relied upon poorly calibrated secondary markers. For instance, the direct placement of the
EOB, based on the last occurrence of the Hantkeninidae, is problematic as the record of
Hantknenina alabamensis, the only hantkeninid species found in the core, is poor and
discontinuous above ~86.6 m (284 ft). The last occurrence of Turborotalia
cerroazulensis, expected to be ~0.1 Ma older than the EOB and the Hantkeninidae
extinction, occurs ~7.3 m (24 ft) higher than the last occurrence of H. alabamensis.

Radiometric “°Ar/*°Ar dating is significantly offset from the existing planktonic
foraminifera biochronology. Bentonite layers at ~26.5 m (87 ft) and ~84.4 m (277 ft)
were dated to 33.40 and 34.36 Ma, respectively (Obradovich and Dockery 111, 1996),

whereas foraminifera biochronology places these bentonites at ~33.87 and 35.33 Ma,
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respectively (Fluegeman et al., 2009), an offset of between ~0.5 and 1 Ma. This mismatch
has implications for the accurate placement of the EOB in this section; assuming a
constant sedimentation rate within the interval between the bentonites, radiometric dating
would place the boundary at ~56.7 m (186 ft), which is ~30.2 m (99 ft) lower than the

existing foraminiferal estimate of ~26.5 m (87 ft) (Fluegeman et al., 2009).

4.3.2. Palynological preparation techniques

Altogether, 112 sediment samples were collected from the Mossy Grove core at ~1.2
m (4 ft) intervals, between ~17 and 152 m deep (55 and 499 ft). A mass of 20 g from
each sediment sample was broken into pieces, ~5 mm in diameter, using a pestle and
mortar. This was followed by a set of acid treatments, including (1) 40% HCI for 30 min
to remove carbonates; (2) 60% HF for 24 h to disaggregate the rock matrix; (3) sieving
of the residues at 10 um through a nylon mesh sieve to retain the HF effluent from the
material; (4) a second HCI treatment to remove any precipitate formed during stage 2;
and (5) a final sieving, as per stage 3. The material was then subjected to oxidation (70%
HNO3 for exactly 2 min) to remove pyrite, inorganic debris, and any unstructured organic
material from the residues. Another sieving step was done to remove any HNO3 effluent.
A final cleaning treatment was undertaken with a combination of domestic and industrial
detergents. Using a glass swirling dish and centrifugal swirling techniques, palynomorphs
in each sample were subsequently concentrated and Bismark brown was added to make
them more visible with light microscopy. Finally, the samples were sieved into two size
fractions, 10-30 um (concentrating spores and pollen) and >30 pum (concentrating
dinocysts), and then mounted on separate 22 mm x 22 mm coverslips, which were glued
to a glass slide using Norland optical adhesive. In this work, only the coarse fraction

content of each slide was analysed. A pilot survey of these slides revealed that the acid
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and oxidizing technique yielded higher diversity than their non-acid and non-oxidizing
counterparts (Burgess, 2015). All slides were stored in the collection of the School of

Geography, Earth and Environmental Sciences, University of Birmingham.

4.3.3. Dinocyst assemblage characterisation

With a Zeiss transmitted-light microscope, at least 200 dinocyst specimens were
counted in each sample, along with the respective number of spores, pollen, algae
(Prasinophyceae and Chlorophyceae), zoomorphs/zooclasts, phytoclasts, and amorphous
organic matter. Once 200 specimens were counted, the remaining fields of the coverslip
were scanned for very rare dinocysts. Only palynomorphs that were more than 50%
complete and not obscured either by air bubbles or organic debris were considered. We
used the following abundance scheme: 0% — barren (B); 0%-1% — trace (T); 1 %-10% —
few (F); 10 %-25% — common (C); >25% — abundant (A). Preservation was qualitatively

categorized as good (G), moderate (M) or poor (P).

4.3.4. Nannofossil assemblage characterisation

Samples for the analysis of calcareous nannofossils were taken at ~1.2 m (~4 ft)
intervals throughout the Mossy Grove core. Samples were prepared using the simple
smear slide technique (Bown and Young, 1998) and observed with standard transmitted
cross-polarized light (XPL) microscopy (Zeiss AxioScope at 1250x magnification).
Calcareous nannofossil preservation and abundances were logged for all samples with
taxonomy following Dunkley Jones et al. (2009). Major biohorizons were identified
based on the presence and absence of key marker taxa following the biostratigraphic

scheme of Agnini et al. (2014).
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4.4. Results

4.4.1. Dinocyst distribution

Nearly all the core samples contain abundant and very well-preserved dinocysts, with
only a few samples being scarce or rare. A semiquantitative distribution of all dinocysts
recognized in the investigated section is shown in Figure 7. Spiniferites species dominate
in most samples and account for ~50% of the overall count, followed by
Hystrichokolpoma (mainly H. rigaudiae and H. salacia) and Operculodinium (mainly O.
centrocarpum) (~6% each); Charlesdowniea (C. coleothrypta) (~4 %);
Heteraulacacysta (mainly H. porosa); Lingulodinium (mainly L. machaerophorum) and
Cleistosphaeridium (mainly C. ancyreum) (3% each); and Cordosphaeridium,
Dinopterygium (D. cladoides), Glaphyrocysta, Homotryblium (mainly H. floripes),
Saturnodinium (S. pansum), and Thalassiphora (mainly T. fenestrata) (~2% each). These
genera account for nearly 90% of all dinocysts counted in the section, although there are
other significant occurrences of Achomosphaera alcicornu, Dapsilidinium pastielsii,
Enneadocysta arcuata, and Hystrichosphaeridium tubiferum. Several influxes of relative
abundances higher than 25% are observed: C. fibrospinosum (~142.3 m depth; 467 ft),
D. cladoides (~94.8 m depth; 311 ft), H. leptalea (~66.8 m depth; 219 ft), H. porosa
(~58.4 m depth; 191.5 ft), H. floripes (~118.0 m depth; 387 ft), H. tubiferum (~91.1 m
depth; 299 ft), L. machaerophorum (~107.0 m depth; 351ft), O. centrocarpum (~68.0
and ~75.3 m depth; 223 and 247 ft), T. fenestrata (~83.8 and ~85.0 m depth; 275 and

279 ft), and W. articulata (~102.1 m depth; 335 ft).
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Figure 7. Semiquantitative range chart of dinocyst taxa encountered at the Mossy Grove core, central
Muississippi, US Gulf Coastal Plain, including calcareous nannoplankton zonation.
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4.4.2. Nannofossil biostratigraphy

For this study we present the first calcareous nannofossil biostratigraphy of the Mossy
Grove core, with biohorizons calibrated to the global zonation scheme of Agnini et al.
(2014). We updated these absolute ages (Agnini et al., 2014) to the timescale of
(Westerhold et al., 2014). Three of these bioevents constrain the base and top of the core:
the absence of Sphenolithus obtusus at the base of the core indicates that the section
bottom (152.1 m; 499 ft) is younger than 38.24 Ma; the first common occurrence (FCO)
of Isthmolithus recurvus was identified at ~136.9 m (449 ft), which corresponds to 36.74
Ma; and the LO of Coccolithus formosus, whose occurrence spans from ~50.0 m (164 ft)
to ~16.8 m (55 ft), indicates that the top of the section is older than 32.90 Ma. Moreover,
two other LO events have been detected within the core: Discoaster saipanensis (~89.2
m; 292.5 ft) and Reticulofenestra reticulata (~107.6 m; 353 ft), indicating ages of 34.44
and 35.31 Ma, respectively. All biostratigraphic and radiometric ages are presented in

Table 1.

Table 1. List of bioevents, biohorizons and calibrated ages, updated to the Timescale of Westerhold et al.
(2014). Legend: CN - calcareous nannofossils (this tudy); PF — planktonic foraminifera (Fluegeman, 1996;
Fluegeman et al., 2009); RD - radiometric dating (Obradovich and Dockery 111, 1996).

Type Event Depth Age
m  ft  (Ma)
CN LO C. formosus (constrain) 16.8 55.0 32.90
RD “OArf°Ar 26.5 87.0 33.40
PF E16/01 boundary 29.0 95.0 33.82
PF E15/E16 boundary 56.4 185.0 34.50
RD “OArf°Ar 84.4 277.0 34.36
CN LO D. saipanensis 89.2 2925 34.44
PF E14/E15 boundary 100.3 329.0 35.90
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CN LO R. reticulata 107.6 353.0 35.31

PF E13/E14 boundary 124.1 407.0 38.02
CN FCO I. recurvus 136.9 449.0 36.74
CN LO Sphenoliths obtusus (constrain) 152.1 499.0 38.24

4.4.3. Dinocyst biostratigraphic framework

Dinocysts dominate the palynological assemblages in the studied material. In total, we
identified 52 genera and 70 species, with nomenclature following Williams et al. (2017)
and references therein. A full species list and plates are provided in Appendices 2 an 3.
The rich and well-preserved dinocyst assemblages provide the basis for a detailed
assessment of upper Eocene dinoflagellate biostratigraphy in this succession, which is
developed with reference to dinocyst biostratigraphic data from offshore eastern Canada
(Egger et al., 2016; Williams, 1975, 1977), the Gulf Coastal Plain (Houben et al., 2018;
Jaramillo and Oboh-lkuenobe, 1999), offshore Florida (Van Mourik et al., 2001), the
Norwegian and Greenland seas (Eldrett et al., 2004; Manum, 1976; Manum et al., 1989;
Williams and Manum, 1999), the North Sea (Bujak and Mudge, 1994; Gradstein et al.,
1992; Hansen, 1977; Heilmann-Clausen and Van Simaeys, 2005; Mudge and Bujak,
1996; Sliwinska et al., 2012), the Hampshire Basin (Costa et al., 1976), the central
Mediterranean region (Brinkhuis, 1994; Brinkhuis and Biffi, 1993; Van Mourik and
Brinkhuis, 2005; Wilpshaar et al., 1996), northwestern Europe ( England, Belgium, and
Germany; Costa and Downie, 1979; Kothe, 1990), the Tasmanian Gateway (Stickley et
al., 2004a), and the wider Northern Hemisphere (Williams, 1993). Although there have
been studies of dinocyst biohorizons across the EOB interval in Gulf Coast sections from

Alabama (e.g. Houben et al., 2018; Jaramillo and Oboh-lkuenobe, 1999), these do not
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have the stratigraphic coverage of the upper Eocene or the quality of dinocyst preservation
provided by the Mossy Grove core material. Age assignments are based on the global
compilation of age-calibrated bioevents (Williams et al., 2004), with a total of 23
potentially useful dinocyst biohorizons recognized in the Mossy Grove succession (Table
2), including 7 first occurrences (FO), 1 first common occurrence (FCO), 14 last

occurrences (LO), and 1 last common occurrence (LCO) event.

Table 2. List of dinocyst bioevents recorded in the section. Reliability rating and absolute ages were
assigned for selected events. Timescale (GPTS) follows Westerhold et al. (2014). The last column presents
ages calculated from the age-depth model provided by this study (see section 4.4.4). Legend: FO represents
first occurrence; LO represents last occurrence; FCO represents first common occurrence; LCO represents
last common occurrence; A represents acme; * represents age available only after the timescale of Palike
et al. (2006); H represents high reliability; L represents low reliability; and M represents moderate
reliability. References for chosen ages: a — Brinkhuis and Biffi (1993), b — Brinkhuis et al. (2003), ¢ — Bujak
and Mudge (1994), d — Eldrett et al. (2004), e — Jaramillo and Oboh-lkuenobe (1999), f — Williams et al.
(2004), g — Williams and Manum (1999).

Type Event Mean-Depth Uncertainty -
5. B ®¢
£ 5 3t

m ft m ft 62 g <o

LO Dapsilidinium pastielsii 18.6 61.0 0.6 2.0 - - 32.94

LO Enneadocysta arcuata 18.6 61.0 0.6 2.0 33.68 M 32,94

LO Saturnodinium pansum 19.8 65.0 0.6 2.0 30.20% L = 32.97

LO Cribroperidinium tenuitabulatum 21.0 69.0 0.6 2.0 3343 M 32,99

LCO Enneadocysta arcuata 25.9 85.0 0.6 2.0 - - 33.09

LO Glaphyrocysta semitecta 36.9 121.0 0.6 2.0 33.218 H  33.33

LO Lentinia serrata 48.0 1575 0.6 2.0 33.68F H 3357

LO Diphyes colligerum 50.3 165.0 0.6 2.0 33.44" H 3361

LO Dinopterygium cladoides 55.2 181.0 0.6 2.0 33.760 M 33.72

FO Achomosphaera alcicornu 67.4 2210 0.6 2.0 33.99" H 33.98

A Operculodinium centrocarpum 68.0 2230 - - 3383 M 33.99

LO Wetzeliella articulata 73.5 2410 0.6 2.0 - - 34.11

LO Cordosphaeridium inodes 91.8 3010 0.6 2.0 - - 34.55

FCO Dinopterygium cladoides 95.4 3130 0.6 2.0 - - 34.71

FO Dinopterygium cladoides 100.3 329.0 0.6 2.0 34.188 M 34.92

LO Hemiplacophora semilunifera 100.3 329.0 0.6 2.0 35.49° M 34.92

LO Thalassiphora spinifera 110.0 361.0 0.6 2.0 - - 35.37

LO Rottnestia borussica 1100 3610 0.6 2.0 39.00¢ L 3537

LO Areoligera sentosa 1235 4050 0.6 2.0 38.84° M 36.11
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FO Piladinium columna 1283 4210 0.6 2.0 - - 36.37

FO Lentinia serrata 1344 4410 06 2.0 39.97F L 3671
FO Hemiplacophora semilunifera 1442 4730 0.6 2.0 36.05F M 37.24
FO Thalassiphora spinifera 146.6 4810 0.6 2.0 - - 37.37

At least 15 of the 23 biohorizons within the Mossy Grove succession could be
correlated to other mid-latitude areas in the Northern Hemisphere, and we discuss each
of these — from the base of the succession upwards — in the text below. Our estimation of
the reliability of each bioevent as highly, moderately, or lowly reliable; it is based on a
combination of the clarity of taxonomic definition of a species or genus, as well as the
number of reports of the associated biohorizon at other localities, and the consistency of
stratigraphic position between them. The estimated age of each bioevent is also given,
along with a rationale for the chosen calibration. Ages are first provided according to the
original assignment and timescale but then, for consistency, are all updated to the
Westerhold et al. (2014) timescale, which is given in brackets. Where there is evidence
for latitudinal diachroneity of an event, we preferentially choose age calibrations from
locations closest to the study site. Standard nannoplankton (Agnini et al., 2014; Martini,
1971) and foraminiferal (Berggren et al., 1995; Berggren and Pearson, 2005; Wade et al.,
2011) biozonation schemes were used when discussing selected dinocyst bioevents.

The palynological assemblages of the Mossy Grove core show strong evidence for sea
level fall associated with the EOT interval manifest in the form of increased flux of
terrestrial plant material but also in the influx of clearly weathered and reworked
acritarchs and continental palynomorphs towards the top of the succession. This includes
reworked Late Cretaceous taxa such as Achomosphaera ramulifera, Cannosphaeropsis
sp., Chatangiella sp., Cymososphaeridium phoenix. Dinogymnium sibiricum,

Litosphaeridium siphoniphorum, and Palaeohystrichophora infusorioides, as well as
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early and middle Eocene dinocyst taxa Hystrichosphaeridium tubiferum (Bujak and
Mudge, 1994; Mudge and Bujak, 1996), Wetzeliella articulata (Bujak and Mudge, 1994;
Mudge and Bujak, 1996), Piladinium columna (Bujak and Mudge, 1994; Mudge and
Bujak, 1996), and Diphyes ficusoides (Gradstein et al., 1992). The distribution patterns
of Eocene dinocysts through the core indicate local reworking of older middle and lower
Eocene marine sediments from around the margin of the Mississippi embayment,
especially through the EOT and towards the top of the succession. This reworking makes
the confident placement of some last occurrences difficult, especially where there is some
existing discrepancy between published age assessments of these bioevents as being
either late Eocene or early Oligocene. Here we interpret consistent presence of a taxa,
followed by a continuous stratigraphic absence or sporadic occurrences, as representing
a genuine LO event. Sporadic occurrences are reported as local reworking from exposed
middle to upper Eocene sediments during regional sea level fall.

FO Hemiplacophora semilunifera. The first occurrence of this species is at ~143.6 m
(471 ft). From this point upwards, it is present in most samples, with abundances
gradually increasing, especially in the interval ~119.2-99.7 m (391-327 ft). Based on data
from equatorial and Southern Hemisphere sites (Stickley et al., 2004a; Williams et al.,
2004), this event has been tentatively dated between 36.00 and 41.40 Ma (36.05 to 41.20
Ma), in middle and higher latitude sites, respectively.

FO Lentinia serrata. This species first occurs at ~133.8 m (439 ft), although there is a
short interval after this occurrence in which the taxon is not observed. This event was
identified in central Italy (Brinkhuis and Biffi, 1993) sections in the lowermost Adi
interval zone, which corresponds to the calcareous nannoplankton zone NP21, the

planktonic foraminifera zone P18, and the top of the magnetostratigraphic chron C13r.
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This agrees with an age of 33.64 Ma (33.84 Ma) assigned in equatorial latitudes (Williams
et al., 2004). Although these data seem consistent, dating from the mid-latitudes in the
Northern Hemisphere (Williams et al., 2004) points to an age of 40.00 Ma (39.97 Ma) for
this bioevent.

LO Areoligera sentosa. The last occurrence of this species is clearly observed at
~124.1 m (407 ft). This event is considered synchronous and an excellent
chronostratigraphic marker in the entire North Sea Basin to Norwegian-Greenland seas
region (Bujak and Mudge, 1994; Costa et al., 1976; Heilmann-Clausen and VVan Simaeys,
2005; Mudge and Bujak, 1996), with an age assignment in the lower part of E7 dinocyst
zone and, more precisely, at the E7a/E7b sub-zone boundary (Bujak and Mudge, 1994;
Mudge and Bujak, 1996), which identified this event just between NP16 and NP17
nannoplankton zones and in the lower part of planktonic foraminifera zone P14.

LO Rottnestia borussica. Almost all occurrences of this species at the study site are
below ~137.5 m (451 ft), except for an isolated occurrence at ~110.6 m (363 ft).
Although this isolated appearance may reflect patterns of ecological exclusion,
interpreting it as LO event would be less consistent with the age model. Therefore, we
conclude that the isolated upper occurrence represents reworking processes and constrain
the range of this taxa to a short interval in the lower part of the succession (below 137.5
m). In the Hampshire Basin (Aubry, 1983, 1985) and the North Sea (Bujak and Mudge,
1994; Mudge and Bujak, 1996) this event was dated as late Bartonian, calibrated with the
upper part of the dinocyst subzone E7b (Bujak and Mudge, 1994; Mudge and Bujak,
1996), nannoplankton zone NP17, and planktonic foraminifera zone P14, whilst in Italy
its range is reported to extend into the lower Rupelian (Brinkhuis and Biffi, 1993). A late

Bartonian age of 39.00 Ma (39.00 Ma) is consistent within the Norwegian-Greenland seas
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(Eldrett et al., 2004; Eldrett and Harding, 2009) and with the southwestern margin of the
Rockall Plateau, North Atlantic, where it was dated as middle Eocene and calibrated
within the dinocyst zone within zone Vb (Costa and Downie, 1979); however, it is
distinct from middle Priabonian age assigned in the central Danish basin (Heilmann-
Clausen and Van Simaeys, 2005), calibrated with the middle part of the nannoplankton
zone NP19/20; in offshore Florida (Van Mourik etal., 2001), it is found within planktonic
foraminifera zone P16. Based on correlation to nannofossil biostratigraphy within the
Mossy Grove core, we can constrain this event to be younger than 39.00 Ma, such that
this taxa ranges into the topmost Bartonian.

LO Hemiplacophora semilunifera. The last occurrence of H. semilunifera is clearly
identified at ~100.9 m (331 ft), above which the taxa is absent, except for very rare
isolated and widely spaced occurrences. This event was dated in the Mediterranean
(Brinkhuis and Biffi, 1993; Wilpshaar et al., 1996) with an early Oligocene age, correlated
to the top of the Gse dinocyst zone (Brinkhuis and Biffi, 1993), the nannoplankton NP21,
and foraminifera P18 biozones. Nevertheless, estimates from middle latitudes in the
Southern Hemisphere (Williams et al., 2004) indicate that it occurred much earlier, during
the NP19-20 biozone and between the P15 and P16 biozones, which an assigned age of
35.20 Ma (35.49 Ma).

FO Achomosphaera alcicornu. The first occurrence of this taxon at the study site was
detected at ~66.8 m (219 ft), and it is consistently observed until the top of the section.
Early estimates from Danish sections dated this bioevent as Danian, placing it in the upper
part of the S. inornata subzone (Hansen, 1977). In high latitudes of the Southern
Hemisphere, this event was dated at 35.70 Ma (Williams et al., 2004; 35.82 Ma).

However, estimates from lower latitudes, such as the Mediterranean (Brinkhuis and Biffi,
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1993; Wilpshaar et al., 1996) and the Equator (Williams et al., 2004), identified this event
within the nannoplankton NP21 and foraminifera P17 biozones, and within the
magnetostratigraphic chron C13r, with an assigned age varying between 33.76 (Williams
et al., 2004; 33.99 Ma) and 34.00 Ma (Wilpshaar et al., 1996; 34.29 Ma).

LO Diphyes colligerum. This species has a relatively continuous record throughout the
entire core up to ~50.9 m (167 ft). After an interval of absence (~22.0 m; 72 ft), it
reappears near the top of the hole (~29.0 m; 95 ft) associated with another species of the
same genus, D. ficusoides, which is known to have been extinct since the middle Lutetian.
This suggests that the D. colligerum specimens found near the top of the core are most
likely the result of reworking. Although the last occurrence of D. colligerum has been
used to indicate the Eocene-Oligocene boundary worldwide (Williams, 1993), other
studies record this event from the mid-Lutetian to the early Oligocene. In the
southwestern margin of the Rockall Plateau, North Atlantic, this event was dated as
middle Eocene and identified within zone 1\VVb (Costa and Downie, 1979). In the North
Sea it has been identified close to the Lutetian-Bartonian boundary (Bujak and Mudge,
1994; Mudge and Bujak, 1996), similar to its position in the Norwegian-Greenland seas
(Eldrett et al., 2004), although later studies found it ranging up into the middle Bartonian
in this area (Eldrett and Harding, 2009). In the central Danish basin it corresponds to the
middle Lutetian, in the upper part of NP15 nannoplankton biozone (Heilmann-Clausen
and Van Simaeys, 2005). In northwest Germany it was recorded in several samples from
the lower Oligocene (Kothe, 1990). Across North America, however, some consistent
younger ages were assigned for this event, from late Priabonian to early Rupelian,

including offshore Canada (nannoplankton Biozone NP21) (Williams, 1975) and offshore
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Florida (C13r magnetochron) (Van Mourik et al., 2001) which are both closer to the lower
Rupelian age estimate of 33.27 Ma (Williams et al., 2004; 33.44 Ma).

LO Lentinia serrata. The last occurrence of this species at the study site is clearly
observed at ~48.6 m (159.5 ft), after which only isolated occurrences are detected. In
mid-latitude climatic zones in the Northern Hemisphere, the age of 33.50 Ma (Williams
et al., 2004; 33.68 Ma) has been assigned to this event, whereas in equatorial regions it is
estimated that this taxon persists longer, potentially up to 31.00 Ma (Williams et al.,
2004).

LO Glaphyrocysta semitecta. This species has a fairly continuous occurrence from the
base of the section upwards, becoming particularly common (up to ~9% of the dinocyst
assemblage) between ~115.5 and ~92.4 m (379 and 303 ft). However, this species is
again common (~4% of the dinocyst assemblage) in two upper intervals (55.8-53.3 m,
183-175 ft; and 41.2-37.5 m, 135-123 ft), which is unlikely to be a result of reworking
and has a last occurrence at ~37.5 m (123 ft). The LO of G. semitecta has been used in
central Italy to define the base of the Cin dinocyst biozone (Brinkhuis and Biffi, 1993),
of Rupelian age, which is calibrated with the upper part of P18 planktonic foraminifera
biozones, the upper part of NP21 nannoplankton biozones, and the C13n/C12r
magnetoboundary, which is in agreement with the observations within this succession.

LO Saturnodinium pansum. This taxon has nearly continuous occurrence throughout
the core, only being absent above ~20.4 m (67 ft). In sediments recovered from the central
part of the Norwegian Sea (Williams and Manum, 1999) this extinction event is identified
at the Lithostratigraphic Unit V, corresponding to the upper Rupelian and an age of 30.24

Ma.
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LO Enneadocysta arcuata. This species occurs near continuously through almost the
whole core, with highest abundances from ~105.8 m (347 ft) up to its last appearance at
~19.2 m (63 ft). A latest Priabonian age has been assigned to this bioevent in the
Norwegian Sea (Manum, 1976; Manum et al., 1989), corresponding to the nannoplankton
zone NP21 and the planktonic foraminifera P17/P18 boundary. However, in the Scotian
Shelf and Grand Banks, offshore southeastern Canada, E. arcuata was an age-diagnostic
species for the early Oligocene D. heterophlycta Assemblage Zone (Williams, 1975). At
the Ocean Drilling Program (ODP) Site 1172, in the East Tasman Plateau (Brinkhuis et
al., 2003b), an age estimate of 33.50 Ma (33.68 Ma) has been assigned to the unnamed
Enneadocysta sp. A, a taxon closely related to E. arcuata, which is also consistent with
the placement of this event in North America.

On a regional scale, some distinctive events found at Mossy Grove are very similar to
those detected in five sections from southeastern Mississippi and southwestern Alabama
(Jaramillo and Oboh-lkuenobe, 1999). Graphic correlation across five sections (St.
Stephens Quarry, R2089, #1 Young, #1 Wayne, and #1 Ketler) allowed age determination
of the main dinocyst events, including the FO of Dinopterygium cladoides (33.9 Ma), the
Acme of Operculodinium centrocarpum (33.6 Ma), the LO of Dinopterygium cladoides
(33.5 Ma), and the LO of Cribroperidinium tenuitabulatum (33.2 Ma). Although these
are not included in the list of the discussed bioevents above, they are all apparent in the
Mossy Grove core, with depths listed in Table 2, and appear to be consistent in their age
and stratigraphic position with these regional studies.

It is notable that well-preserved specimens of Areosphaeridium diktyoplokum were
found at ~74.1 m (243 ft). The extinction of this taxa has been associated with the EOB

(e.g. Head and Norris, 1989; Williams, 1975, 1977; Williams and Bujak, 1985), although
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there is much discussion about the age of this event. Early publications reported late
Eocene ages for the event in the Scotian Shelf and Grand Banks (Williams, 1975, 1977);
and in Baffin Bay, Canada (Head and Norris, 1989), as well as in the North Sea (Bujak
and Mudge, 1994; Mudge and Bujak, 1996). However, studies of central Italian
successions (Brinkhuis and Biffi, 1993; Wilpshaar et al., 1996) place the LO of A.
diktyoplokum above the hantkeninid extinction horizon, at the top of the early Oligocene
Adi interval zone, calibrated against lower planktonic foraminifera P18 zone, mid
nannoplankton NP21 zone, and the basal part of magnetic polarity chronozone C13n.
Although previous (Costa and Manum, 1988; Stover and Williams, 1988; Williams and
Bujak, 1985) and later (Bujak and Mudge, 1994; Mudge and Bujak, 1996) surveys have
demonstrated the possibility that the alleged later occurrences in central Italy could be
due to reworking processes, recent dinocyst bio-stratigraphies from the Norwegian-
Greenland seas (Eldrett et al., 2004; Eldrett and Harding, 2009) confirmed a post-
hantkeninid age for the extinction of A. diktyoplokum, with an age assigned of 33.47 Ma
(Westerhold et al., 2014; Williams et al., 2004). Although this species is rare in the Mossy
Grove succession, based on correlations to nannofossil biostratigraphy, the topmost

occurrence has an estimated age of 34.12 Ma, which is very close to the EOB.

4.4.4. Integrated age model

Using these ages, we present a significantly refined age model for the Mossy Grove
Core (Figure 8) based on dinocyst bioevents as discussed in the previous section (Error!
Reference source not found.), integrated with new age constraints from calcareous
nannofossil assemblages as well as existing radiometric dates. We show previously

published foraminiferal-based age control for reference (Table 1).
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Figure 8. Refined age-depth model of the Mossy Grove Core. Lithology follows Dockery et al. (1991) and
timescale follows Westerhold et al. (2014). Best fit lines for the models of Fluegeman et al. (2009) and this
work are represented as green and red lines, respectively. Sedimentation rates are also indicated. The shaded
area in light red reproduces an error of ~0.3 Ma, simulating the inclusion of the stated error on radiometric
dating of both bentonites. Empty markers refer to bioevents regionally correlated.

This new age model can be interpreted to represent sedimentation within two intervals
with distinct rates: between the bottom of the analysed section, i.e. ~152.1 m (499 ft;
37.49 Ma) and ~89.2 m (292 ft; 34.44 Ma), the sedimentation rate was 2.1 cm ka* and

between ~89.2 m (292 ft; 34.44 Ma) and the top of the analysed section, i.e. ~16.8 m (55
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ft; 33.05 Ma), the sedimentation rate was 4.7 cm ka!. This demonstrates that the
depositional processes supplied the basin at a relatively constant rate for at least 3 million
years, with a significant change only at ~34.4 Ma. This new age model also allows us to
place the Priabonian-Rupelian boundary (EOB: 33.89 Ma) at ~63.4 m (208 ft) and is
more consistent with radiometric dating: the bentonites previously dated at 33.40 and
34.36 Ma here are 33.11 and 34.34 Ma in age, respectively.

Another direct consequence of this model is the reassessment of the age of some
dinocyst bioevents. As already mentioned, the extinction of R. borussica, for example, is
usually correlated with a late Bartonian age in several sites of the North Sea and the
Norwegian-Greenland Sea. Meanwhile, middle Priabonian ages were assigned to this
event in the central Danish basin (Heilmann-Clausen and Van Simaeys, 2005),
corroborating similar dating in the North Atlantic (Costa and Downie, 1979) and offshore
Florida (Van Mourik et al., 2001). The last occurrence of this taxon at Mossy Grove was
observed at ~36.77 Ma, consistent with a middle Priabonian age. Two other events are
worth mentioning: the earliest appearance of A. alcicornu is similar in age to sites in the
Mediterranean (Brinkhuis and Biffi, 1993; Wilpshaar et al., 1996), being an event prior
to EOB; on the other hand, the extinction of D. colligerum, here identified in the lower
Oligocene, is a post-EOB event, as suggested by several authors (e.g. Brinkhuis and Biffi,
1993; Kothe, 1990).

Comparisons with nearby sites in Mississippi and Alabama (Houben et al., 2018;
Jaramillo and Oboh-lkuenobe, 1999) (Figure 6) show a similar sequence of bioevents as
the Mossy Grove section. The following key events within the Gulf Coastal Plain show a
high degree of consistency (from the older to the younger): FO D. cladoides, LO H.

semilunifera, FO A. alcicornu, LO D. colligerum, LO L. serrata, and LO C.
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tenuitabulatum, and they are judged to be reliable biohorizons for future biozonation of

the upper Eocene to lower Oligocene of the Gulf Coastal Plain.

4.5. Conclusions

The Mossy Grove core recorded a rich upper Eocene to lower Oligocene section with
excellently preserved palynomorph content, including 52 genera and 70 species of
dinocysts identified. Furthermore, rich diversity in other palynological groups was
observed, revealing the enormous potential of the study site for the elaboration of future
palynofacies models, useful in palaeobathymetric studies. High-resolution analysis (~26
ka) of the dinocyst content, integrated with calcareous nannofossil bioevents, generated
a more robust age-depth model than previous models based on planktonic foraminifera
alone. The new age-depth model is also more consistent with “°Ar/3°Ar radiometric
dating. On the basis of the new age model, the cored section spans ~5 Ma, including a
~4 Ma of the late Eocene and ~1 Ma of the earliest Oligocene, including the critical
Eocene-Oligocene transition. The age model also documents a substantial increase in
sedimentation rate from ~2.1 to ~4.7 cm ka ! at ~34.4 Ma, indicating that the EOT

climatic event caused a major change in the sedimentary regime.
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CHAPTER 5: SEA-LEVEL FALL AND CARBON CYCLE PERTURBATIONS

AT THE ONSET OF ANTARCTIC GLACIATION

The transition into the modern cold climate state, with the growth of continental-scale
ice-sheets on Antarctica ~34 Ma, is one of the most striking examples of non-linear
dynamics in the history of the Earth’s climate. Coming at the end of a ~15 million-year
progressive cooling trend, within ~700 thousand years the East Antarctic Ice Sheet had
expanded to close to its modern extent. Although substantial modelling efforts have
focused on positive feedback mechanisms associated with ice-sheet dynamics (DeConto
et al., 2008; DeConto and Pollard, 2003), there are dramatic contemporaneous changes in
ocean carbonate chemistry (Coxall et al., 2005; Pélike et al., 2006) and the marine
biological pump (McKay et al., 2016a; Merico et al., 2008; Salamy and Zachos, 1999),
the causes and effects of which are poorly known. Records of atmospheric carbon dioxide
(CO») levels through the transition, show a transient drawdown of CO; closely coupled
to the main phase of ice sheet expansion (Pearson et al., 2009), implicating a role for
strong carbon cycle feedbacks. These feedbacks are most likely associated with the
partitioning of organic and inorganic carbon burial between continental margins and the
deep ocean, as well as the magnitude of nutrient trapping within shelf systems and
weathering fluxes from rapidly exposed coastal environments during sea level regression.
Here we present exceptional new records of sea-level dynamics through the Eocene-
Oligocene Transition (EOT), which document substantial changes in shelf-ocean
partitioning and nutrient/carbon fluxes very early in the EOT that represent potential
carbon cycle drivers of the observed rapid transition.

Current records of the dynamics of EOT ice-sheet growth and the associated estimates

of eustatic sea-level fall, are dominated by paired geochemical records of foraminiferal
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test 180 and Mg/Ca. Benthic foraminifera oxygen stable isotope (5*2Oyr) records (Zachos
et al., 2001, 1996) from multiple locations record a ~1.0-1.5+0.1%. positive shift across
the EOT, and represent a combination of local temperature-dependent isotopic
fractionation during calcification and the isotopic composition of seawater in which the
organism calcified (5'®0sw) (Zachos et al., 2001). Changes in the 580w composition of
deep-waters is largely a function of global ice volume (Zachos et al., 2001), since the
hydrological cycle concentrates *°0 in ice sheets, leaving the oceans more enriched in 2O
during glaciated climate states. Therefore, to quantify global ice volume, and from that
eustatic sea level, requires an independent assessment of deep-water temperature,
typically from Mg/Ca palaeothermometry (Lear et al., 2000). Through the EOT, however,
deep-water foraminiferal Mg/Ca ratio are likely affected by the dramatic increase in the
deep ocean carbonate saturation state (Coxall et al., 2005), which substantially reduces
Mg/Ca-derived estimates of cooling (Lear et al., 2000, 2004, 2008) and makes the
accurate quantification of ice growth across the EOT challenging. The best estimates to
date indicate total ice-sheet expansion to a volume equivalent to 70% of the present
Antarctic ice sheets (Barker et al., 1999; Bohaty et al., 2012; Cramer et al., 2011; DeConto
and Pollard, 2003).

The EOT is, however, an extended interval of nearly ~700,000 years — equivalent to
the duration from Marine Isotope Stage (MIS) 15 to the Holocene. MIS timescale was
developed to express dating in the Quaternary and has been calibrated with Milankovitch
cycles due to orbital forcing (Taylor and Aitken, 1997). High-resolution isotopic and
elemental records from the eastern Equatorial Pacific clearly show orbital-scale
variability through the EOT (Westerhold et al., 2014), as well as two phases of rapid (~40

ka), directional change (Coxall et al., 2005; Katz et al., 2008), during which §Ops, 5'3Chs
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and carbonate contents all increase (Coxall et al., 2005). These two steps, separated by a
~250 ka interval of relative stability, have been characterised as a first step (EOT-1; ~34.1
Ma) (Coxall et al., 2005; Katz et al., 2008; Westerhold et al., 2014) dominated by
significant cooling (Katz et al., 2008; Miller et al., 2008; Wade et al., 2012) and isolated
ice growth (DeConto et al., 2008; DeConto and Pollard, 2003; Katz et al., 2008; Lear et
al., 2008), whilst the second step (EOT-2: ~33.7 Ma) (Coxall et al., 2005; Westerhold et
al., 2014) represents a phase of continental-scale ice-sheet growth (DeConto and Pollard,
2003; Scher et al., 2011), a sharp increase in deep ocean carbonate saturation state (Coxall
et al., 2005) and an abrupt increase in weathering flux on East Antarctica (Scher et al.,
2011). The timing, magnitude and duration of these two steps may be a function of ice
sheet dynamics in response to orbital forcing of high-latitude insolation (DeConto and
Pollard, 2003), but given strong ice sheet — carbon cycle coupling throughout the
Oligocene (Palike et al., 2006), as well as clear evidence for major changes in the
partitioning of carbon between global reservoirs through the EOT (McKay et al., 2016a;
Merico et al., 2008), independent records of changing oceanic productivity regimes
(Diester-Haass and Zahn, 1996; Moore et al., 2014; Plancq et al., 2014; Salamy and
Zachos, 1999) and marine plankton extinctions and restructuring (Bordiga et al., 2015b;
Brinkhuis and Biffi, 1993; Cotton and Pearson, 2012; Dunkley Jones et al., 2008; Houben
et al., 2013a; Kamikuri and Wade, 2012; Moore et al., 2015; Pearson et al., 2008; Persico
and Villa, 2004; Villa et al., 2008), it is clear that marine carbon cycle feedbacks are key
to understanding the EOT. In particular, there is growing evidence for changes in the
biological pump and restructuring of surface plankton communities in the earliest stages
of the EOT (Dunkley Jones et al., 2008; Jones et al., 2019; Pearson et al., 2008). These

events are coincident with a prominent deep ocean dissolution interval and negative
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excursions in bulk- and benthic foraminiferal carbonate 5'3C records (Coxall et al., 2005;
Westerhold et al., 2014), immediately before EOT-1.

Whereas existing paired §'80p-Mg/Ca records are either subject to uncertainty from
changing deep-ocean carbonate saturation state, or, for planktonic foraminiferal records,
at too low a resolution to resolve the internal dynamics of the EOT (Katz et al., 2008;
Lear et al., 2008; Wade and Pearson, 2008), an alternative approach to reconstruct the
onset of the major phase of Antarctic ice-sheet growth and changing shelf-to-basin
partitioning is through the analysis of continental margin successions that directly record
micropalaeontological and geochemical markers of changing sea level (Lear et al., 2008).
These successions also directly record changes in weathering, erosion, sediment and
carbon flux. In many instances marginal successions through the EOT contain first-order
unconformities (Gale et al., 2006; Miller et al., 2008), or large sea-level controlled facies
changes that prevent the generation of the continuous high-fidelity records necessary for
detailed reconstructions at the 10*-year resolution. Here we present new records from an
exceptional, ~137 m succession of mid-shelf marine clays, located within the Mississippi
Embayment and recovered within the Mossy Grove Core (MGC) (Dockery lll et al.,
1991), drilled near Jackson, Mississippi (Figure 9), that provide a continuous record
through ~4 Ma of the latest Eocene and earliest Oligocene. We present new high-
resolution (~6 ka) fine-fraction (<20um) carbonate stable oxygen (5*¥0) and carbon
(8%C) isotope analyses, bulk sediment X-ray fluorescence (<10 ka) data and
palynological (~26 ka) analyses to generate a multiproxy record through the late Eocene-
early Oligocene. MGC is substantially expanded compared to the classic Gulf Coast Saint
Stephens Quarry (SSQ) section (Miller et al., 2008) with sedimentation rates estimated to

be more than ten times higher through the EOT (SSQ’s ~0.4 cm ka*; MGC ~4.7 cm ka
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1). Age constraints are based on the integrated age-depth model (see section 4.4.4) and on

the timescale of Westerhold et al. (2014).

Figure 9. Palaeogeography and lithology of Mississippi and Alabama sector of the US Gulf Coastal Plain
according to Tew and Mancini (1995). The Mississippi River is shown in its modern position. (A) Location
of the MGC and the 10DP Site U1334 (Westerhold et al., 2014). (B) Late Eocene palaesogeography of
Muississippi and Alabama (Tew and Mancini, 1995). (C) Early Oligocene palaeogeography of Mississippi
and Alabama (Tew and Mancini, 1995).

The key feature of the new MGC records is late Eocene stability in fine fraction 5180
and 8'3C records that ends at ~34.5 Ma (Figure 10 and Figure 11), with standard deviation
for 6*80 and 5'3C of ~0.4 and ~0.5 respectively. It is replaced by a more dynamic regime
into the earliest Oligocene (standard deviation for both 580 and §°C of ~1.1). Both

records have a limited dynamic range from ~37.7 to ~34.5 Ma, followed by pronounced
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negative transients between ~34.4 and 34.2 Ma. Above 34.2 Ma &%0O shifts to
progressively more positive values, but, along with 8*3C, has a far greater high frequency
variability than in the late Eocene. Although the MGC record shows the shift to more
positive 580 characteristic of most EOT records, it is of substantially smaller magnitude
(~0.8%o across the whole EOT; Figure 10 and Figure 11) than recorded in the deep ocean
(Coxall et al., 2005; Westerhold et al., 2014). This diminished effect on fine fraction 320
is an additional evidence for a continent-influenced inner shelf setting. The negative
transients in 580 and 8*3C (~34.4 and 34.2 Ma) are directly coincident with the lowest
Ca/Si ratios in the record (also Ca/Fe and Ca/Ti — see SM4) — indicative of reduced
biogenic carbonate content (Itambi et al., 2009) — minima in planktonic:benthic
foraminifera ratios (Fluegeman et al., 2009), a drop in relative abundance of marine
organic-walled dinoflagellate cysts, or dinocysts, from ~80% to ~30%, a substantial
increase in relative abundance of terrestrial plant debris (e.g. plant cuticle and resin) and
freshwater algae (Pediastrum spp.) and an increase in the proportion of low-salinity
tolerant dinocysts (Sluijs et al., 2005) (Figure 10 and Figure 11). Taken together this is
overwhelming evidence for an increase in freshwater versus marine components. In this
context, the negative transients in 520 and §'3C are best explained by an increase in the
relative contribution of freshwater and terrestrially derived dissolved inorganic carbon to
the surface waters of the Mississippi Embayment, most likely from the palaeo-Mississippi
which, even during the late Eocene, drained a significant proportion of continental North
America (Galloway et al., 2011). The §'3C of dissolved inorganic carbon (DIC) in the
lower modern Mississippi system is as low as -10.0%o (5*Cpbic) (Dubois et al., 2010),
whilst 5180 of Mississippi outflow waters are on the order of -6.0%. (Myers et al., 2012;

Zeigler and Whitledge, 2011), and are sufficient to lower §'8Qsy in the surface waters of
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the northern Gulf of Mexico to -8.0%0 (Tindall et al., 2010). In the late Eocene the
geometry of the shallow Mississippi Embayment, enclosed to both the east and west is

likely to have amplified the impact of riverine input on seawater isotopic composition.
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Figure 10. Geochemical and micropalaeontological records of the MGC (Part 1). (A) Bulk carbonate §'20
and 81C, foraminiferal planktonic:benthic ratio (Fluegeman et al., 2009), marine indicator (percentage of
dinocysts), and Shannon-Weaver Diversity Index for dinocysts. (B) Bulk carbonate 50 and §*C, and
continental indicators (percentage of plant cuticle and resin, and freshwater algae Pediastrum spp.).
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Figure 11. Geochemical and micropalaeontological records of the MGC (Part 2). (A) Bulk carbonate §'20
and 8'*C and salinity indicators (percentage of Homotryblium spp. and short-long process dinocyst ratio for
Spiniferites spp.). (B) Productivity indicator (peridinioid:gonyaulacoid ratio). (C) Box plot of bulk
carbonate 580 record and marked positive steps. (D) Bulk carbonate §'30 and §*C from MGC and bulk
carbonate §*3C from IODP Site U1334 (Westerhold et al., 2014).
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Palynomorph assemblages also show a marked change at ~34.5 Ma, with an abrupt
decrease in marine components (dinocysts) and an increase in continental-derived plant
debris (e.g. plant cuticle and resin) and freshwater algae (Pediastrum spp.) (Figure 10).
Further, dinocyst-based salinity reconstructions (Sluijs et al., 2005) include a marked
decline in the abundance of the high-salinity preference Homotryblium spp. (Brinkhuis,
1994; Kothe, 1990; Pross and Schmiedl, 2002; Sluijs et al., 2005) after ~34.5 Ma, which
is strong evidence for a step-change in the salinity regime and freshening of the
Mississippi Embayment (Figure 11). This is supported by another salinity proxy, the ratio
of short-to-long process Spiniferites spp., which shows a marked minimum (low salinity
conditions) between ~34.5 and 34.0 Ma (Figure 11). The peridinioid/gonyaulacoid
dinocyst ratio (P/G ratio) also increases between ~34.4 and 34.1 Ma, which is often used
as a proxy for terrigenous-derived nutrient input to shelf surface waters (Brinkhuis et al.,
1998; Crouch, 2001; Eshet et al., 1994; Harland, 1973; Van Mourik et al., 2001; van
Mourik and Brinkhuis, 2000; Reichart and Brinkhuis, 2003) (Figure 11). All of these
palynological results are consistent with the marked drop in the biogenic (mostly
nannofossil) carbonate content within these sediments (Ca/Si ratios) and step-change in
planktonic:benthic foraminifera ratios (Fluegeman et al., 2009); both consistent with a
dramatic reduction in the abundance of typical open marine calcareous plankton
communities during this interval (34.5 — 34.2 Ma), as would be expected from a low
salinity surface ocean environment (Winter et al., 1994).

Although the interval above 34.4 Ma is clearly visible as a negative, ~200 ka, transient
in both 5180 and §'3C it also represents a clear step-change in the behaviour of both the
micropalaeontological and geochemical records, between the late Eocene interval older

than 34.5 Ma, and the EOT to earliest Oligocene, younger than 34.4 Ma (Figure 10 and
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Figure 11). Above this level the dynamic range of both 380 and &*3C increase, more so
in 580 with variability exceeding 2%. on 10*-year timescales. The long-term running
mean values (Figure 11), however, clearly show a progressive shift towards more positive
5180 values into the Oligocene, most notably with a ~0.5%o increase between ~33.8 and
33.6 Ma, which we identify as EOT-2 (Coxall et al., 2005). The contribution of the
calcareous plankton is substantially lower above 34.5 Ma — as represented by both Ca/Si
and P:B ratios — and the low salinity intolerant Homotryblium spp. are effectively
excluded above 34.5 Ma (Figure 10 and Figure 11). The concentrations of plant cuticle
and resin also remain elevated above 34.5 Ma, indicating an increase in the transport of
terrestrial-derived components to the site throughout the EOT and earliest Oligocene,
although this is most marked across EOT-2, which accounts for ~60% of the overall
increase in the abundance of these components. Within the lithostratigraphy of the MGC
(Dockery Il et al., 1991), the clays forming the Yazoo Formation become rich in mollusc
shells and thin layers of shell hash from 33.8 Ma, directly coincident with EOT-2.
Palaeogeographic reconstructions of the late Eocene (Galloway et al., 2011; Tew and
Mancini, 1995) place the MGC site on the mid-continental shelf within the Mississippi
Embayment, to the south of the palaeo-Mississippi river but likely influenced by sediment
supply to the prodelta sector. In response to sea-level regression, the entire delta system
would advance — reducing the distance to shore from the MGC location — and erosive
processes on the delta plain would accelerate, as the system adjusts to a lowered base
level. It is these processes that are most consistent with the coincident surface water
freshening and increase in terrestrial-derived material observed between 34.5 and 34.2
Ma in the MGC. There are strong indications that the system remains in a regressive phase

into the earliest Oligocene, up to the unconformable top of the Yazoo Formation and the
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overlying terrestrial lignites of the Forest Hill Formation. Within this context, we interpret
the transient extreme responses in isotopic compositions, lowered abundance of marine
microplankton and the flux of terrestrial debris between 34.5 and 34.2 Ma, as the
timescale of delta, river and coastline adjustment to the new base-level. Over the longer
timescales of the EOT and earliest Oligocene, variability in bulk carbonate 520 is
consistent with the progradation, avulsion, abandonment, and submergence dynamics of
a fluvial delta, which for the Holocene Mississippi River are on the order of 1,000-1,500
years with lateral movement of up to 300 km (Blum and Roberts, 2012). Such dynamics
would explain variations in 580 values as the MGC location is more or less influenced
by the delta front freshwater plume.

The new records from the MGC clearly demonstrate a rapid environmental change at
~34.5 Ma within the shelf environments of the Mississippi Embayment. The rates (<100
ka) and magnitude of change at this time are too large to be controlled by regional
tectonics, especially on a long-term stable passive continental margin. They are also
unidirectional, representing a long-term shift to substantially lowered sea levels,
consistent with the major regression across the EOT. We contend that these records
represent some significant component of global eustatic sea-level fall at the very start of
the EOT. This challenges the view that the dynamics of the EOT are dominated by global
cooling during the earliest stages, which then precondition the system to continental-scale
ice-sheet expansion in the later stages (EOT-2) (DeConto and Pollard, 2003; Katz et al.,
2008; Miller et al., 2008; Scher et al., 2011; Wade et al., 2012). Instead, our records
demonstrate a rapid onset to the EOT, associated with sea-level fall and ice-sheet
expansion at ~34.5 Ma, which is consistent with evidence for increased glacial weathering

fluxes from early ice-sheet growth in the Gamburtsev Mountains (DeConto and Pollard,
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2003; Rose et al., 2013), discharged via the Lambert Graben (Barrett, 1996; Hambrey et
al., 1991) to Prydz Bay from ~34.5 Ma (Passchier et al., 2017). In fact, comparisons
between glacioeustasy and sequence boundaries at Saint Stephens Quarry, Alabama, and
the ACGS#4 Borehole, New Jersey, demonstrate that large ice sheets existed in the late
Eocene (Miller, 2005; Miller et al., 2008). Furthermore, the progressive shift towards
more positive 3180 values into the Oligocene recorded at MGC clearly suggests that ice
growth persisted through time, revealing a permanent ice-sheet inception. Based on
planktonic/benthic ratio (Grimsdale and Van Morkhoven, 1955; van der Zwaan et al.,
1990), we calculate in ~40-45 m the inferred sea-level drop at MGC, which is consistent
with previous estimates from Saint Stephens Quarry, Alabama (Katz et al., 2008; Miller,
2005; Miller et al., 2008).

As well as defining a rapid start to the EOT controlled by ice sheet dynamics, the
evidence for significant sea-level fall and substantial increases in the erosion flux of
terrestrial organic matter into continental margin successions, implicates changing shelf-
to-ocean carbon, carbonate and nutrient partitioning and fluxes as key drivers of
previously observed carbon cycle perturbations (McKay et al., 2016a; Merico etal., 2008)
and oceanic plankton extinctions (Cotton and Pearson, 2012; Kamikuri and Wade, 2012;
Pearson et al., 2008) and phytoplankton community restructuring at the onset of the EOT
(Jones et al., 2019). These included sharp negative excursions in bulk carbonate
(Westerhold et al., 2014) and benthic foraminiferal (Coxall et al., 2005) §'3C records from
the eastern Equatorial Pacific, coupled to a marked low carbonate interval and calcareous
microfossil dissolution characteristic of deep ocean carbonate undersaturation. This low
carbonate zone in the Pacific, and global plankton extinctions, can now be tied to the

observed regressive event on the US Gulf Coastal Plain. Moreover, our findings reinforce
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the idea that changes in the global carbon cycle (DeConto and Pollard, 2003), rather than
continental configuration (Kennett, 1977), provided the strong positive feedback
mechanisms required to explain the rate of EOT climate change (McKay et al., 2016a;
Merico et al., 2008). We propose that the earliest stages of the major EOT eustatic sea-
level fall had a disproportionate effect on global biogeochemistry, by causing the first
major incision of organic- and nutrient-rich coastal low lands that had been accreting
under warm, high sea-level greenhouse conditions for tens of millions of years (Cramer
etal., 2011). It is our contention, that the resultant delivery of organic carbon and nutrients
to the global oceans were sufficient to trigger the observed plankton extinctions as well
as perturb the marine carbon cycle through the oxidation of labile terrestrial organic
carbon with strongly negative &'3C. This also would explain increased nutrient

availability and primary production worldwide (Dunkley Jones et al., 2008).
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CHAPTER 6: ECOSYSTEM RESPONSE TO LATE EOCENE CLIMATIC AND

IMPACT EVENTS

6.1. Introduction

The late Eocene, or alternatively the Priabonian age (~37.8-33.9 Ma), is characterised
by the build-up to a dramatic global-scale climate shift known as the Eocene-Oligocene
Transition (EOT; ~34.4-33.7 Ma; Figure 1) (Zachos et al., 2001). This interval also
witnessed some of the largest extra-terrestrial impact events since the Cretaceous-
Paleogene (K-Pg) event (Figure 1), with late Eocene aged craters located in central
Siberia (Bottomley et al., 1997; Liu et al., 2009a) and on the Atlantic margin of North
America (Glass, 2002; Koeberl et al., 1996; Poag et al., 2002; Poag and Poppe, 1998).
Although the quality of palaeoenvironmental records of these major events have
improved in recent years (Liu et al., 2009a; Pusz et al., 2009), the long-term relationships
between these events and the dynamics of late Eocene climate evolution still remain
poorly understood (Coxall and Pearson, 2007; Pusz et al., 2009).

As one of the most pronounced climatic shifts of the last ~112 Ma (Friedrich et al.,
2012), the EOT is a critical interval that marked the end of the warmer greenhouse
climates that prevailed through the Late Cretaceous and the early Cenozoic, and the onset
of the colder icehouse climate state since the Oligocene (Zachos et al., 2001, 2008). The
EOT comprises a distinctive two-step positive shift in benthic foraminifera 20 records
associated with the first permanent continental-scale ice sheet growth on Antarctica
(Coxall et al., 2005; Zachos et al., 2001, 1996) and is widely recognized by a ~70+20 m
eustatic sea-level fall (Kominz and Pekar, 2001; Miller et al., 2008; Pekar et al., 2002;
Pekar and Christie-Blick, 2008), 4° C deep-sea (Cramer et al., 2011; Lear et al., 2008)

and ~2.5-5° C sea-surface cooling (Liu et al., 2009b), ~1 km deepening of the calcite
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compensation depth (CCD) (Coxall et al., 2005), as well as a substantial impact on
terrestrial (Prothero, 1994a) and marine (Pearson et al., 2008) biotic systems, with
extinction events in several groups (Coxall and Pearson, 2007; Prothero, 1994b).
Although its consequences have been widely studied, the preconditioning for this event
remain an object of intense debate, with continued focus on two main hypotheses: (1)
substantial changes in the geometry of Southern Ocean gateways (Kennett, 1977); (2)
declining atmospheric greenhouse gas concentration (DeConto and Pollard, 2003; Pagani
etal., 2005). Recent studies (Coxall et al., 2018; Elsworth et al., 2017), however, proposed
that changes in the late Eocene “proto-” Atlantic Meridional Overturning Circulation
(AMOC) played an essential role in preconditioning the late Eocene Earth system for the
greenhouse-icehouse transition.

As a major component of the modern ocean circulation system, the AMOC is
responsible for the redistribution of heat on the planetary surface (Lenton et al., 2008;
Rahmstorf, 2002). Since the ocean contains about fifty times more carbon than the
atmosphere, AMOC also influences global carbon cycling, through changes in the
physical distribution of the oceanic carbon sink, as well as influencing the strength or
effectiveness of the biological pump, which transfers dissolved inorganic carbon from the
surface to the deep ocean (Rahmstorf, 2002). AMOC circulation comprises the northward
transport of warm and saline surface waters from the South, to Central and North Atlantic
Ocean - including the warm surface Gulf Stream current. These waters progressively cool
at high latitudes, to form a southward return flow of cold and salty waters to lower
latitudes at intermediate to deep water depths, known as North Atlantic Deep Water
(NADW) (Broecker, 1998; Broecker and Peng, 1982; Mulitza et al., 2008; Zickfeld et al.,

2008). Inthe modern and late Neogene system, the strength of AMOC circulation depends
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on a delicate balance between temperature and salinity in the surface waters of the North
Atlantic (Lenton et al., 2008; Rahmstorf, 2002). Reconstructions of AMOC strength
through time, indicate that it is a nonlinear system, which tends to exhibit threshold
responses and multi-state dynamics (Lenton et al., 2008; Rahmstorf, 2002). The large-
scale heat transport of AMOC, including from the southern to northern hemispheres,
impacts surface climates not only in the North Atlantic and surrounding landmasses, but
also at a global scale (Caesar et al., 2018; Lenton et al., 2008; Rahmstorf, 2002;
Thornalley et al., 2018).

Although many direct continuous measurements of the AMOC have been made in
recent years (Caesar et al., 2018; Thornalley et al., 2018), the longer-term dynamics of
NADW formation are still poorly understood. This is especially the case in non-analogue
conditions back into the early Neogene and Paleogene, when zonal transport was possible
into or out from the Central Atlantic through the Panama and Tethyan tropical seaways
(Goldner et al., 2014). Despite these differences from the modern system, there is strong
evidence for deep water formation, analogous to NADW from at least the middle Eocene,
which is likely linked to similar patterns of northward heat transport in the surface
Atlantic (Vahlenkamp et al., 2018a, 2018b). Given the presence of a proto-AMOC system
in the Eocene, multiproxy studies of deep water compositions in the late Eocene from
both North and South Atlantic sites (Coxall et al., 2018; Elsworth et al., 2017) have
inferred enhanced NADW production ~1.5 Ma before the EOT associated with a
strengthened AMOC. One of these studies suggests the increased northward heat and
atmospheric moisture transport associated with an intensified AMOC may have
intensified silicate weathering across continental landmasses in the northern hemisphere

resulting in the drawdown of atmospheric carbon dioxide and global cooling in the run-
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up to continental-scale Antarctic glaciation (Elsworth et al., 2017). What controls the
strength of the late Eocene AMOC, however, is an open question. Current hypotheses
focus on tectonic reconfigurations of ocean gateways in either the northern or southern
high latitudes (Coxall et al., 2018; Elsworth et al., 2017; Hutchinson et al., 2019). In the
Southern Ocean, the deepening of the Drake Passage is a precondition for a strong
Antarctic Circumpolar Current (ACC), which could have reduced the flow of warm and
salty subtropical waters into regions of Southern Ocean deep water formation and
initiated strong overturning circulation in the North Atlantic (Elsworth et al., 2017).
Northern hemisphere hypotheses argue in two distinct pathways: (1) continued opening
of subarctic gateways enabled an increased exchange across the Greenland-Scotland
Ridge (GSR), with the northwards transfer of more saline and dense waters to the high
latitude sites of deep water production, which strengthened the production of NADW
(Coxall et al., 2018); (2) closing of the Arctic-Atlantic gateway blocked freshwater inflow
from the Arctic, triggering the onset of modern-like deep water formation in the North
Atlantic (Hutchinson et al., 2019). Here we seek to document potential changes in sub-
tropical North Atlantic surface waters associated with the proposed late Eocene variations
in AMOC, at a site on the US Gulf Coast that should be susceptible to changes in Atlantic
meridional heat transport (Vahlenkamp et al., 2018a).

In addition to variations in deep water overturning, the discovery of multiple, and
globally distributed impact ejecta deposits in upper Eocene sediments has raised intense
speculation that the impact of extraterrestrial bodies could have triggered or enhanced
global cooling and biotic turnover in the lead up to the EOT (Coccioni et al., 2009; Keller,
1986; Pusz et al., 2009; Vonhof et al., 2000). Among the impact structures now identified

in upper Eocene strata, at least three are bigger than 10 km in diameter and have well-
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constrained ages (error <1 Ma): the Popigai crater in central Siberia (diameter: ~100 km),
and the Chesapeake Bay (diameter: ~90 km) and Toms Canyon (diameter: ~20 km)
craters, on the Atlantic margin of North America. Different dating methods, including
biochronology, magnetostratigraphy, and radiometric dating, have provided several age
assignments for each of these events (Bottomley et al., 1997; Koeberl et al., 1996; Liu et

al., 2009a; Poag, 2012; Poag et al., 2002; Pusz et al., 2009) (Table 3).

Table 3. Age assignments of the major late Eocene impact structures. Legend: Cpx — Clinopyroxene-
bearing; Timescales: CK95 — Cande and Kent (1995); and adjusted to TW14 — Westerhold et al. (2014).

Impact structure ~ Dating method Age (Ma) Reference
CK95 TW14
Chesapeake Bay Biochronology 35.2-36.0 35.5-36.1 Koeberl et al.
(breccia horizon) (1996)
Cpx 35.4 35.6 Liu et al. (2009)
microspherule (x0.1) (x0.1)
layers
Magneto- 35.77 35.85 Poag, Plescia and
stratigraphy Molzer (2002)
Magneto- 35.43 35.65 Pusz et al. (2009)
stratigraphy
Radiometric 35.2-35.5 35.5-35.7 Poag, Plescia and
dating (tektites) (x0.3) (x0.2) Molzer (2002)
Various 35.3 35.6 Poag et al. (2012)
Popigai Cpx 35.4 35.6 Liu et al. (2009)
microspherule (x0.1) (x0.1)
layers
Magneto- 35.43 35.65 Pusz et al. (2009)
stratigraphy
Step-heating 35.7 35.8 Bottomley et al.
technique (x0.2) (x0.2) (1997)
(°Ar-*°Ar)
Toms Canyon Biochronology 35.2-36.0 35.5-36.1 Poag, Plescia and
(breccia horizon) Molzer (2002)
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Radiometric 35.2-35.5 35.5-35.7 Poag, Plescia and
dating (tektites) (x0.3) (x0.2) Molzer (2002)

Since these events preceded the EOT by ~1.1-1.7 Ma and are associated with only
minor biotic turnover episodes (Vonhof et al., 2000), it is been widely considered that
these impacts do not play a role in the onset of the EOT or the associated biosphere
perturbations at this time (Coxall and Pearson, 2007). To investigate the consequences of
an enhanced AMOC and these late Eocene bolide impact events, we generated a series of
new high-resolution records of the surface ocean environment from a location sensitive
to both Atlantic heat transport and within the ejecta strew field from the Chesapeake Bay
Impact (Glass, 2002; Glass et al., 1998). These records include a ~6 ka resolution
coccolith fraction (<20 um) carbonate stable oxygen (5'80) and carbon (§*3C) isotope
record, ~26 ka resolution palynological and calcareous nannofossil assemblage records,
and bulk sediment X-ray fluorescence analyses at <10 ka resolution. It is only with such
records that the relative importance of these impact events, long-term climate evolution
and rapid Antarctic glaciation as drivers of ecosystem change can be assessed. The timing
and position of the main events mentioned in this study were constrained with an
integrated age-depth model based on nannofossil and dinocyst biostratigraphy (see
section 4.4.4) and all ages here follow the same geologic timescale (Westerhold et al.,

2014).

6.2. Materials and Methods

The Mossy Grove Core (MGC). The study site consists of a continuously cored
succession (Dockery 111 et al., 1991), near Jackson, Central Mississippi, US Gulf Coastal

Plain. This recovered ~137 m of marine clays, spanning ~4.5 Ma through the upper
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Eocene and lower Oligocene. MGC is substantially expanded compared to nearby sites,
such as the Saint Stephens Quarry (SSQ) section (Miller et al., 2008), with sedimentation
rates estimated to be more than ten times higher through the EOT (SSQ’s ~0.4 cm ka'!;
MGC ~4.7 cm kal). Therefore, it is more suitable for the detection of finer temporal-
scale dynamics of ocean circulation patterns through much of the late Eocene, such as
changes in the Gulf Stream, as well as the potential consequences of an impact event,
especially in the Chesapeake Bay, ~1,200 km away from MGC.

Bulk stable-isotope data. A total of 444 bulk sediment samples, taken at ~30 cm
spacing from the MGC, were processed at the University of Birmingham (SM1). The
sediment was sieved over a 20 um stainless steel mesh, with the fine-fraction passing
through the sieve captured on ultra-fine-grade filter paper and air dried. The sediment
residue was then transferred to 50 ml centrifuge tubes and organic matter within this fine
fraction removed by overnight reaction with 5% sodium hypochlorite (NaCIlO) solution.
The sample was then spun down at 4,500 rpm and the supernatant discarded. The sample
was then washed 2-3 times with de-ionized water — each wash consisting of resuspension,
agitation and then centrifuging and disgarding of the solution as above - until a neutral
pH was established. Stable isotope measurements were performed at the NERC Isotope
Geochemistry Laboratory (NIGL) at the British Geological Survey, Keyworth, on a dual
inlet, triple collector, gas source mass spectrometer which is capable of simultaneously
determining mass ratios 44/45 (*2C/*3C) and 46/44 (**0/*®0). The carbonate analysis
method involves reacting the carbonate sample with anhydrous phosphoric acid to
liberate CO». All data are reported against VPDB after calibration of the in-house standard

with NBS-19.
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Nannofossil Assemblages. Calcareous nannofossil assemblages were quantified using
polarizing light microscopy (Zeiss AxioScope) at 1250x magnification. A total of 135
simple smear slides were prepared from raw samples and within each slide individual
taxa were quantified by the counting of at least 400 specimens. The relative abundance
of each taxa was reported as a percentage of the total number of nannofossils observed in
each sample. This work was undertaken by Dr Nursufiah Sulaiman as part of her doctoral
thesis, but is unpublished and is included and re-interpreted here with the aim of providing
the basis for an integrated micropalaeontological palaeoenvironmental analysis of the
MGC.

Palynology. Samples were processed at Petrostrat following standard techniques.
Altogether, 112 samples collected at ~1.2 m intervals from the Mossy Grove borehole
between ~17.0 and 152.0 m deep were treated with 40% HCI for 30 minutes and 60% HF
for 24 hours to dissolve carbonates and disaggregate the rock matrix, and sieved over a
10 pm nylon mesh to retain the HF effluent from the material. A second HCI treatment
was applied to remove any precipitate formed during stage, followed by a final 10 pm
sieving. The material was subjected to oxidation (70% HNOs for exactly 2 minutes) to
remove pyrite, debris and any unstructured organic material from the palynomorphs.
Another sieving was done to remove any HNOs effluent. A final cleaning treatment was
undertaken with a combination of domestic and industrial detergents. Using a glass
swirling dish and centrifugal swirling techniques, palynomorphs in each sample were then
concentrated and Bismark brown was added to make them more visible with light
microscopy. Finally, the samples were sieved into two size fractions, 10-30 um

(concentrating spores and pollen) and >30 pum (concentrating dinocysts), and then

94



mounted on separate 22x22 mm coverslips, which were glued to a glass slide using
Norland optical adhesive.

Palynomorph components. In this work, only the coarse fraction content (>30 um)
of each slide was analysed. With a Zeiss transmitted light microscope (400x
magnification), 200 dinocyst specimens were counted in each sample, along with the
respective number of spores, pollen, algae (prasinophyceae and chlorophyceae),
zoomorphs/zooclasts, phytoclasts and amorphous organic matter. Only palynomorphs
that were more than 50% complete and not obscured either by air bubbles or organic
debris were considered. Reworked acritarchs and amorphous organic matter were
excluded from the final sum of palynomorphs and thereby from the percentage

calculations (SM2, SM3).

6.3. Results

In order to provide a multiproxy-based palaeoenvironmental reconstruction of pre-
EOT events, we generated a ~6 ka resolution coccolith fraction (<20 um) carbonate stable
oxygen (5'80) and carbon (5*3C) isotope record, and bulk sediment X-ray fluorescence
analyses at <10 ka resolution, combined with a ~26 ka resolution palynological and
calcareous nannofossil assemblage records.

To better assess palaeoenvironmental preferences within dinocyst genera, we analysed
empirically established palaeoecological affinities (Brinkhuis, 1994; Brinkhuis and Biffi,
1993; Dale, 1996; Davey and Rogers, 1975; Edwards and Andrle, 1992; Frieling and
Sluijs, 2018; Harland, 1983; Kothe, 1990; Pross, 2001; De Vernal et al., 1997; Wall et

al., 1977; Williams and Bujak, 1977; Zevenboom et al., 1994) of 33 genera (Table 4).
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Table 4. Empirically established palaeoecological affinities of selected dinocyst genera found at MGC.
Data follow different authors (Brinkhuis, 1994; Brinkhuis and Biffi, 1993; Dale, 1996; Davey and Rogers,
1975; Edwards and Andrle, 1992; Frieling and Sluijs, 2018; Harland, 1983; Kothe, 1990; Pross, 2001; De
Vernal et al., 1997; Wall et al., 1977; Williams and Bujak, 1977; Zevenboom et al., 1994). See text for
further explanation.

Davey and Rogers (1975)
Wall et al. (1977)

Williams and Bujak (1977)
Harland (1983)

Kothe (1990)

Edwards and Andrle (1992)
Brinkhuis (1994)
Zevenboom et al. (1994)

De Vernal et al. (1997)
Frieling and Sluijs (2018)

Dale (1996)
Pross (2001)

Genera
Achomosphaera
Areoligera
Areosphaeridium
Charlesdowniea
Cleistosphaeridium
Cordosphaeridium
Cribroperidinium
Dapsilidinium
Deflandrea
Diphyes
Distatodinium
Enneadocysta
Glaphyrocysta
Hemiplacophora
Heteraulacacysta
Homotryblium
Horologinella
Hystrichokolpoma
Hystrichosphaeridium
Impagidinium
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Wetzeliella

When there is a single interpretation for a given genus or it is consistent between
different authors, we simply followed this interpretation. However, some genera had
multiple distinct assignments presented by different authors. For instance, Rhombodinium
spp. and Wetzeliella spp. have been recently described as having possible warm-water
affinity (Frieling and Sluijs, 2018) in Paleocene-Eocene records. On the other hand, a
previous study (Pross, 2001) focused on these genera from the Oligocene of western and
northwestern Europe found that warmer water masses may have led to an earlier and
stronger decline of these taxa at the southernmost localities. Deflandrea spp.,
Glaphyrocysta spp. and Impagidinium spp. are equally associated with both warm and
cold water palaeoenvironments (Brinkhuis and Biffi, 1993; Frieling and Sluijs, 2018;
Kothe, 1990; Zevenboom et al., 1994), and on this basis here they are assigned an
unknown environmental preference. Dinocyst genera preseting standard deviation <0.5
for relative abundance values were eliminated from the principal component analysis
(PCA). For data treatment, the relative abundance of dinocysts were In-transformed in
order to increase the weight of the taxa with low percentages, which generally have
narrow ecological preferences, and to diminish the importance of ubiquitous taxa, which
often dominate the assemblages. PCA was then performed on 33 dinocyst genera from
MGC, resulting in two major distinct groups, here labelled Group A and Group B (Figure
12). The application of PCA relies on the basic assumption that dinocysts co-ocurring in
the samples lived in similar environments. Therefore, statistical parameters evaluate how
strong a given co-occurrence is. This approach allowed us to test previous empirically
established palaeoecological affinities. Our main goal was to identify which ecological

parameter better controls the arrangements of our dinocyst assemblages.
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Figure 12. Scatter plot of genera ordination from principal component analysis (PCA). See text and Table
4 for literature references and methodological explanation.

A clear conclusion resulting from the distribution of species with previously assigned

affinities is that sea-surface temperature is the dominant palaeoenvironmental control
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being resolved in this analysis. We assumed that taxa with “unknown preference” lived
with the same ecological preferences of the corresponding group. To synthesize a
Warm/Cold Water Dinocyst Taxa Ratio (W/C ratio), we used relative abundances of
Group B and Group A through time (Figure 13). This indicator of nearshore surface-water
temperature presents a decreasing trend from the base of the record to ~36.7 Ma, when it
recovers to higher values between ~36.4 and 34.7 Ma. The W/C ratio then drops abruptly,
persisting in nearly zero values for ~500 ka (Figure 13).

In addition to PCA-based palaeoenvironmental assessment, we also verified the
Peridinioid:Gonyaulacoid (P/G) ratio as well as three selected dinocyst taxa individually,
namely Hemiplacophora semilunifera, Svalbardella spp., and Thalassiphora spp. Our
P/G ratio shows two significant changes in its pre-EOT record: (1) a first sudden increase
at ~36.0 Ma coinciding with a downward shift in Shannon diversity curve, and a
significant drop in species richness of the dinocysts; and (2) a ~300 ka interval of highest
values starting from ~34.4 Ma (Figure 13). Morevoer, increases in the P/G ratio tend to
be coeval with falls in both the Shannon diversity curve and species richness of dinocysts
(Figure 13). The range chart of H. semilunifera indicated that the species was relatively
abundant between ~35.9 and 34.9 Ma, when it suddenly decreased towards the complete
extinction, ~35.5 Ma (Figure 13). Higher abundances of H. semilunifera seem to be
closely related to an interval of extremely low abundance of the dinocyst genus
Thalassiphora spp. It is also noteworthy two ~2% peaks of arctic dinocyst Svalbardella
spp. between ~34.7 and 34.5 Ma, the first of which seems coeval with a major peak in
Thalassiphora spp. relative abundance (Figure 13).

Coccolithophores dwell and secrete coccolith plates within the photic zone (Okada and

Honjo, 1973). Therefore, the chemical compositions of coccoliths record signals in the
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shallow mixed layer (Dudley et al., 1980, 1986; Goodney et al., 1980). This is in
agreement with comparative studies, which have demonstrated that nannofossil 320
values vary in parallel to those of planktic (Ennyu et al., 2002) and even benthic
foraminifers (Bohaty and Zachos, 2003). Our §'80 record show three major trends (Figure
13): (1) positive between ~37.6 and 36.2; (2) relatively stable between ~36.2 and 34.9
Ma; and (3) positive from ~34.9 Ma. In the §'3C data, on the other hand, a single,
conspicuous shift between ~36.4 and 36.2 Ma marks the change from a positive to a long-
term negative trend (Figure 13). This event is coeval with an abrupt drop in the percentage
of holococcoliths, from as much as 6-10% to <2%, suggesting increased productivity
(Figure 13). Biogeographic distributions of calcareous nannofossils were inferred from
the Isthmolithus ratio, which consists of the relative abundance of all Isthmolithus species
divided by the sum of relative abundances of all Isthmolithus species, Reticulofenestra
isabellae, Reticulofenestra reticulate, and holococcoliths (Villa et al., 2008). The records
from MGC show a clear stepwise increase in this indicator across the late Eocene. We
observed abrupt “jumps” at ~35.6 Ma, and ~34.9 Ma (Figure 13). This shift in nannofossil
assemblages would be interpreted as from warm, sub-tropical oligotrophic forms, to more
mid-latitude assemblages (Villa et al., 2008).

Following from a proximal-distal ecological preference of studied microfossil groups,
our approach of coccolith-based records always refer to an oceanic signal, whereas
dinocyst-based records are interpreted as inner-shelf indicators. Therefore, we assume

here that convergent records are unequivocal evidence of sea-surface signal.
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Figure 13. Geochemical and micrpalaeontological records of the MGC (Part 3). Age assignements of
important late Eocene impact structures are provided. These are discussed in detail in the next section. A:
High-resolution §'80 record, accompanied by a specific interval of increased scale to highlight major
trends; relative abundance of selected dinocyst species (Hemiplacophora semilunifera and Svalbardella
partimtabulata) and genus (Thalassiphora spp.); dinocyst-based warm/cold sea-surface water ratio; and
calcareous nannofossil-based Isthmolithus ratio. B: High-resolution §'3C record, peridinioid:gonyaulacoid
ratio, percentage of Holococcoliths and a set of Shannon-Weaver diversity indices for calcareous
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nannofossils and dinocysts (H — Shannon diversity index, and In(S) — natural logarithm of species richness).
Legend of late Eocene impact structures: MGC — Mossy Grove Core, CHB — Chesapeake Bay, PPG —
Popigai, TMC — Toms Canyon, a — Rymer (2019), b — Koeberl et al. (1996), ¢ — Liu et al. (2009), d — Poag
et al. (2002), e — Pusz et al. (2009), f — Poag et al. (2012), Bottomley et al. (1997).

6.4. Discussion

6.4.1. Implications for the North Atlantic circulation patterns

To assess significant palaeoceanographic changes though time, we analysed both
geochemical and micropalaeontological proxies. We then established three main pre-EOT
palaeoceanographic regimes (Figure 14), defined here as Regime 1 (R1: ~37.6-36.2 Ma),
Regime 2 (R2: ~36.2-34.9 Ma), and Regime 3 (R3: ~34.9-34.1 Ma), the last of which

overlaps the EOT-1.
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Figure 14. Late Eocene to early Oligocene geochemical and micropalaeontological records from the MGC
compared to Northern and Southern Hemisphere multiproxy records. Three distinct palaesoceanographic
regimes (R1, R2, R3) are shown, along with age assignments of late Eocene impact structures, potential
impact-induced cooling, and proposed enhanced AMOC interval (Elsworth et al., 2017). A: Sea-surface
and deep-water temperature proxies — Site 748 (Villa et al., 2008), Site 511 (Liu et al., 2009b), MGC (this
study), Equatorial Pacific — North Atlantic (Elsworth et al., 2017), Midwestern USA (Zanazzi et al., 2007),
Site 647 (Coxall et al., 2018). B: Productivity and diversity proxies — MGC (this study), Site 748 (Villa et
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al., 2008), Site 1090 (Scher and Martin, 2006), peridinioid:gonyaulacoid ratio (this study), percentage of
holococcoliths (this study), and Shannon-Weaver Diversity Index (this study). Legend of late Eocene
impact structures: MGC — Mossy Grove Core, CHB — Chesapeake Bay, PPG — Popigai, TMC — Toms
Canyon, a — Rymer (2019), b — Koeberl et al. (1996), ¢ — Liu et al. (2009), d — Poag et al. (2002), e — Pusz
et al. (2009), f— Poag et al. (2012), Bottomley et al. (1997).

Regime 1 (R1; ~37.6-36.2 Ma): Reconfiguration of oceanic gateways?

The first regime in our record is characterised by colder surface waters, evidenced by
a~0.5%o increase in 5180 values (Figure 14). This is in accordance with a decreasing W/C
ratio, Thalassiphora-enriched dinocyst assemblages and scarce occurrences of H.
semilunifera (Figure 14). Thalassiphora spp. has been associated with cooling of surface
waters in Central Italy (Coccioni et al., 2000; Vonhof et al., 2000), whereas the absence
of low latitude H. semilunifera was reported as a response to major cooling events
(Brinkhuis and Biffi, 1993). The MGC records show consistency with a long-term sea-
surface cooling trend observed at Site 748, Kerguelen Plateau, Indian sector of the
Southern Ocean (Figure 14) (Bohaty and Zachos, 2003; Villa et al., 2008). Benthic 50
records from the high latitude North Atlantic Site 647, in the Southern Labrador Sea
(palaeodepth ~2-3 km), present a relatively stable trend, with values as low as ours (Figure
14) (Coxall et al., 2018).

We believe that R1 represents a stage of significant surface and deep water cooling
with possible buildup of small ice sheets on Antarctica (Bohaty and Zachos, 2003). This
global trend initiated after the Middle Eocene Climatic Optimum (MECO; ~41 Ma), and
cooled ocean temperature by ~6° C in the long-term (Bohaty and Zachos, 2003). Our §'3C
records, on the other hand, follows a positive trend, marked by an overall ~1%o increase
during R1 (Figure 14). This behaviour differs from high latitude records, as 5!3C values

at Sites 647 (Southern Labrador Sea) and 748 (Kerguelen Plateau) show a long-term
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stable trend throughout the same interval (Figure 14) (Bohaty and Zachos, 2003; Coxall
et al., 2018; Villa et al., 2008).

Another remarkable event in this regime is the profound change in the majority of our
indicators towards more R2-like conditions during the last 200 ka of R1 (Figure 14). At
MGLC, this transitional interval comprehends the stabilization of the 5180 increasing trend,
a shift from positive to negative trend in our §3C records, a dramatic decrease in the
percentage of holococcoliths, and a prominent dinocyst assemblage reorganisation, with
rising W/C ratio and coeval Hemiplacophora-enriched dinocyst assemblage (Figure 14).
Our records suggest that the cooling observed in R1 is no longer the thermal condition
dominating North Atlantic surface waters. Substantial changes in circulation patterns in
the Southern Ocean, including a potential surface-water warming linked to a pronounced
and abrupt 1%o negative shift in fine-fraction 83C records from Site 748 (Southern
Ocean) (Bohaty and Zachos, 2003; Villa et al., 2008), could have triggered the alterations
observed at MGC.

One attempt to explain the palaeoceanographic alterations observed in the Southern
Ocean would be the deepening and widening of the Drake Passage (Scher and Martin,
2006). Fish teeth neodymium (Nd) isotope data from Site 1090, on Agulhas Ridge, in the
Atlantic sector of the Southern Ocean, revealed a strong positive trend in Nd isotope ratios
(**3Nd/***Nd: eng) at three different intervals from the middle to late Eocene (Scher and
Martin, 2006). Since water masses are imprinted with the signature of Nd isotope ratios
from their source region, seawater eng values can be used to detect Pacific seawater (end
= -3 to -5) in the Atlantic sector (eng = -10 to -11) of the Southern Ocean and, thereby,
track changes in basin-to-basin water mass exchange. A pronounced eng increase was

observed (Scher and Martin, 2006) starting at ~36.5 Ma, and coincides with high reactive
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phosphorus mass accumulation rate (Pr MAR) at the same age from Site 1090 (Anderson
and Delaney, 2005), a chemical proxy for organic carbon burial. This is furtherly
supported by a pre-EOT onset of the Antarctic Circumpolar Current, including estimates

of ~35.5 Ma for the latest shallow circulation (Barker et al., 2007).

Regime 2 (R2; ~36.2-34.9 Ma): Evidence of a late Eocene AMOC-like system?

The development of a distinct NADW in the late Eocene is marked by a strong negative
813C excursion observed in sites from the North (612, U1411, 647, 1053), Equatorial
(366) and South Atlantic (1090) (Coxall et al., 2018). This excursion is largest at North
Atlantic sites, probably corresponding to the southward export of Arctic-imprinted,
nutrient-rich NADW (Coxall et al., 2018). To test this signal and whether it represents
the contribution of the NADW to the global deep ocean, a proxy consisting of the
difference between the §'80 data from the North Atlantic compilation and that of the deep
Pacific Ocean (ODP Site 1218) has been performed (Elsworth et al., 2017). The declining
5180 gradient between the North Atlantic and deep Pacific between ~35.7 and 33.7 Ma
suggests a stronger contribution of NADW to the global deep sea, consistent with the
presence of a stronger AMOC (Elsworth et al., 2017). As expected, this is coeval with the
negative 8'3C excursion mentioned above (Coxall et al., 2018). A strong AMOC-like
system would trigger an enhanced Gulf Stream redistributing heat from the North
Equatorial current to North Atlantic waters. The modern path of these currents follows a
clockwise trajectory around the North Atlantic gyre, crossing the Gulf of Mexico, where
the Gulf Stream itself arises. Palaeogeographic recontructions of the late Eocene US Gulf
Coastal Plain demonstrate that the Floridian Peninsula (Galloway et al., 2011) was still
an immense but submersed plateau, which could have broadened and invigorated the Gulf

Stream.
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Figure 15. Palaeogeographic reconstruction of the North Atlantic showing oceanic circulation patterns and
expected/inferred temperature trends under two distinct scenarios. Scenario 1: invigorated AMOC regime
and expected sea-surface and continental temperature trends. Scenario 2: Sea-surface and continental
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temperature trends based on multiproxy analysis from multiple sites. Palaeogeography follows Coxall et
al. (2018).

At MGC, Regime 2 comprehends relatively stable 580 values within a long-term
positive trend recorded in R1 and R3. Moreover, we also detected higher W/C ratio,
absence of cold-water dinocyst genus Thalassiphora spp. and coeval Hemiplacophora-
enriched dinocyst assemblages (Figure 14). Our 8*3C record shows a ~1.5 Ma negative
trend, along with higher productivity patterns, as indicated by lower relative abundance
of holococcoliths and higher P/G ratio. The coccolith-fraction 580 and dinocyst-based
palaeoenvironmental records at MGC suggest sea-surface warming in the Gulf Coast
realm. However, this diverges from our Isthmolithus ratio, which indicates a clear sea-
surface cooling at ~35.6 Ma and is more consistent with high-latitude waters. In fact, from
~35.9 Ma surface ocean temperature from the alkenone insaturation index (UX's7) of the
South Atlantic Site 511 (Falklands Plateau) and even benthic 5'80 from the Labrador Sea
(Site 647) show evidence of progressive cooling (Coxall et al., 2018; Elsworth et al.,
2017; Liu et al., 2009b).

The MGC records seem incoherent with an invigorated overturning circulation in the
North Atlantic. However, if we assume that dinocyst-based records are reflecting
continental-to-inner-shelf conditions and coccolith-based records are responding to
changes in ocean waters, we can interprete the cooling as a trend exclusively open marine,
whereas continental and nearshore settings persisted relatively warm. We believe that
Regime 2 represents an interval of open ocean cooling coupled with relatively warm
continental environments. Increasing runoff in coastal areas driven by precipitation may
have affected the 580 records at MGC, lowering its values and, thus, cancelling out with

progressively more positive figures due to sea-surface cooling. This ultimately resulted
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in a long-term stable trend as observed at MGC. The dinocyst-based P/G ratio (Harland,
1973) is an excellent approach for nearshore primary productivity and strong terrigenous
inputs (Brinkhuis et al., 1998; Crouch, 2001; Eshet et al., 1994; Van Mourik et al., 2001;
van Mourik and Brinkhuis, 2000; Reichart and Brinkhuis, 2003). P/G ratio values at MGC
shows a pronounced increase at ~36.0 Ma. Assuming that major sea-level changes did
not happen before the EOT (Zachos et al., 2001), our records suggest that enchaned runoff
may have occurred along with open ocean cooling (Coxall et al., 2018; Elsworth et al.,
2017; Liu et al., 2009b). Our interpretation is in agreement with terrestrial records from
Midwestern United States and northwestern Europe, both of which indicate sustained
continental warmth until the onset of the Oligocene (Hren et al., 2013; Zanazzi et al.,
2007).

Moreover, Regime 2 is marked by a ~1.5 Ma negative trend in our coccoltih-fraction
813C records, a behaviour also observed in fine fraction 6'3C records at Site 748,
Kerguelen Plateau, Southern Ocean (Bohaty and Zachos, 2003; Villa et al., 2008).
Additionally, R2 is characterised by a prominent drop in the relative abundance of
holococcoliths, suggesting a large increase in open ocean primary productivity.
Circulation-induced productivity increase and a coeval switch in our 5!3C records to more
negative values are indicative of increased nutrient — and 3C-depleted DIC — supply to
the sub-tropical and tropical oceans. We believe that the newly created passage between
the Pacific and Atlantic Oceans may have led to the enhancement of the global
thermohaline circulation, increasing the export of nutrients from the Southern Ocean to
the tropical and sub-tropical oceans via sub-thermocline Antarctic mode waters, and
increasing marine primary production in these regions (Anderson and Delaney, 2005;

Scher and Martin, 2006).
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Therefore, our records do not support an AMOC-like system induced by tectonic
adjustments from Northern ou Southern Hemispheres (Coxall et al., 2018; Elsworth et al.,
2017; Hutchinson et al., 2019). Besides, the timing of the proposed long-term AMOC-
driven warming in the North Atlantic (Coxall et al., 2018; Elsworth et al., 2017;
Hutchinson et al., 2019) is not corroborated by our 3-regime-scheme, especially

considering its overlap with the even colder Regime 3.

Regime 3 (R3; ~34.9-34.1 Ma): An early-stage EOT-1 sea-surface cooling?

In Regime 3, our 880 records returned to the long-term positive trend, which marked
R1. Since our nearshore productivity indicator — the dinocyst-based P/G ratio — indicates
sustained continental runoff, we assume that further cooling induced positive §'80 to
surpass continental-derived negative 5'80 values. This is supported by our nearshore and
open ocean temperature indicators. Our W/C ratio declined gradually between ~34.9 and
34.6 Ma, until they fell almost completely between ~34.6 and 34.1 Ma, suggesting that
dinocyst-assemblages were dominated by cold-water dwellers during this ~500 ka
interval. A remarkable ~200-300 ka offset between decrasing coccolith-fraction §80
record and nearly zero values in W/C ratio demonstrate that the sensitivity of this biotic
proxy depends on the temperature tolerances and optima of the dinocyst assemblage used,
and as such it may respond nonlinearly to environmental drivers, such as changing
temperature. Therefore, we believe that sea-surface cooling started at ~34.9 Ma, as
suggested by the 5'80 curve, and only at ~34.6 Ma the temperature was low enough to
trigger an ecological exclusion of Group B, reducing the W/C ratio towards zero values.
This is clearly marked by the extinction of low latitude H. semilunifera at ~34.6 Ma, a

dinocyst taxon likely associated with warm waters (Brinkhuis and Biffi, 1993).
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Initial cooling in the Regime 3 (between ~34.9 and 34.6 Ma) is further supported by
the analysis of individual dinocyst taxa. A sharp decline in low latitude H. semilunifera
relative abundance and a prominent peak in the relative abundance of cold-water
Thalassiphora spp., both of which represent cooling of surface waters (Brinkhuis and
Biffi, 1993; Coccioni et al., 2000; Vonhof et al., 2000). Moreover, the ~2% peaks of high
latitude dinocyst genus Svalbardella spp. is an additional evidence that Regime 3 is
conspicuously marked by colder surface waters. This genus has been reported from high
latitudes, such as the North Sea (Sliwinska and Heilmann-Clausen, 2011), Norwegian-
Greenland Sea (Manum et al., 1989; van Simaeys et al., 2005; Sliwiaska and Heilmann-
Clausen, 2011), Labrador Sea (Head and Norris, 1989) and off western Tasmania
(Brinkhuis et al., 2003a) and its appearance at tropical/subtropical realms might seem
unlikely. However, some authors argue that the taxon could have migrated from the Arctic
towards much lower latitudes in the Northern Hemisphere during strong cooling events
(van Simaeys et al., 2005; Sliwinska and Heilmann-Clausen, 2011). Furthermore,
transequatorial migration has also been proposed to explain isolated occurrences of
Svalbardella spp. in Southern Hemisphere high latitudes (Brinkhuis et al., 2003a; van
Simaeys et al., 2005). Based on modern paths of Greenland and Labrador Currents, it is
not unlikely that their invigoration would have allowed migration of this taxon down the
east coast of North America during cool phases. In fact, this migration event could be
explained by increased late Eocene seasonality (Eldrett et al., 2009; Ivany et al., 2000;
Wade et al., 2012). Modern Labrador Current shows seasonal and spatial variability,
becoming strong in the autumn/winter and weak in the spring/summer (Han et al., 2008).
Additionally, a second step-like increase in Isthmolithus ratio suggests that open ocean

cooling not only maintened, but also intensified. This is consistent with sustained cooling
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of surface waters observed either at high and low-latitude sites from both hemispheres
(Coxall et al., 2018; Liu et al., 2009b; Wade et al., 2012). The first positive step in benthic
5180 records is widely thought to be mainly driven by significant global cooling from
~34.1 Ma (Houben et al., 2018; Katz et al., 2008; Miller et al., 2008; Wade et al., 2012),
with limited ice-sheet growth (Katz et al., 2008; Lear et al., 2008). Based on multiple
lines of evidence, we demonstrated in previous chapter that MGC recorded profound
early-stage sea-level fall likely associated with large-scale ice-sheet growth on East
Antarctica (Miller et al., 2008; Passchier et al., 2017). Our records ultimately indicate that
Regime 3 is characterised by cooling either in continental and nearshore settings and in

open marine environments.

6.4.2. Implications for extraterrestrial impacts

The discovery of various, globally distributed impact ejecta deposits in upper Eocene
sediments has raised intense speculation that the impact of extraterrestrial bodies could
have triggered or enhanced global cooling and biotic turnover in the lead up to the EOT
(Coccioni et al., 2009; Keller, 1986; Pusz et al., 2009; Vonhof et al., 2000). At MGC,
recently discovered microspherule layers have been dated at ~35.67 and ~35.54 Ma
(Rymer, 2019; Westerhold et al., 2014), which is perfectly consistent with multiple dating
methods that provided well constrained age assignments for major late Eocene impact
structures (Bottomley et al., 1997; Koeberl et al., 1996; Liu et al., 2009a; Poag, 2012;
Poag et al., 2002; Pusz et al., 2009) (Error! Reference source not found.). These are so
closely dated, that some authors argue for an asteroid or comet shower (Farley et al.,
1998; Hut et al., 1987; Tagle and Claeys, 2004). According to our Isthmolithus ratio, an

abrupt step-like increase is directly correlated with the microspherule layers found at
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MGC (Rymer, 2019), suggesting that open ocean cooling would have followed the impact
events.

Although some authors argue for a greenhouse-like warming as the longer-term
consequence of bolide impacts (e.g. Kawaragi et al., 2009; MacLeod et al., 2018), it has
been increasingly accepted that short-to-long-term cooling events may have been induced
by extraterrestrial impacts through a sulfate-aerosol-driven climate forcing (Artemieva
and Morgan, 2017). Impact events can inject large amounts of sulfur into the stratosphere,
ultimately affecting the radiation budget of the Earth (Kring et al., 1996). Evidence of
post-impact millennial-scale cooling have been detected in the Cretaceous-Paleogene (K-
Pg) boundary (Brinkhuis et al., 1998; Galeotti et al., 2004), associated to the Chicxulub
impact structure. The K-Pg and the late Eocene Popigai impact events may have injected
similar amounts of sulfur into the atmosphere (Kring et al., 1996), which could explain
late Eocene post-impact evidence of cooling and reorganisation of water structure

(Coccioni et al., 2000; Keller, 1986; VVonhof et al., 2000).

6.4.3. Concluding remarks

Our records from the Gulf Coastal Plain show that, during Regime 1 (~37.6-36.2 Ma),
the long-term cooling trend initiated after the Middle Eocene Climatic Optimum (~41
Ma) (Bohaty and Zachos, 2003) affected surface-water temperatures at a global scale, as
demonstrated by consistent evidences from the Gulf of Mexico and the Indian sector of
the Southern Ocean. These palaeoceanographic patterns were interrupted by a transitional
interval that shifted our records into a more Regime 2-like conditions, potentially linked
to a major stage in the deepening and widening process of the Drake Passage (Scher and
Martin, 2006). This may have initiated oceanic flow through shallow depths. It is notable

that the transitional phase at MGC (~36.4-36.2 Ma) coincides with a profound shift to
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more positive 3*2C values in bulk (surface-ocean) carbonates from the Southern Ocean
(Figure 14) (Bohaty and Zachos, 2003; Villa et al., 2008). These are strongly indicative
of increased nutrient export from the surface ocean of this region.

We did not find strong evidences to support an AMOC-like system induced by tectonic
adjustments, either from Northern ou Southern Hemisphere high-latitude gateways
(Coxall et al., 2018; Elsworth et al., 2017; Hutchinson et al., 2019). Instead, our data
revealed a strong continent-ocean thermal gradient during the late Eocene. Whereas the
open ocean seetings cooled along with Northern and Southern Hemisphere high-latitudes
(Coxall et al., 2018; Elsworth et al., 2017; Liu et al., 2009b), the continental interior of
North America and Europe sustained warm temperatures (Hren et al., 2013; Zanazzi et
al., 2007). Previous experiments in model simulations already concluded that the opening
of the Drake Passage to shallow depths do not induce NADW formation (Sijp and
England, 2004). Moreover, contourite-drift-based evidence suggest that the onset of
northern-sourced, strongly circulating bottom water occurred in the Oligocene (Boyle et
al., 2017). Some mechanisms discussed above need better age constrains, including the
timing of complete deepeding and widening of Atlantic gateways and precise duration of
the proposed long-term AMOC-driven warming (Coxall et al., 2018; Elsworth et al.,
2017; Hutchinson et al., 2019).

We advocate that the newly created passage between the Pacific and Atlantic Oceans
may have led to the enhancement of the global thermohaline circulation, increasing the
export of nutrients from the Southern Ocean to the tropical and sub-tropical oceans via
sub-thermocline Antarctic mode waters, and increasing marine primary production in
these regions (Anderson and Delaney, 2005; Scher and Martin, 2006). The proposed

circulation-induced productivity increase is coeval with the switch in our 5!3C records to
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more negative values, again indicative of increased nutrient — and *3C-depleted DIC —
supply to the sub-tropical and tropical oceans. This long-term process may have led to
increased sequestration of atmospheric CO- through an enhanced biological pump, an
important link between short- and long-term carbon cycle. This mechanism, rather than
enhanced weathering and CO- drawdown driven by invigorated overturning circulation,
may have been a major factor in lowering atmospheric CO> during the late Eocene.

It is also possible that extraterrestrial impacts may have induced sulfate-aerosol-driven
climate forcing (Artemieva and Morgan, 2017). This could have been the case of late
Eocene impact events, which probably affected the radiation budget of the Earth (Kring
et al., 1996), triggering post-impact millennial-scale cooling and reorganisation of water
structure (Coccioni et al., 2000; Keller, 1986; VVonhof et al., 2000). We argue that the
larger late Eocene impact structures found in North America and Russia (Bottomley et
al., 1997; Koeberl et al., 1996; Liu et al., 2009a; Poag, 2012; Poag et al., 2002; Pusz et
al., 2009) could have played an important role in ocean cooling, as recorded by coupled
Isthmolithus ratio and microspherule layers found at MGC (Rymer, 2019). The short-term
impact-induced cooling may have triggered positive feedback mechanisms such as
vegetation-albedo and permafrost, that intensified and/or sustained the sea-surface
cooling observed either in higher and lower latitudes from both hemispheres (Coxall et
al., 2018; Liu et al., 2009b; Wade et al., 2012).

Large-scale cooling-driven changes in the distribution of vegetation in high latitudes
(e.g. boreal forests replaced by tundra) increases the albedo of Arctic regions, and the
reflectance of solar radiation. Permafrost deposits and other organic carbon and methane
hydrate reservoirs could store growing amounts of greenhouse gases during cooling

periods, particularly in high latitudes. We believe that such mechanisms (extraterrestrial
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impacts and positive feedback loops) may have intensified the cooling initiated by
enhanced biological pump activity. Moreover, our newly-generated geochemical and
micropalaeontological records from MGC suggest that substantial sea-surface cooling
preceeded sea-level fall by ~80 ka. This multiproxy evidence of enhanced cooling in
surface waters agrees with multiple sites worldwide that long-term sea-surface cooling
marked the late Eocene prior to the first large-scale ice-sheet expansion on Antarctica
(Coxall et al., 2018; Liu et al., 2009b; Wade et al., 2012), which strongly supports
atmospheric cooling and, therefore, the hypothesis that declining greenhouse gas
concentration played the major role in preconditioning the Earth for the Eocene-

Oligocene Transition.
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CHAPTER 7: CONCLUSION

Anthropogenic carbon emissions to the atmosphere continuously grows and, unless
they do not change in a dramatic way, by the end of this century CO, concentrations will
rise to values between ~790 and 1,150 ppmv, i.e., ~2.8 to 4.1 times pre-industrial levels.
The last time this happened was ~34 Ma ago, in the late Eocene, when atmospheric CO>
concentration crossed a ~750 ppmv threshold, below which the first Cenozoic East
Antarctic continental-scale ice sheets formed in the Cenozoic. A warmer ice-free
Cretaceous and early Paleogene Earth underwent the typical colder climate state that
prevails since the Oligocene. Although this shift has been widely studied by a multitude
of sedimentological, micropalaeontological, and geochemical records, the driving
mechanisms that led to this dramatic climate event remains controversial. Understanding
and predicting the behaviour of the East Antarctic Ice Sheet around these thresholds of
climate forcing, and its role in the wider Earth System, should provide strong cautionary
evidence to support the mitigation of 215 century anthropogenic climate change.

To reconstruct the evolutionary history of tropical/subtropical realms in the late
Eocene-early Oligocene, we applied coccolith-fraction (<20 pm) carbonate stable oxygen
(8*0) and carbon (5'3C) isotopes (~6 ka resolution), palynological and calcareous
nannofossil assemblages (~26 ka resolution), and bulk sediment X-ray fluorescence data
(<10 ka resolution). Along with a new and more robust age-depth model, these data
yielded new high-resolution multiproxy record from a continuously cored (~137 m) and
substantially expanded (~4.7 cm ka*) succession spanning ~5 Ma of upper Eocene-early
Oligocene mid-shelf marine clays from the the Mossy Grove Core (MGC), central

Mississippi, US Gulf Coastal Plain.

117



Our records suggest that surface-water temperatures from the Gulf Coastal Plain were
probably affected by the long-term cooling trend initiated after the Middle Eocene
Climatic Optimum (~41 Ma). These palaeoceanographic patterns were interrupted by a
transitional interval potentially linked to a major stage in the deepening and widening
process of the Drake Passage. This may have initiated oceanic flow through shallow
depths, shifting 6*3C records either from MGC and the Southern Ocean in bulk (surface-
ocean) carbonates. We did not find strong evidences to support an AMOC-like system
induced by tectonic adjustments, either from Northern ou Southern Hemisphere high-
latitude gateways. Instead, our data suggest a strong continent-ocean thermal gradient
during the late Eocene. We advocate that the newly created passage between the Pacific
and Atlantic Oceans may have led to the enhancement of the global thermohaline
circulation, increasing the export of nutrients from the Southern Ocean to the tropical and
sub-tropical oceans via sub-thermocline Antarctic mode waters, and increasing marine
primary production in these regions. This long-term process may have led to increased
sequestration of atmospheric CO. through an enhanced biological pump, an important
link between short- and long-term carbon cycle. This mechanism, rather than enhanced
weathering and CO; drawdown driven by invigorated overturning circulation, may have
been a major factor in lowering atmospheric CO- during the late Eocene.

We also found evidence that extraterrestrial impacts recorded in the larger late Eocene
impact structures found in North America and Russia may have played an important role
in ocean cooling, by inducing sulfate-aerosol-driven climate forcing that affected the
radiation budget of the Earth, and triggering post-impact millennial-scale cooling and
reorganisation of water structure. This short-term impact-induced cooling may have

triggered positive feedback mechanisms such as vegetation-albedo and permafrost, that

118



intensified and/or sustained the sea-surface cooling initiated by an enhanced biological
pump activity. Moreover, our newly-generated geochemical and micropalaeontological
records from MGC support the hypothesis that declining greenhouse gas concentration
played the major role in preconditioning the Earth for the Eocene-Oligocene Transition.

Our new records from the MGC further revealed rapid environmental change at ~34.5
Ma within the shelf environments of the Mississippi Embayment. The rates (<100 ka) and
magnitude of change at this time are too large to be controlled by regional tectonics,
especially on a long-term stable passive continental margin. We contend that these
records represent some significant component of global eustatic sea-level fall at the very
start of the EOT. This challenges the view that the dynamics of the EOT are dominated
by global cooling during the earliest stages, which then precondition the system to
continental-scale ice-sheet expansion in the later stages. Furthermore, the progressive
shift towards more positive 580 values into the Oligocene recorded at MGC clearly
suggests that ice growth persisted through time, revealing a permanent ice-sheet
inception. As well as defining a rapid start to the EOT controlled by ice sheet dynamics,
the evidence for significant (~40-45 m) sea-level fall and substantial increases in the
erosion flux of terrestrial organic matter into continental margin successions, implicates
changing shelf-to-ocean carbon, carbonate and nutrient partitioning and fluxes as key
drivers of previously observed carbon cycle perturbations, oceanic plankton extinctions,
and phytoplankton community restructuring at the onset of the EOT. We propose that the
earliest stages of the major EOT eustatic sea-level fall had a disproportionate effect on
global biogeochemistry, by causing the first major incision of organic- and nutrient-rich
coastal low lands that had been accreting under warm, high sea-level greenhouse

conditions for tens of millions of years.
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We finally propose as future works: [1] high-resolution record of the continental
palynomorph content to generate a paired continent-ocean palaeoclimatic and
palaeoceanographic record of the late Eocene tropical-subtropical realms; [2] organic
geochemical records of sea-surface temperature estimates (UX's; and TEXsgs), and
dinoflagellate cyst abundance (dinosterol); and [3] extended discussion on the carbon

cycle disturbance driven during the EOT.

120



APPENDICES

Appendix 1 — List of Samples and Methods

The table below presents a summary of all methods applied to each sample used in this
work. It also includes the name (s) of who performed each technique (NS = Dr Nursulfiah
Sulaiman; MM = Marcelo Mota). It is worthy mentioning that the interval 17.1-109.4 m
(2,098 intervals/samples outlined) was analysed for XRF data by Dr Tatsuhiko
Yamaguchi at the core store of the Mississippi Department of Environmental Quality, in

Jackson, Mississippi.

Sample Depth Isotopes XRF Palyn. Nanno.
MG _ m ft NS/MM MM MM NS
55 16.8 55.0 X X
55.5 16.9 55.5
56 17.1 56.0
56.5 17.2 56.5 X
57.5 17.5 57.5 X
58 17.7 58.0
58.5 17.8 58.5 X
59 18.0 59.0 X X
59.5 18.1 59.5 X
60 18.3 60.0
60.5 18.4 60.5
61.5 18.7 61.5
62 18.9 62.0
62.5 19.1 62.5 X
63 19.2 63.0 X X
63.5 19.4 63.5 X
64 19.5 64.0
64.5 19.7 64.5 X
65.5 20.0 65.5 X
66 20.1 66.0
66.5 20.3 66.5 X
67 20.4 67.0 X X
67.5 20.6 67.5 X
68 20.7 68.0
68.5 20.9 68.5 X
69.5 21.2 69.5 X
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70
70.5
71
715
72
72.5
73.5
74
745
75
75.5
76
76.5
77.5
78
78.5
79
79.5
80
80.5
81.5
82
82.5
83
83.5
84
84.5
85.5
86
86.5
87
87.5
88
88.5
89.5
90
90.5
91
91.5
92
92.5
93.5
94
94.5

21.3
21.5
21.6
21.8
21.9
22.1
22.4
22.6
22.7
22.9
23.0
23.2
23.3
23.6
23.8
23.9
24.1
24.2
24.4
24.5
24.8
25.0
25.1
25.3
25.5
25.6
25.8
26.1
26.2
26.4
26.5
26.7
26.8
27.0
27.3
27.4
27.6
27.7
27.9
28.0
28.2
28.5
28.7
28.8

70.0
70.5
71.0
715
72.0
72.5
73.5
74.0
74.5
75.0
75.5
76.0
76.5
77.5
78.0
78.5
79.0
79.5
80.0
80.5
81.5
82.0
82.5
83.0
83.5
84.0
84.5
85.5
86.0
86.5
87.0
87.5
88.0
88.5
89.5
90.0
90.5
91.0
91.5
92.0
92.5
93.5
94.0
94.5

X

X
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95
95.5
96
96.5
97.5
98
98.5
99
99.5
100
100.5
101.5
102
102.5
103
103.5
104
104.5
105.5
106
106.5
107
107.5
108
108.5
109.4
109.5
110
110.5
111
1115
112
1125
1135
114
1145
115
1155
116
116.5
1175
118
118.5
119

29.0
29.1
29.3
29.4
29.7
29.9
30.0
30.2
30.3
30.5
30.6
30.9
31.1
31.2
31.4
315
31.7
31.9
32.2
32.3
32.5
32.6
32.8
32.9
331
33.3
33.4
33.5
33.7
33.8
34.0
34.1
34.3
34.6
34.7
34.9
35.1
35.2
35.4
35.5
35.8
36.0
36.1
36.3

95.0
95.5
96.0
96.5
97.5
98.0
98.5
99.0
99.5
100.0
100.5
1015
102.0
102.5
103.0
103.5
104.0
104.5
105.5
106.0
106.5
107.0
107.5
108.0
108.5
109.4
109.5
110.0
110.5
111.0
1115
112.0
1125
1135
114.0
1145
115.0
1155
116.0
116.5
1175
118.0
118.5
119.0

X

X

X

X
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119.5
120
120.5
1215
122
122.5
123
1235
124
124.5
125.5
126
126.5
127
1275
128
128.5
129.5
130
130.5
131
1315
132
1325
1335
134
134.5
135
1355
136
136.5
1375
138
138.5
139
139.5
140
140.5
1415
142
142.5
143
143.5
144

36.4
36.6
36.7
37.0
37.2
37.3
37.5
37.6
37.8
37.9
38.3
38.4
38.6
38.7
38.9
39.0
39.2
39.5
39.6
39.8
39.9
40.1
40.2
40.4
40.7
40.8
41.0
41.1
41.3
41.5
41.6
41.9
42.1
42.2
42.4
42.5
42.7
42.8
43.1
43.3
43.4
43.6
43.7
43.9

119.5
120.0
120.5
1215
122.0
122.5
123.0
1235
124.0
124.5
125.5
126.0
126.5
127.0
1275
128.0
128.5
129.5
130.0
130.5
131.0
1315
132.0
1325
1335
134.0
134.5
135.0
135.5
136.0
136.5
1375
138.0
138.5
139.0
139.5
140.0
140.5
1415
142.0
142.5
143.0
143.5
144.0

X

X

X
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1445
1455
146
146.5
147
1475
148
148.5
149.5
150
150.5
151
1515
152
152.5
1535
154
1545
155
155.5
156
156.5
1575
158
158.5
159.5
160
160.5
161.5
162
162.5
163
163.5
164
164.5
165.5
166
166.5
167
167.5
168
168.5
169.5
170

44.0
44.3
44.5
447
44.8
45.0
45.1
45.3
45.6
45.7
45.9
46.0
46.2
46.3
46.5
46.8
46.9
47.1
47.2
47.4
47.5
47.7
48.0
48.2
48.3
48.6
48.8
48.9
49.2
49.4
49.5
49.7
49.8
50.0
50.1
50.4
50.6
50.7
50.9
51.1
51.2
51.4
51.7
51.8

1445
1455
146.0
146.5
147.0
1475
148.0
148.5
149.5
150.0
150.5
151.0
1515
152.0
152.5
153.5
154.0
1545
155.0
155.5
156.0
156.5
1575
158.0
158.5
159.5
160.0
160.5
161.5
162.0
162.5
163.0
163.5
164.0
164.5
165.5
166.0
166.5
167.0
167.5
168.0
168.5
169.5
170.0

X

X
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170.5
171
1715
172
172.5
1735
174
1745
175
1755
176
176.5
1775
178
178.5
179
179.5
180
180.5
1815
182
182.5
183
183.5
184
184.5
185.5
186
186.5
187
187.5
188
188.5
189.5
190
190.5
1915
192
192.5
193.5
194
194.5
195
195.5

52.0
52.1
52.3
52.4
52.6
52.9
53.0
53.2
53.3
53.5
53.6
53.8
54.1
54.3
54.4
54.6
54.7
54.9
55.0
55.3
55.5
55.6
55.8
55.9
56.1
56.2
56.5
56.7
56.8
57.0
57.2
57.3
57.5
57.8
57.9
58.1
58.4
58.5
58.7
59.0
59.1
59.3
59.4
59.6

170.5
171.0
1715
172.0
172.5
1735
174.0
1745
175.0
1755
176.0
176.5
1775
178.0
178.5
179.0
179.5
180.0
180.5
1815
182.0
182.5
183.0
183.5
184.0
184.5
185.5
186.0
186.5
187.0
187.5
188.0
188.5
189.5
190.0
190.5
1915
192.0
192.5
193.5
194.0
194.5
195.0
195.5

X
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196
196.5
1975

198
198.5
199.5

200
200.5
201.5

202
202.5

203
203.5

204
204.5
205.5

206
206.5

207
207.5

208
208.5
209.5

210
210.5

211
2115

212
212.5
2135

214
2145

215
2155

216
216.5
2175

218
218.5

219
219.5

220
220.5
2215

59.7
59.9
60.2
60.4
60.5
60.8
61.0
61.1
61.4
61.6
61.7
61.9
62.0
62.2
62.3
62.6
62.8
62.9
63.1
63.2
63.4
63.6
63.9
64.0
64.2
64.3
64.5
64.6
64.8
65.1
65.2
65.4
65.5
65.7
65.8
66.0
66.3
66.4
66.6
66.8
66.9
67.1
67.2
67.5

196.0
196.5
1975
198.0
198.5
199.5
200.0
200.5
201.5
202.0
202.5
203.0
203.5
204.0
204.5
205.5
206.0
206.5
207.0
207.5
208.0
208.5
209.5
210.0
210.5
211.0
2115
212.0
212.5
2135
214.0
2145
215.0
2155
216.0
216.5
2175
218.0
218.5
219.0
219.5
220.0
220.5
2215

X

X

X
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222
222.5
223
223.5
224
224.5
225.5
226
226.5
227
2275
228
228.5
229.5
230
230.5
231
2315
232
232.5
2335
234
2345
235
235.5
236
236.5
2375
238
238.5
239
239.5
240
240.5
2415
242
242.5
243
243.5
244
2445
2455
246
246.5

67.7
67.8
68.0
68.1
68.3
68.4
68.7
68.9
69.0
69.2
69.3
69.5
69.6
70.0
70.1
70.3
70.4
70.6
70.7
70.9
71.2
71.3
715
71.6
71.8
71.9
72.1
72.4
72.5
72.7
72.8
73.0
73.2
73.3
73.6
73.8
73.9
74.1
74.2
74.4
74.5
74.8
75.0
75.1

222.0
222.5
223.0
223.5
224.0
224.5
225.5
226.0
226.5
227.0
2275
228.0
228.5
229.5
230.0
230.5
231.0
2315
232.0
232.5
2335
234.0
2345
235.0
235.5
236.0
236.5
2375
238.0
238.5
239.0
239.5
240.0
240.5
2415
242.0
242.5
243.0
243.5
244.0
2445
2455
246.0
246.5

X

X

X
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247
2475
248
248.5
249.5
250
250.5
251
2515
252
252.5
253.5
254
254.5
255
255.5
256
256.5
257.5
258
258.5
259
259.5
260
260.5
261.5
262
262.5
263
263.5
264
264.5
265.5
266
266.5
267
267.5
268
268.5
269.5
270
270.5
271
2715

75.3
75.4
75.6
75.7
76.0
76.2
76.4
76.5
76.7
76.8
77.0
77.3
77.4
77.6
77.7
77.9
78.0
78.2
78.5
78.6
78.8
78.9
79.1
79.2
79.4
79.7
79.9
80.0
80.2
80.3
80.5
80.6
80.9
81.1
81.2
81.4
81.5
81.7
81.8
82.1
82.3
82.4
82.6
82.8

247.0
2475
248.0
248.5
249.5
250.0
250.5
251.0
2515
252.0
252.5
253.5
254.0
254.5
255.0
255.5
256.0
256.5
257.5
258.0
258.5
259.0
259.5
260.0
260.5
261.5
262.0
262.5
263.0
263.5
264.0
264.5
265.5
266.0
266.5
267.0
267.5
268.0
268.5
269.5
270.0
270.5
271.0
2715

X

X

X
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272
272.5
273.5

274
274.5

275
275.5

276
276.5
2775

278
278.5

279
279.5

280
280.5
2815

282
282.5

283
283.5

284
284.5
285.5

286
286.5

287
287.5

288
288.5
289.5

290
290.5

291
2915

292
292.5
293.5

294
294.5

295
295.5

296
296.5

82.9
83.1
83.4
83.5
83.7
83.8
84.0
84.1
84.3
84.6
84.7
84.9
85.0
85.2
85.3
85.5
85.8
86.0
86.1
86.3
86.4
86.6
86.7
87.0
87.2
87.3
87.5
87.6
87.8
87.9
88.2
88.4
88.5
88.7
88.8
89.0
89.2
89.5
89.6
89.8
89.9
90.1
90.2
90.4

272.0
272.5
273.5
274.0
274.5
275.0
275.5
276.0
276.5
2775
278.0
278.5
279.0
279.5
280.0
280.5
2815
282.0
282.5
283.0
283.5
284.0
284.5
285.5
286.0
286.5
287.0
287.5
288.0
288.5
289.5
290.0
290.5
291.0
2915
292.0
292.5
293.5
294.0
294.5
295.0
295.5
296.0
296.5

X
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297.5
298
298.5
299
299.5
300
300.5
301.5
302
302.5
303
303.5
304
304.5
305.5
306
306.5
307
307.5
308
308.5
309.5
310
310.5
311
3115
312
3125
3135
314
3145
315
3155
316
316.5
3175
318
3185
319
319.5
320
320.5
3215
322

90.7
90.8
91.0
91.1
91.3
91.4
91.6
91.9
92.0
92.2
92.4
92.5
92.7
92.8
93.1
93.3
93.4
93.6
93.7
93.9
94.0
94.3
94.5
94.6
94.8
94.9
95.1
95.3
95.6
95.7
95.9
96.0
96.2
96.3
96.5
96.8
96.9
97.1
97.2
97.4
97.5
97.7
98.0
98.1

297.5
298.0
298.5
299.0
299.5
300.0
300.5
301.5
302.0
302.5
303.0
303.5
304.0
304.5
305.5
306.0
306.5
307.0
307.5
308.0
308.5
309.5
310.0
310.5
311.0
3115
312.0
3125
3135
314.0
3145
315.0
3155
316.0
316.5
317.5
318.0
3185
319.0
319.5
320.0
320.5
3215
322.0

X

X

X
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3225
323
3235
324
3245
3255
326
326.5
327
3275
328
3285
329.5
330
330.5
331
3315
332
3325
3335
334
3345
335
3355
336
336.5
3375
338
3385
339
339.5
340
340.5
3415
342
3425
343
3435
344
3445
3455
346
346.5
347

98.3

98.5

98.6

98.8

98.9

99.2

99.4

99.5

99.7

99.8

100.0
100.1
100.4
100.6
100.7
100.9
101.0
101.2
101.3
101.7
101.8
102.0
102.1
102.3
102.4
102.6
102.9
103.0
103.2
103.3
103.5
103.6
103.8
104.1
104.2
104.4
104.5
104.7
104.9
105.0
105.3
105.5
105.6
105.8

3225
323.0
3235
324.0
3245
3255
326.0
326.5
327.0
3275
328.0
3285
329.5
330.0
330.5
331.0
3315
332.0
3325
3335
334.0
3345
335.0
3355
336.0
336.5
3375
338.0
3385
339.0
339.5
340.0
340.5
3415
342.0
3425
343.0
3435
344.0
3445
3455
346.0
346.5
347.0

X

X

X
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3475
348
348.5
349.5
350
350.5
351
351.5
352
352.5
3535
354
354.5
355
355.5
356
356.5
357.5
358
358.5
359
359.5
360
360.5
361.5
362
362.5
363
363.5
364
364.5
365.5
366
366.5
367
367.5
368
368.5
369.5
370
370.5
371
3715
372

105.9
106.1
106.2
106.5
106.7
106.8
107.0
107.1
107.3
107.4
107.7
107.9
108.1
108.2
108.4
108.5
108.7
109.0
109.1
109.3
109.4
109.6
109.7
109.9
110.2
110.3
110.5
110.6
110.8
110.9
1111
1114
111.6
111.7
111.9
112.0
112.2
112.3
112.6
112.8
112.9
113.1
113.2
113.4

3475
348.0
348.5
349.5
350.0
350.5
351.0
351.5
352.0
352.5
3535
354.0
3545
355.0
355.5
356.0
356.5
357.5
358.0
358.5
359.0
359.5
360.0
360.5
361.5
362.0
362.5
363.0
363.5
364.0
364.5
365.5
366.0
366.5
367.0
367.5
368.0
368.5
369.5
370.0
370.5
371.0
3715
372.0

X

X

X
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3725
3735
374
3745
375
375.5
376
376.5
3775
378
3785
379
379.5
380
380.5
381.5
382
382.5
383
383.5
384
384.5
385.5
386
386.5
387
387.5
388
388.5
389.5
390
390.5
391
391.5
392
392.5
3935
394
3945
395
395.5
396
396.5
397.5

1135
113.8
114.0
1141
114.3
1145
114.6
114.8
1151
115.2
1154
1155
115.7
115.8
116.0
116.3
116.4
116.6
116.7
116.9
117.0
117.2
1175
117.7
117.8
118.0
118.1
118.3
118.4
118.7
118.9
119.0
119.2
119.3
119.5
119.6
119.9
120.1
120.2
120.4
120.5
120.7
120.9
121.2

3725
3735
374.0
3745
375.0
3755
376.0
376.5
3775
378.0
3785
379.0
379.5
380.0
380.5
381.5
382.0
382.5
383.0
383.5
384.0
384.5
385.5
386.0
386.5
387.0
387.5
388.0
388.5
389.5
390.0
390.5
391.0
391.5
392.0
392.5
3935
394.0
3945
395.0
395.5
396.0
396.5
397.5

X

X

X

X
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398
398.5
399
3995
400
400.5
401
402
402.5
403
403.5
404
404.5
405
405.5
406
406.5
407
407.5
408
408.5
409
409.5
410
410.5
411
4115
412
4125
413
4135
414
414.5
415
415.5
416
416.5
416.5
417
417.5
418
4185
419
4195

121.3
1215
121.6
121.8
121.9
1221
122.2
1225
122.7
122.8
123.0
123.1
123.3
123.4
123.6
123.7
123.9
124.1
124.2
124.4
1245
124.7
124.8
125.0
125.1
125.3
1254
125.6
125.7
125.9
126.0
126.2
126.3
126.5
126.6
126.8
126.9
126.9
127.1
127.3
127.4
127.6
127.7
127.9

398.0
398.5
399.0
3995
400.0
400.5
401.0
402.0
402.5
403.0
403.5
404.0
404.5
405.0
405.5
406.0
406.5
407.0
407.5
408.0
408.5
409.0
409.5
410.0
410.5
411.0
4115
412.0
4125
413.0
4135
414.0
414.5
415.0
415.5
416.0
416.5
416.5
417.0
417.5
418.0
4185
419.0
4195

X

X X X

X X X X X X X

X

X

X

X X X X X X X

X X X X X X

X
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420
420.5
421
4215
422
4225
423
4235
424
4245
425
4255
426
426.5
427
4275
428
428.5
429
4295
430
430.5
431
4315
432
4325
433
4335
434
4345
435
4355
436
436.5
437
4375
438
438.5
439
439.5
440
440.5
441
4415

128.0
128.2
128.3
1285
128.6
128.8
128.9
129.1
129.2
129.4
1295
129.7
129.8
130.0
130.1
130.3
1305
130.6
130.8
130.9
1311
131.2
1314
1315
131.7
131.8
132.0
132.1
132.3
1324
132.6
132.7
132.9
133.0
133.2
1334
1335
133.7
133.8
134.0
134.1
134.3
134.4
134.6

420.0
420.5
421.0
4215
422.0
4225
423.0
4235
424.0
4245
425.0
4255
426.0
426.5
427.0
4275
428.0
428.5
429.0
4295
430.0
430.5
431.0
4315
432.0
4325
433.0
4335
434.0
4345
435.0
4355
436.0
436.5
437.0
4375
438.0
438.5
439.0
439.5
440.0
440.5
441.0
4415

X

X X X X X

X X X X X

X X

X X X X X X

X X
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442
4425
443
4435
444
4445
445
445.5
446
446.5
447
447.5
448
448.5
449
4495
450
450.5
451
4515
452
4525
453
4535
454
454.5
455
455.5
456
456.5
457
457.5
458
458.5
459
459.5
460
460.5
461
461.5
462
462.5
463
463.5

134.7
134.9
135.0
135.2
1353
135.5
135.6
135.8
135.9
136.1
136.2
136.4
136.6
136.7
136.9
137.0
137.2
137.3
1375
137.6
137.8
137.9
138.1
138.2
138.4
138.5
138.7
138.8
139.0
139.1
139.3
139.4
139.6
139.8
139.9
140.1
140.2
140.4
140.5
140.7
140.8
141.0
1411
141.3

4420
4425
443.0
4435
4440
4445
4450
445.5
446.0
446.5
447.0
447.5
448.0
448.5
449.0
4495
450.0
450.5
451.0
4515
452.0
4525
453.0
4535
454.0
454.5
455.0
455.5
456.0
456.5
457.0
457.5
458.0
458.5
459.0
459.5
460.0
460.5
461.0
461.5
462.0
462.5
463.0
463.5

X X X X X X X

X

X X X

X X X X X X

X X

X X X X X X X X X

X

X X
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464
464.5
465
465.5
466
466.5
467
467.5
468
468.5
469
469.5
470
470.5
471
4715
472
4725
473
4735
474
474.5
475
475.5
476
476.5
477
477.5
478
478.5
479
479.5
480
480.5
481
481.5
482
482.5
483
483.5
484
484.5
485
485.5

1414
141.6
141.7
141.9
142.0
142.2
142.3
142.5
142.6
142.8
143.0
143.1
143.3
143.4
143.6
143.7
143.9
144.0
144.2
144.3
1445
144.6
144.8
144.9
1451
145.2
1454
1455
145.7
145.8
146.0
146.2
146.3
146.5
146.6
146.8
146.9
1471
147.2
147.4
1475
147.7
147.8
148.0

464.0
464.5
465.0
465.5
466.0
466.5
467.0
467.5
468.0
468.5
469.0
469.5
470.0
470.5
471.0
4715
472.0
4725
473.0
4735
474.0
474.5
475.0
475.5
476.0
476.5
477.0
477.5
478.0
478.5
479.0
4795
480.0
480.5
481.0
481.5
482.0
482.5
483.0
483.5
484.0
484.5
485.0
485.5

X X X X X X

X

X X

X X X X X

X
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486 148.1 486.0 X

486.5 148.3 486.5 X

487 148.4 487.0 X X X
487.5 148.6 487.5 X

488 148.7 488.0 X X

488.5 148.9 488.5 X

489 149.0 489.0 X

489.5 149.2 489.5 X

490 149.4 490.0 X

490.5 149.5 490.5 X

491 149.7 491.0 X X X X
4915 149.8 4915 X

492 150.0 492.0 X

4925 150.1 4925 X

493 150.3 493.0 X X

4935 150.4 4935 X

494 150.6 494.0 X

4945 150.7 4945 X

495 150.9 495.0 X X X X
496 151.2 496.0 X

496.5 151.3 496.5 X

497 1515 497.0 X

4975 151.6 4975 X

498 151.8 498.0 X

499 152.1 499.0 X X X
519 158.2 519.0 X

Appendix 2 — List of Taxa

Dinocysts dominante the palynological assemblages in the studied material. In total,
we identified 52 genera and 70 species. The nomenclature cited in this work followed
Williams, Fensome and Macrae (2017), where all the bibliographical references
mentioned in this section can be consulted. For convenience, these taxa are listed in

alphabetical.

Achomosphaera alcicornu (Eisenack 1954) Roger Jack Davey and Williams 1966 (Plate

1, fig. 1)
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Achomosphaera ramulifera (Deflandre 1937) Evitt 1963 (Plate 7, fig. 1)
Araneosphaera araneosa Eaton 1976 (Plate 1, fig. 2)

Areoligera sentosa Eaton 1976 (Plate 1, figs. 3, 4)

Areosphaeridium diktyoplokum (Klumpp 1953) Eaton 1971 emend. Stover and Williams
1995 (Plate 1, figs. 5, 6)

Cannosphaeropsis spp. Wetzel 1933 emend. Marheinecke 1992 (Plate 7, fig. 2)
Charlesdowniea coleothrypta (Williams and Downie 1966b) Lentin and VVozzhennikova
1989 (Plate 1, fig. 7)

Chatangiella spp. Vozzhennikova 1967 emend. Marshall 1988 (Plate 7, figs. 3, 4)
Cleistosphaeridium ancyreum (Cookson and Eisenack 1965) Eaton et al. 2001 (Plate 1,
figs. 8, 9)

Cleistosphaeridium polypetellum (Islam 1983c) Stover and Williams 1995 (Plate 1, fig.
10)

Cordosphaeridium cantharellus (Brosius 1963) Gocht 1969 (Plate 1, fig. 11)
Cordosphaeridium fibrospinosum R J Davey and Williams 1966 emend. Davey 1969
(Plate 1, figs. 12, 13)

Cordosphaeridium inodes (Klumpp 1953) Eisenack 1963 emend. Sarjeant 1981 (Plate 1,
figs. 14, 15)

Corrudinium incompositum (Drugg 1970) Stover and Evitt 1978 (Plate 1, figs. 16-19)
Cribroperidinium tenuitabulatum (Gerlach 1961) Helenes 1984 (Plate 1, fig. 20)
Cymososphaeridium? phoenix (Duxbury 1980) Fauconnier et al. 2004 (Plate 7, fig. 5)
Dapsilidinium pastielsii (R J Davey and Williams 1966) Bujak et al. 1980 (Plate 2, fig.
1)

Deflandrea heterophlycta Deflandre and Cookson 1955 (Plate 2, fig. 2)
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Deflandrea phosphoritica Eisenack 1938 (Plate 2, figs. 3, 4)

Dinogymnium sibiricum (Vozzhennikova 1967) Lentin and Williams 1973 emend. Lentin
and Vozzhennikova 1990 (Plate 7, fig. 6)

Dinopterygium cladoides Deflandre 1935 (Plate 2, figs. 5, 6)

Diphyes colligerum (Deflandre and Cookson 1955) Cookson 1965 emend. Goodman and
Witmer 1985 (Plate 2, fig. 7)

Diphyes ficusoides Islam 1983 (Plate 2, figs. 8, 9)

Distatodinium biffii Brinkhuis et al. 1992 (Plate 2, figs. 10, 11)

Distatodinium ellipticum (Cookson 1965) Eaton 1976 (Plate 2, fig. 12)

Distatodinium paradoxum (Brosius 1963) Eaton 1976 (Plate 2, fig. 13)

Echinidinium spp. Zonneveld 1997 ex Head et al. 2001 (Plate 2, fig. 14)

Enneadocysta arcuata (Eaton 1971) Stover and Williams 1995 emend. Stover and
Williams 1995 (Plate 2, figs. 15, 16)

Enneadocysta deconinckii Stover and Williams 1995 (Plate 2, fig. 17)

Glaphyrocysta laciniiformis (Gerlach 1961) Stover and Evitt 1978 (Plate 2, figs. 18, 19)
Glaphyrocysta retiintexta (Cookson 1965) Stover and Evitt 1978 (Plate 2, fig. 20)
Glaphyrocysta semitecta (Bujak et al. 1980) Lentin and Williams 1981 (Plate 3, figs. 1-
4)

Hemiplacophora semilunifera Cookson and Eisenack 1965 (Plate 3, fig. 5)
Heteraulacacysta leptalea Eaton 1976 (Plate 3, fig. 6)

Heteraulacacysta porosa Bujak et al. 1980 (Plate 3, fig. 7)

Homotryblium abbreviatum Eaton 1976 (Plate 3, figs. 8, 9)

Homotryblium floripes (Deflandre and Cookson 1955) Stover 1975 (Plate 3, figs. 10-12)

Homotryblium oceanicum Eaton 1976 (Plate 3, fig. 13)
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Horologinella pentagonalis Heilmann-Clausen and Van Simaeys 2005 (Plate 3, fig. 14)
Hystrichokolpoma granulatum Eaton 1976 (Plate 3, fig. 15)

“Hystrichokolpoma pseudooceanicum” Zevenboom 1995 (Plate 3, fig. 16)
Hystrichokolpoma rigaudiae Deflandre and Cookson 1955 (Plate 3, fig. 17)
Hystrichokolpoma salacia Eaton 1976 (Plate 3, fig. 18,19)

Hystrichosphaeridium tubiferum (Ehrenberg 1837) Deflandre 1937 emend. R J Davey
and Williams 1966 (Plate 3, fig. 20)

Impagidinium paradoxum (Wall 1967) Stover and Evitt 1978 (Plate 4, figs. 1, 2)
Lejeunecysta spp. Artzner and Dorhofer 1978 emend. Bujak et al. 1980 (Plate 4, fig. 3)
Lentinia serrata Bujak et al. 1980 (Plate 4, figs. 4, 5)

Lingulodinium “brevispinosum” Matsuoka and Bujak 1988 (Plate 4, figs. 6, 7)
Lingulodinium machaerophorum (Deflandre and Cookson 1955) Wall 1967 (Plate 4, figs.
8,9)

Litosphaeridium siphoniphorum (Cookson and Eisenack 1960) R J Davey and Williams
1966 emend. Lucas-Clark 1984 (Plate 7, fig. 7)

Melitasphaeridium pseudorecurvatum (Morgenroth 1966a) Bujak et al. 1980 (Plate 4, fig.
10)

Minisphaeridium latirictum (Morgenroth 1966a) Fensome et al. 2009 (Plate 4, fig. 11)
Nematosphaeropsis spp. Deflandre and Cookson 1955 emend. Wrenn 1988 (Plate 4, figs.
12, 13)

Operculodinium centrocarpum (Deflandre and Cookson 1955) Wall 1967 (Plate 4, fig.
14)

Operculodinium microtriainum (Klumpp 1953) Islam 1983b (Plate 4, figs. 15, 16)

Palaeohystrichophora infusorioides Deflandre 1935 (Plate 7, fig. 8)
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Phthanoperidinium comatum (Morgenroth 1966b) Eisenack and Kjellstrom 1972 (Plate
4, fig. 17)

Phthanoperidinium distinctum Bujak 1994 (Plate 4, fig. 18)

Piladinium columna (Michoux 1988) Williams et al. 2015 (Plate 4, fig. 19)
Rhombodinium spinula (Bujak 1979) Williams et al. 2015 (Plate 5, fig. 1)
Rhombodinium spp. Gocht 1955 emend. Fensome et al. 2009 (endocyst: Plate 4, fig. 20)
Rottnestia borrusica (Eisenack 1954) Cookson and Eisenack 1961 (Plate 5, fig. 2)
Saturnodinium pansum (Stover 1977) Brinkhuis et al. 1992 (Plate 5, figs. 3, 4)
Senegalinium spp. Jain and Millepied 1973 emend. Stover and Evitt 1978 (Plate 5, fig. 5)
Sophismatia tenuivirgula (Williams and Downie 1966b) Williams et al. 2015 (Plate 5,
fig. 6)

Spiniferites bentorii (Rossignol 1964) Wall and Dale 1970 (Plate 5, fig. 7)

Spiniferites mirabilis (Rossignol 1964) Sarjeant 1970 (Plate 5, fig. 8)

Spiniferites pseudofurcatus (Klumpp 1953) Sarjeant 1970 emend. Sarjeant 1981 (Plate 5,
figs. 9, 10)

Spiniferites ramosus group (Ehrenberg 1837) Mantell 1854 (Plate 5, fig. 11)
Svalbardella partimtabulata Heilmann-Clausen and Van Simaeys 2005 (Plate 6, figs. 1,
2)

Tectatodinium pellitum Wall 1967 emend. Head 1994 (Plate 5, fig. 12)

Thalassiphora fenestrata Liengjarern et al. 1980 (Plate 6, fig. 3)

Thalassiphora pelagica (Eisenack 1954) Eisenack and Gocht 1960 emend. Benedek and
Gocht 1981 (Plate 6, figs. 4, 5)

Thalassiphora spinifera (Cookson and Eisenack 1965) Stover and Evitt 1978 (Plate 5,

figs. 13, 14)
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Turnhosphaera hypoflata (Yun 1981) Slimani 1994 (Plate 5, fig. 15)

Wetzeliella articulata Eisenack 1938 (Plate 5, fig. 16)
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Appendix 3 — List of Plates and Photos

Plate 1. lllustration of taxa, sample/slide number. 1. Achomosphaera alcicornu (MG55).
2. Araneosphaera araneosa (MG479). 3, 4. Areoligera sentosa (MG423). 5, 6.
Areosphaeridium diktyoplokum (MG243). 7. Charlesdowniea coleothrypta (MG271). 8,
9. Cleistosphaeridium ancyreum (MG55). 10. Cleistosphaeridium polypetellum
(MG499). 11. Cordosphaeridium cantharellus (MG215). 12, 13. Cordosphaeridium
fibrospinosum (MG383, MG371). 14, 15. Cordosphaeridium inodes (MG347). 16-19.

Corrudinium incompositum (MG59). 20. Cribroperidinium tenuitabulatum (MG363).

Plate 2. lllustration of taxa, sample/slide number. 1. Dapsilidinium pastielsii (MG391).
2. Deflandrea heterophlycta (MG111). 3, 4. Deflandrea phosphoritica (MG111). 5, 6.
Dinopterygium cladoides (MG187). 7. Diphyes colligerum (MG259). 8, 9. Diphyes
ficusoides (MG231). 10, 11. Distatodinium biffii (MG71, MG471). 12. Distatodinium
ellipticum (MG59). 13. Distatodinium paradoxum (MG103). 14. Echidinium sp. (MG59).
15, 16. Enneadocysta arcuata (MG263). 17. Enneadocysta deconinckii (MG127). 18, 109.

Glaphyrocysta laciniiformis (MG371). 20. Glaphyrocysta retiintexta (MG427).

Plate 3. Illustration of taxa, sample/slide number. 1-4. Glaphyrocysta semitecta
(MG331). 5. Hemiplacophora semilunifera (MG471). 6. Heteraulacacysta leptalea
(MG487). 7. Heteraulacacysta porosa (MG111). 8, 9. Homotryblium abbreviatum
(MG319). 10-12. Homotryblium floripes (MG55). 13. Homotryblium oceanicum
(MG59). 14. Horologinella pentagonalis (MG319). 15. Hystrichokolpoma granulatum
(MG63). 16. “Hystrichokolpoma pseudooceanicum™ (MG455). 17. Hystrichokolpoma
rigaudiae (MG59). 18, 19. Hystrichokolpoma salacia (MG299, MG307). 20.

Hystrichosphaeridium tubiferum (MG299).
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Plate 4. Illustration of taxa, sample/slide number. 1, 2. Impagidinium paradoxum
(MG459). 3. Lejeunecysta sp. (MG411). 4, 5. Lentinia serrata (MG59). 6, 7.
Lingulodinium  “brevispinosum”  (MG299, MG259). 8, 9. Lingulodinium
machaerophorum (MG215, MG311). 10. Melitasphaeridium pseudorecurvatum
(MG199.5). 11. Minisphaeridium latirictum (MG275). 12, 13. Nematosphaeropsis sp.
(MG451). 14. Operculodinium centrocarpum (MG459). 15, 16. Operculodinium
microtriainum  (MG451). 17. Phthanoperidinium comatum (MG323). 18.
Phthanoperidinium distinctum (MG95). 19. Piladinium columna (MG55). 20.

Rhombodinium sp. endocyst (MG55).

Plate 5. Illustration of taxa, sample/slide number. 1. Rhombodinium spinula (MG447). 2.
Rottnestia borussica (MG459). 3, 4. Saturnodinium pansum (MG311, MG411). 5.
Senegalinium sp. (MG55). 6. Sophismatia tenuivirgula (MG55). 7. Spiniferites bentorii
(MGH55). 8. Spiniferites mirabilis (MG259). 9, 10. Spiniferites pseudofurcatus (MG459).
11. Spiniferites ramosus group (MG59). 12. Tectatodinium pellitum (MG59). 13, 14.
Thalassiphora spinifera (MG463, MG363). 15. Turnhosphaera hypoflata (MG343). 16.

Wetzeliella articulata (MG319).

Plate 6. Illustration of taxa, sample/slide number. 1, 2. Svalbardella partimtabulata

(MG419). 3. Thalassiphora fenestrata (MG175). 4, 5. Thalassiphora pelagica (MG499).

Plate 7. Illustration of reworked taxa, sample/slide number. 1. Achomosphaera
ramulifera (MG363). 2. Cannosphaeropsis sp. (MG 167). 3, 4. Chatangiella sp. (MG283,
MG271). 5. Cymososphaeridium? phoenix (MG167). 6. Dinogymnium sibiricum
(MG371). 7. Litosphaeridium siphoniphorum (MG363). 8. Palaeohystrichophora

infusorioides (MG275).
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Plate 1
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Plate 2
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Plate 3
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Plate 4
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Plate 5
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Plate 6
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Plate 7
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