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Abstract

Abstract

This thesis investigates the effect of climatic and oceanographic changes on the
distribution of fossil radiolarian assemblages from the early Eocene to early Oligocene
(~56-30 Ma) in the Southwest Pacific. Radiolarian assemblages have been analysed from
a series of archived cores collected by the Deep Sea Drilling Project (DSDP) and Ocean
Drilling Program (ODP). The selected cores form a latitudinal transect designed to
investigate the ecological change associated with the transition from the warm
‘greenhouse’ climate of the Eocene into the cooler Oligocene, when continental-scale
glaciation is believed to have intiated in Antarctica. High-latitude sites were sampled on
the Campbell Plateau (DSDP Site 277), Tasman Rise (DSDP sites 280 and 281) and the
Tasman Sea (DSDP Site 283 and ODP Site 1172), while mid-latitude sites were sampled
both to the west of New Zealand (DSDP sites 207, 206, 592) and east of New Zealand
(ODP Site 1123). New foraminifer oxygen (5*80) and carbon (§*3C) stable isotope data
from DSDP sites 277, 207 and 592 are presented and provide additional age control and
insights in the climatic and oceanographic changes in the Southwest Pacific during the

early Eocene to early Oligocene.

This thesis contributes a comprehensive taxonomic review of Eocene radiolarian taxa
with the intention of standardising nomenclature and to resolve synonymies. 213 out of
259 counting groups have been reviewed and assigned to species or subspecies level and
7 new species are yet to be described. All sites have been correlated to the Southern
Hemisphere radiolarian zonation, from the upper Paleocene to upper Oligocene (RP6sH to
RP17sh). Alternative datums for the base of RP10sH (LO of Artobotrys auriculaleporis)
and the base of RP12sH (LO of Lophocyrtis longiventer) are proposed.

The early Eocene climatic optimum (EECO, ~53-49 Ma) can be identified by a negative
excursion in foraminiferal 80 values at Site 207. The radiolarian assemblages at sites
207 (paleolatitude ~46°S) and 277 (paleolatitude ~55°S) during the EECO are dominated
by taxa with low-latitude affinities (Amphicraspedum spp. represents up to 89% of total
fauna), but many typical low-latitude genera (e.g. Thyrsocyrtis, Podocyrtis,
Phormocyrtis) are absent. Following the EECO, low-latitude taxa decrease at Site 207
and disappear at Site 277. Radiolarians are abundant and very diverse at mid-latitude sites
207 and 206 (paleolatitude ~42°S) during the middle Eocene, and low-latitude taxa are
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common (up to ~15% of the total fauna at Site 207 and ~10% at Site 206). The middle
Eocene climatic optimum (MECO, ~40 Ma), although truncated by poor drilling recovery
at Site 277, is identified by a negative shift in foraminiferal 5!0 values at this site and is
associated by a small increase in radiolarian taxa with low-latitude affinities (up to ~5%

of total fauna).

Early in the late Eocene (~37 Ma), a positive shift in 8*30 values at Site 277 is correlated
with the Priabonian oxygen isotope maximum (PrOM). Within this cooling event,
radiolarian abundance, diversity and preservation, as well as diatom abundance, increase
abruptly at Site 277. A negative 580 excursion above the PrOM is correlated to a late
Eocene warming event (~36 Ma) and is referred to as the late Eocene climatic optimum
(LECO). The LECO is identified using stable isotopes at sites 277 and 592. Radiolarian
abundance and diversity decline within this event at Site 277 although taxa with low-
latitude affinities increase (up to ~10% of total fauna). At Site 592, radiolarian-bearing
sediments are only present during this event with up to ~6% low-latitude taxa. Apart from
the LECO, late Eocene radiolarian assemblages at Site 277 are characterised by abundant
high-latitude taxa. High-latitude taxa are also abundant during the late Eocene and
Oligocene (~38-27 Ma) at DSDP sites 280, 281, 283, and ODP sites 1172 and 1123 and

are associated with very high diatom abundance.

Radiolarian assemblages are used for reconstructing the evolution of oceanic fronts. The
composition of the assemblages suggests that the oscillation between warm subtropical
and cool subtropical conditions can be explained by the varying influence of the warm
proto-East Australian Current and cold proto-Ross Gyre. In contrast to temperature
reconstructions based on geochemical proxies (TEXss, UX's7 and Mg/Ca), which indicate
tropical temperatures throughout most of the Eocene, radiolarians indicate warm
subtropical conditions during the EECO. Warm surface water masses may have been
transported by the proto-East Australian Current to ~55°S during the EECO. During the
middle to late Eocene, cool subtropical conditions prevailed in the Southwest Pacific.
Localised occurrences of abundant diatoms indicate upwelling areas close to the Tasman
Rise in the middle Eocene. The proliferation of radiolarian assemblages and expansion of
high-latitude taxa onto the Campbell Plateau in the latest Eocene is explained by a
northward expansion of proto-Ross Gyre. In the early Oligocene (~32 Ma), there is an

overall decrease in radiolarian abundance and diversity on the Campbell Plateau (Site
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277) and diatoms disappear. Major hiatuses in the region indicate intensified bottom-
water currents associated with the establishment of the Antarctic Circumpolar Current. A
frontal system similar to present day developed in the early Oligocene, with nutrient-
depleted subantarctic waters bathing the southern Campbell Plateau, resulting in a more

restricted radiolarian assemblage at Site 277.
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Chapter 1: Introduction

1 Introduction

1.1 Rationale and aims of the study

By the end of this century, atmospheric CO2 concentration is predicted to increase up to
1000 ppmv under the worst case RPC 8.5 scenario, with projections suggesting global
mean surface temperatures may increase by up to 5°C (Meehl et al., 2007; Stocker et al.,
2013; IPCC, 2014). The extra heat will be mostly stored in the oceans, especially in the
Pacific Ocean, which accounts for over 50% of global heat flow being channelized
through its giant basin (Schmitz, 1995). The Southwest Pacific represents the main
pathway for meridional flow between low and high latitudes. New Zealand is located in
the transition between warm and cool circulation systems and the area spans major frontal
systems. In order to predict how biological and physical systems will respond to extreme
warming under high emission pathways, it is essential to study the Southwest Pacific
during times of ‘greenhouse climates’. During the Eocene epoch (56-34 Ma),
atmospheric CO, concentrations have likely exceeded 1000 ppmv (Beerling and Royer,
2011). The Southwest Pacific region is an ideal setting to test competing ideas on primary
climate drivers: greenhouse gases vs. changes in ocean circulation. Oceanographic
changes in the Southwest Pacific, related to the tectonic separation of Australia from
Antarctica, have long been associated with the overall Cenozoic cooling trend and the

onset of Antarctic glaciation at the Eocene-Oligocene transition (Kennett, 1977).

This thesis is part of a Marsden Fund Project ‘Surviving in the Eocene ocean: the
unbearable warmness of being.’ The overall aim of the project is to investigate if trends
in species turnover and geographic distribution of Paleogene marine plankton are
consistent with geochemical evidence for extreme high-latitude warmth during the

Eocene.

This doctoral thesis examines the distribution of Eocene and early Oligocene radiolarians
in the Southwest Pacific, in order to improve our understanding of changing ocean
circulation and thermal gradients through this time period. This thesis contributes to
taxonomic knowledge and provides information on the distribution of Paleogene taxa in
the Southwest Pacific. A key aspect of this thesis is the development of a consistent
taxonomy between sites to allow the identification of locally significant biostratigraphic
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events. A large part of this thesis has been spent on creating an extensive taxonomic
review based on occurrence data from various ocean drilling and onshore sites and to

identify the biogeographic affinity of radiolarian taxa.
The following research questions are addressed in this thesis:

1. Were there past episodes of global warmth in which tropical or subtropical water
masses extended to polar latitudes in the Southwest Pacific?

Radiolarian biotic turnover and trends in biogeographic affinities of species was
documented across a transect from mid-latitude (DSDP sites 206, 207, 592 and ODP Site
1123) to high-latitude sites (DSDP sites 277, 280, 281, 283 and ODP Site 1172) in the
Southwest Pacific. The abundance of low-latitude taxa at mid- and high-latitude sites was
used to determine if tropical conditions reached as far south as New Zealand and other
high-latitude Southwest Pacific sites during ‘greenhouse’ episodes, or at any other time in
the Eocene. New stable oxygen and carbon isotope data from DSDP sites 277, 207 and

592 have been used to aid interpretation of the radiolarian results.

2. What were the main mid- to high-latitude oceanographic changes in the Southwest

Pacific that occurred prior to, and during, the Eocene-Oligocene climate transition?

Radiolarian assemblages from five high-latitude and two mid-latitude Southwest Pacific
sites were investigated. The high-latitude sites form a latitudinal transect from the
southern Campbell Plateau (DSDP Site 277) to the Southwest Tasman Sea (DSDP Site
283, ODP Site 1172,) and South Tasman Rise (DSDP sites 281 and 280). Mid-latitude
sites 592 and 1123 lie northwest and east of New Zealand, respectively. The study
focussed on the late Eocene due to poor recovery of radiolarians in the early Eocene.
Census counts of fossil radiolarian assemblages were obtained to identify when a distinct
Southern Ocean fauna was established in the Southwest Pacific. These mid- and high-
latitude sites were chosen to enable a reconstruction of the presence of oceanographic
features (e.g. East Australian Current, a clockwise Tasman Gyre, Antarctic Circumpolar
Current) that have been implicated in influencing climate in the Southwest Pacific at this

climatic transition.
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1.2 Thesis structure

Chapter 1: Introduction. In this chapter, the aims, scope and rationale for the study are

outlined.

Chapter 2: Background. This chapter begins with an overview of the present and past
oceanographic and geological setting of the Southwest Pacific with a focus on the
Paleogene. The second section of this chapter gives an overview about the evolution of
the Paleogene climate, and a short outline of geochemical proxies and climate modelling
results for the Southwest Pacific. The third section introduces radiolarians, their
taxonomy and general features of this group. The last section of this chapter outlines
Paleogene radiolarian studies, including radiolarian biostratigraphy and the application of

radiolarians in paleoenvironmental studies.

Chapter 3: Material and methods. This chapter contains an overview of the different
ocean drilling sites, the nature of their sedimentary archive and the intervals sampled.
Sample and slide preparation methods and statistical analyses are described. This chapter
also outlines the main resources that have been used for radiolarian identification.
Furthermore, it introduces the New Zealand geological timescale and radiolarian
zonations of the Southwest Pacific. The last sections of this chapter focuses on the

methodology for paleogeographic reconstructions and stable isotope measurements.

Chapter 4: Radiolarian occurrence. This chapter provides an overview of the observed
patterns in sedimentary components, radiolarian abundance and preservation at all studied

sites.

Chapter 5: Radiolarian biostratigraphy and correlation. This chapter provides the
biostratigraphic events of radiolarians, accompanied by foraminifer and nannofossil
events, for all sites. Age-depth plots are presented for selected sites. Results of stable

isotope measurements for DSDP Site 277 are included in this chapter.

Chapter 6: Radiolarian paleoecology and paleobiogeography. This chapter contains the
results of the radiolarian census counts and assemblage analysis for all sites. Results of

stable isotope measurements for sites 207 and 592 are provided in this chapter.

Chapter 7: Discussion. This chapter contains the discussion of this thesis’ results, by

integrating the main conclusions of all sites and discussing their significance in
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comparison to other Southern Ocean sites and studies to answer the objectives of this
thesis. The first section discusses the biostratigraphy, age control and correlation between
the studied sites, the second section discusses the general features of radiolarian
assemblages and the third section discusses the findings based on radiolarian

paleobiogeography.
Chapter 8: Conclusions and future work.

Appendix A: Taxonomic Notes. Brief descriptions of the radiolarian taxa encountered in

this study with illustrations of selected taxa.

Appendix B: Radiolarian distribution charts of all investigated sites (data on enclosed
CD).

Appendix C: Biostratigraphic events. List of all biostratigraphic events of radiolarians,

foraminifera and nannofossils (data on enclosed CD).
Appendix D: Stable isotopes of sites 277, 592 and 207 (data on enclosed CD).

Appendix E: Paleobiogeographic indicators. Review based on occurrence data from
various ocean drilling and onshore sites and to identify the biogeographic affinity of

radiolarian taxa (data on enclosed CD).
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2 Background

2.1 Oceanographic setting — Southern Ocean and Southwest Pacific

Ocean

2.1.1 The modern Southern Ocean circulation

The Southern Ocean is the most recent named ocean. The name was suggested by the
International Hydrogeographic Organization (IHO) in 2000 and is defined as the body of
water extending from the coast of Antarctica to 60°S latitude. However, not all countries
have agreed on the proposed geographic boundary and the IHO has not ratified the
definition of the Southern Ocean yet. Oceanographers often use oceanic fronts as the
boundary, usually the Suptropical Front (STF), the boundary between subtropical and
subantarctic waters (Orsi et al., 1995; Orsi and Harris, 2001; Orsi and Whitworth, 2005;
Carter et al., 2008). The STF varies from latitudes 40° to 45°, but can extend to 30°S
(Orsi et al., 1995) (Figure 2.1). Other scientists use their own terminology and use for
example the Antarctic Polar Front (APF) as the northernmost boundary of the Southern
Ocean (Lazarus and Caulet, 1993). In this thesis, the STF will be used as the boundary of
the Southern Ocean.

The Southern Ocean is one of the most important components of Earth’s oceanic-
atmospheric climate system mainly due to its role in transferring heat meridionally
between the low and high latitudes, and transferring heat, nutrients, and dissolved gases
between the world’s major ocean basin (Atlantic, Indian, and Pacific Oceans). It is
estimated that about 60% of the ocean volume is cooled around Antarctica (Gordon,
1988). The heat transfer in surface waters is related to wind drift and eddies associated
with oceanic fronts (Orsi et al., 1995; Orsi and Harris, 2001; Orsi and Whitworth, 2005;
Carter et al., 2008).

The Southern Ocean is dominated by the Antarctic Circumpolar Current (ACC), which
connects the major ocean basins and plays a fundamental role in the distribution of heat,
salt and gases. The ACC is guided by submarine topography and extends from the ocean
surface to the bottom. In some regions its flow is deflected and widens to the north and

south (e.g. Kerguelen Plateau), whereas the Campbell Plateau in the Southwest Pacific
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restricts its flow to the north. The ACC gets narrower and shifts poleward between large
gaps in the Indian and Pacific oceanic ridge system (Figure 2.1) (Carter et al., 2008). In
the Southern Ocean, cold, deep waters flow northwards as deep western boundary
currents (DWBC) which are a major component in the global overturning circulation
(Schmitz, 1995). The DWBC are the main exit pathways for cold, dense bottom water
flowing north towards the equator at water depths exceeding 3500-4000 m along the
western boundaries of the various oceanic basins, represented by the continental margin
off South America (Southwest Atlantic), South Africa (Southwest Indian) and east of the
Campbell Plateau (Southwest Pacific) (Figure 2.1) (Schmitz, 1995; Carter et al., 2008).
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Figure 2.1 Map modified from Carter et al. (2008) showing the main oceanographic elements of the Southern Ocean:
the Subtropical Front (STF), the clockwise Antarctic Circumpolar Current (ACC) which is constrained to the north by
the Subantarctic Front (SAF) and to the south by the southern limit of Upper Circumpolar Deep Water or southern
boundary (SB); the Ross, Weddell and unnamed subpolar gyres; and the main exit points of cold deep water towards
the north, the deep western boundary currents (DWBC, blue arrows). Bathymetric elevations: R=ridge; K.
Pl.=Kerguelen Plateau; F. Pl.=Falkland Plateau.
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Three large gyres connect the ACC and the Antarctic margin, with the Weddell Gyre
being the largest (Figure 2.1). The Ross Gyre in the South Pacific is restricted to the
>4,000m deep SE Pacific Basin (Carter et al., 2008).

2.1.2 Regional oceanography of the Southwest Pacific

The modern Southern Ocean is a complex arrangement of different bands of water
masses, separated by ocean frontal systems, narrow zones where sudden changes in
vertical structure, salinity, temperature and nutrients take place (Belkin and Gordon,
1996). The Southwest Pacific represents the main pathway for meridional flow between
Antarctica and the tropics, with New Zealand being located at the transition between
warm anticyclonic and cool cyclonic circulation systems. There are currently three main
oceanic fronts between New Zealand and Antarctica (Figure 2.2), separating four main
surface water masses. The Subtropical Front (STF) is the sharpest oceanic front in the
Southwest Pacific as it separates warm Subtropical Surface Water (STW) (annual mean
sea surface temperature (SST) >13°C) from cold Subantarctic Surface Water (SAW) (6—
12°C). These two water masses are not only different in temperatures, but also in
nutrients, with the SAW being micronutrient-poor/macronutrient-rich, while STW is
micronutrient-rich/macronutrient-poor (Heath, 1985; Carter et al., 2008). Currently, the
STF lies near 43-45°S (Figure 2.2) (Orsi et al., 1995; Carter et al., 1998; Orsi and Harris,
2001) and is bounded by the South Island of New Zealand.

The second important front in the New Zealand region is the Subantarctic Front (SAF)
(Figure 2.2), separating SAW to the north from Circumpolar Surface Water (CSW) to the
south, with the latter water mass having a lower salinity and cooler temperatures (0—5°C)
than the former (Carter et al., 2008). The third and southernmost front is the Antarctic
Polar Front (PF), separating CSW from Antarctic Surface Water (ASW), which can be
cooler than 0°C (Carter et al., 2008).

Two studies on recent radiolarian biogeographic distribution in the Southwest Pacific
identified distinct sample groups that were interpreted to reflect different surface water
masses, oceanographic fronts and regions (Hollis and Neil, 2005; Cortese and Prebble,
2015). In general, an increase in warm-water taxa to the north and increase in subantarctic

taxa to the south was observed. A distinct sample group that was characterised by low
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radiolarian diversity and abundance was identified for the Campbell Plateau, which
reflects the silica-poor SAW (Hollis and Neil, 2005; Cortese and Prebble, 2015).
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Figure 2.2 Modern oceanography in the Southwest Pacific from Cortese and Prebble (2015) with frontal locations after
Orsi et al. (1995), Carter et al. (1998) and Orsi and Harris (2001). Abbreviations of oceanic fronts (bold): TF=Tasman
Front; STF=Subtropical Front; SF=Southland Front; nSAF=northern Subantarctic Front; SAF=Subantarctic Front;
PF=Polar Front; Currents (plain text): EAC=East Australian Current; EAuC=East Auckland Current; ECC=East Cape
Current; Water-masses (italics): STW=Subtropical Water; SAW=Subantarctic Water; CSW=Circumpolar Water;
ACC=Antarctic Circumpolar Current.

2.1.3 Paleogeographic reconstructions

An essential aspect in the interpretation of paleoclimatic reconstructions based on various
geological proxy records is the correct reconstruction of paleogeography, especially the
continent-ocean configuration and paleolatitude. This is because the configuration of
continental masses and oceanic basins plays an important role in the distribution of heat
on the Earth’s surface via atmospheric and oceanic circulation. Moreover, the correct
identification of the position of a geological record at the moment of deposition is crucial,
as its paleolatitude ultimately determines the incoming amount of solar energy at that
location. A recent summary by van Hinsbergen et al. (2015) outlines the different
approaches and techniques behind plate tectonic reconstructions and the use of different

reference frames for specific questions.
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Relative plate motions have been reconstructed using marine magnetic anomalies and
fracture zones along the ocean floors as reference frames (Hay et al., 1999; Scotese,
2001). However, these reconstructions are insufficient for the use in climatic studies as
the position of a plate relative to the Earth’s spin axis cannot be reconstructed. Two types
of absolute reference frames have been developed for reconstructions that can be tied to

Earth’s spin axis or structures within the mantle.

A mantle reference frame allows for the study of the interactions of the Earth’s mantle
with the crust and to analyse the driving mechanisms of plate tectonics (van Hinsbergen
et al., 2015). For this purpose, structures are needed that are relatively stationary in the
mantle relative to their rock record on the Earth’s surface. Hotspots are ideal for this
purpose, and the first hotspot reference frames were developed by Cox and Hart (1986)
and Mdiller et al. (1993). More recent hotspot reference frames were developed to correct
for the plume motion factor (O'Neill et al., 2005; Doubrovine et al., 2012). Many
paleoclimatic studies use a hotspot reference frame (Huber and Caballero, 2011; Hollis et
al., 2012) for reconstructing paleolatitudes. The most common used software is GPlates,
which includes a global plate reconstruction after Seton et al. (2012) and uses a mantle
reference frame after O’Neill et al. (2005). Van Hinsbergen et al. (2015) pointed out that
for paleoclimatic studies only a paleomagnetic reference frame based on global apparent
polar wander path (GAPWaP) (Torsvik et al., 2012) should be used for reconstructing
paleolatitudes because this method locates sites and regional geographies in relation to
Earth’s spin axis and thus its position relative to the sun. This is crucial because the
Earth’s relative position to the sun is an important determinant of climate conditions. In
their view a mantle reference frame is appropriate for geodynamic studies but not for
paleoclimatic ones. Doubrovine et al. (2012) indicated that a location in the Paleocene
can be misplaced by up to 12° (~1200km) relative to the spin axis if a moving hotspot
reference frame is used. Using the paleomagnetic reference frame brings the study sites of
this thesis ~5° further north and thus closer to the possible influence of the East
Australian Current. This current was modelled to not have extended further south than
45° before turning east (Huber et al., 2004). Van Hinsbergen et al. (2015) developed an
online freely available paleolatitude calculator for the last 200 Ma based on the latest
plate reconstructions after Seton et al. (2012) and the three choices of GAPWaP after
Torsvik et al. (2012), Besse and Courtillot (2002) and Kent and Irving (2010).
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2.1.4 Regional paleoceanography in the Southwest Pacific during the Paleogene

The development of the Southern Ocean circulation and Antarctic Circumpolar Current
(ACC) is linked to the continental break-up of Gondwanaland during the late Cretaceous
(~83 Ma), when Australia began to drift north, away from Antarctica (Cande and Multter,
1982). The Australo-Antarctic Gulf formed between both continents, although Australia
is inferred to have been connected at its Southeastern margin to Antarctica until about
~64 Ma via the Tasmanian land bridge (Woodburne and Case, 1996). After ~64 Ma,
distinctly different mammal assemblages on Australia compared to Antarctica and South
America suggests that a shallow seaway developed through the Tasmanian Gateway
(Woodburne and Case, 1996). Kennett and Exon (2004) suggested, based on
sedimentological evidence, that the South Tasman Rise and Tasmania formed a major
oceanographic barrier until the latest Eocene. Prior to this time, sediments to the west of
the barrier indicate poorly oxygenated, relatively warm shallow conditions within the
Australo-Antarctic Gulf, whereas better oxygenated, relatively cool shallow-marine
conditions prevailed in the Southwest Pacific (Exon et al.,, 2004). However, due to
distinct dinoflagellate cyst assemblages east and west of the marine barrier, Bijl et al.,
2013 argued that there was a restricted oceanographic connection between the Australo-
Antarctic Gulf and the Southwest Pacific until ~50 Ma, coinciding with the onset of the

long-term cooling trend noted in the Cenozoic.

A comprehensive review of sedimentary facies, microfossil assemblages and geochemical
proxies was undertaken by Nelson and Cooke (2001) who presented an updated synthesis

on the oceanic front development in the Southwest Pacific during the Cenozoic.
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Figure 2.3 Schematic paleoceanographic and paleogeographic map from Nelson and Cooke (2001) for the Paleocene
(65-55 Ma), based on the reconstructions of Lawver et al. (1992). No frontal systems were established yet and
Antarctica was ice free. Numbers refer to DSDP sites; dark shaded grey areas represent the continental margin to the
present day 2000 m isobath; orange shaded areas indicate cool subtropical water masses; yellow shaded areas indicate
warm subtropical water masses; arrows indicate surface ocean currents.

According to Nelson and Cooke (2001) there are no indications for the presence of well-
defined oceanic fronts during the Paleocene to late Eocene (Figure 2.3). However,
Jenkins (1993) proposed the presence of a transition zone at around 50-55°S
paleolatitude between warm and cool subtropical waters based on fossil evidence from
New Zealand (Beu et al., 1990; Hornibrook, 1992). In the early Eocene, the presence of
subtropical to marginally tropical marine biota, coastal mangroves and the genus Cocos
(Arecaceae family, coconut palm trees) in New Zealand (Hornibrook 1992), suggests that
the transition between cool and warm subtropical provinces lay further south (~60°S)
(Nelson and Cooke, 2001). During the middle to late Eocene (~45-35 Ma), the separation
of Australia from Antarctica continued, with faster spreading rates starting from ~50 Ma
(Close et al., 2009). According to Nelson and Cooke (2001) the earliest eastward cold
water flow around Antarctica developed in the latest Eocene (Figure 2.4) (~ 35 Ma) and

an Antarctic Polar Front became established in the early Oligocene.
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Figure 2.4 Schematic paleoceanographic and paleogeographic map from Nelson and Cooke (2001) for the late middle
to late Eocene (45-35 Ma), based on the reconstructions of Lawver et al. (1992). A proto-Subtropical Front (dashed
line) and cool water flow around Antarctica were established in the late Eocene (~35 Ma). WAS=West Antarctic
seaway. Numbers refer to DSDP sites; dark shaded grey areas represent the continental margin to the present day 2000
m isobath; orange shaded areas indicate cool subtropical water masses; yellow shaded areas indicate warm subtropical
water masses; light blue shaded areas indicate subantarctic water masses; arrows indicate surface ocean currents.
More recent studies propose a completely different paleoceanographic setting for most of
the Eocene. Based on dinoflagellate cyst assemblages and computer-based models, the
Tasman Current, driven by the large proto-Ross Gyre, is inferred to have flowed north,
supplying cold water to the Southwest Pacific (Figure 2.5) (Huber et al., 2004; Bijl et al.,
2009). According to Bijl et al. (2013), the expansion of Antarctic endemic dinoflagellates
in the Australo-Antarctic Gulf at ~50 Ma represents a key phase in the opening of the
Tasman Gateway with the establishment of the westward flowing Antarctic Counter
Current (Bijl et al. 2013). This westward flow is inferred to have been enhanced at this
time due to the position of the Tasman Gateway at higher latitudes and thus in the
pathway of the Polar Easterlies (Bijl et al., 2013; Scher et al., 2015). A synthesis of
geophysical data with a chronology constrained by geological data from Ocean Drilling
Leg 178 suggests that the first deep-water passage was established at 33.5 Ma (Hill and
Exon, 2004). However, Stickley et al. (2004a) suggested on the basis of diatom
assemblage data that the Tasman Gateway opened at ~36 Ma, which is ~2 Ma earlier than

the climatic shift at the Eocene-Oligocene transition.

14



Chapter 2: Background

Based on radiolarian assemblages from a suite of Southwest Pacific sites, Lazarus and
Caulet (1993) concluded that no distinct Southern Ocean environment existed until the
middle Eocene. However, by the late Eocene faunal endemism is noted in the Southern
Ocean. Lazarus et al. (2008) argued that the major faunal change in radiolarian
assemblages occurred 2 Ma before the Eocene-Oligocene transition. This suggests that
environmental changes started in the late Eocene and were probably initiated by the late
Eocene deepening of the Tasman Gateway, as proposed by Stickley et al. (2004a), which
affected faunal assemblages.
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Figure 2.5 modified from Bijl et al. (2011): Dinocyst distribution map for the middle to late Eocene (47-36 Ma) with
ocean circulation based on model experiments (Huber et al., 2004); shaded areas represent submerged continental
blocks. Abbreviations: TA-SW=Trans-Antarctic Seaway; TSA-SW=Trans-South American Seaway; EAC=East
Australian Current; p-LC=proto-Leeuwin Current; p-RG=proto-Ross Gyre; TC=Tasman Current.

15



Chapter 2: Background

A recent study suggests that the ACC and the Antarctic Polar Front were not developed
until ~30 Ma (Scher et al., 2015), when the Tasmanian Gateway aligned with the westerly
wind flow (Hill et al., 2013). An additional consideration is that a fully developed ACC
flow was not established until Drake Passage opened, but there is uncertainty about the
timing of this event. According to Barker (2001) this passage was open at ~22-17 Ma,
whereas Lawver and Gahagan (2003) suggest an opening to deep water had occurred by
~31+ 2 Ma, which matches well with the ACC being fully developed at ~30 Ma (Scher et
al., 2015).

2.1.5 Southwest Pacific Paleogene unconformities

Unconformities in a sedimentary succession can be caused by erosion or non-deposition
of sediments due to strong abyssal currents, by dissolution of carbonates (deepening of
calcite compensation depth), by tectonic events or sediment starvation (e.g. Kennett et al.,
1985). The presence of widespread unconformities in Southwest Pacific Paleogene
deposits was first discussed at length by Edwards (1973). The oldest unconformities in
this region occur between 58-39 Ma (Carter et al., 2004) and were recorded on Lord
Howe Rise (Edwards, 1973), the Tasman Sea (Kennett et al., 1985), the Campbell Plateau
(Hollis et al., 2015) and at sites north and south of New Zealand (Carter et al., 2004).
During the early Oligocene, the Southwest Pacific experienced a widespread regional
depositional hiatus (Kennett, 1977; Kennett and Von der Borch, 1985; Carter et al.,
1999), which is referred to as the Marshall Unconformity (Carter and Landis, 1972;
Carter, 1985). This hiatus, of variable duration, has been recorded in the Tasman Sea
(Kennett, 1977; Exon et al., 2001; Exon et al., 2004), the Lord Howe Rise (Edwards,
1973; Kennett and VVon der Borch, 1985; Kulhanek et al., 2013; Kulhanek and Morgans,
2013), eastern South Island New Zealand and adjacent continental margin (Carter and
Landis, 1972; Fulthorpe et al., 1996) and at ODP Leg 181 sites (Carter et al., 1999; Carter
et al., 2004). On the Lord Howe Rise (DSDP Leg 21, sites 206, 207, 208), the sediments
underlying the unconformity are of middle Eocene age (Edwards, 1973; Kulhanek et al.,
2013; Kulhanek and Morgans, 2013). Onshore sections from New Zealand reveal a

narrower age for the unconformity of ~32-29 Ma (Fulthorpe et al., 1996).

The development of erosive, abyssal currents in the Southwest Pacific is inferred to be the
consequence of the opening of the Tasman Gateway (Kennett et al., 1975; Kennett and

Von der Borch, 1985), which was later accompanied by the development of the ACC at
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~30 Ma (Scher et al., 2015). A synthesis of the ODP Leg 181 results concluded that the
sedimentary depositional system evolution offshore of eastern New Zealand was subject
to widespread erosion as a consequence of an intensified Deep Western Boundary Current
(DWBC) when New Zealand was positioned further south in the Paleogene (Carter et al.
2004).

The progressive separation and isolation of Antarctica and the establishment of the ACC
is believed to have cooled Antarctica and decoupled any warm surface currents from the
continent. This ‘Tasmanian Gateway Hypothesis’ implies that climate cooling at the
Eocene-Oligocene transition was largely driven by tectonic processes (Kennett, 1977;
Exon et al., 2004). This stands in contrast to other hypotheses that see changes in the
global carbon cycle (atmospheric CO> reduction) as the main driver for global cooling
and built-up of Antarctic glaciation (DeConto and Pollard, 2003; Zachos and Kump,
2005; Pearson et al., 2009).

2.2 Paleogene climate evolution

2.2.1 Geochemical proxies

In order to understand and reconstruct Earth’s climate history, a variety of proxies can be
derived from marine and terrestrial sediment archives and cross-checked with
paleontological data. Analysis of stable oxygen (5'®0) and carbon (8*3C) isotopes derived
from planktic and benthic foraminifera calcite shells, originally developed by Emiliani
(1955), is the most widely used proxy for temperature, ice volume and carbon cycle
changes. A recent review of the history and use of paleotemperature proxies in marine
calcite was done by Lea (2014). The &0 values in the calcite shells of foraminifera are
mainly influenced by water temperature and changes in §'80 of the surrounding seawater.
The latter is influenced by salinity and ice volume changes. Deep-sea %0 values can
also be used as a record of high-latitude SST because bottom waters are derived primarily
from cooling and sinking of polar water masses (Zachos et al., 2001). The first Cenozoic
SST and sea floor temperature records were generated by Shackleton and Kennett (1975)
from DSDP Leg 29 sites. This was followed by the first global compilation of records for
the Cenozoic by Miller and Katz (1987). Since then, the deep-sea stable isotope record
has been further updated and compiled into globally stacked records (Zachos et al., 2001;
Miller et al., 2005; Zachos et al., 2008; Cramer et al., 2009).
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Another temperature-sensitive proxy is the Mg/Ca ratio in planktic and benthic
foraminiferal shells (Chave, 1954). During shell growth, Mg?* substitutes for Ca?*, which
is influenced by the temperature of the surrounding seawater. With increasing
temperature, the Mg/Ca ratio increases (Chave, 1954; Nurnberg, 1995; Nirnberg et al.,
1996; Rosenthal et al., 1997; Elderfield and Ganssen, 2000; Lear et al., 2000; Lear et al.,
2002; Rosenthal et al., 2006; Segev and Erez, 2006; Lear et al., 2010; summarized in Lea,
2014). This proxy was first calibrated on modern benthic species (Rosenthal et al., 1997),
and later applied on Cenozoic benthic foraminiferal calcite (Lear et al., 2000; Segev and
Erez, 2006; Cramer et al., 2011; Bohaty et al., 2012) to determine global ice-volume and
deep-sea temperature during the Cenozoic (e.g. Lear et al., 2000; Lear et al., 2008; Lear et
al., 2010). However, at depths below the calcite compensation depth, foraminiferal calcite
IS sensitive to dissolution and diagenetic overprinting, which will affect the Mg/Ca ratio.
Planktic foraminifera shells are particularly prone to dissolution throughout the water
column and after deposition on the sea floor and the surface water signal of the calcite
might be biased towards bottom waters (Schrag, 1999). Other difficulties arise from the
species-specific uptake of Mg between planktic foraminifers, which requires species-
specific temperature calibrations, and the possible influence of salinity and seawater pH
(e.g., Lea et al., 1999). Nonetheless, this is not a universal phenomenon as well-preserved
planktic foraminifer shells still yield reliable SST estimates (Pearson et al., 2001).
However, biogenic carbonate is scarce at high-latitude settings close to the Antarctic

continent, which hampers the use of the above described temperature proxies.

In order to circumvent the problems caused by the absence of carbonates and diagenetic
alteration, lipid biomarker-based proxies for estimating past SSTs have been developed.
The alkenone unsaturation index (UXs7) (Brassell et al., 1986) is derived from marine
haptophyte algae (coccolithophores), which contain long-chain (Cs7—Csg) alkenones that
show unsaturation changes with temperature. The tetraether index consisting of 86 carbon
atoms (TEXse) (Schouten et al., 2002) is derived from marine crenarchaeota which
produce glycerol dialkyl glycerol tetraethers (GDGTS) in their membranes, whose
distribution is dependent on temperature. To understand the relationship between the
distribution of GDGTs and surrounding SST, calibration models are created, which are
mathematical equations that show the best correlation between GDGTs and SSTs.
Currently, there are three widely used equations. Kim et al. (2010) developed the TEXsgg"
and TEXss" calibration. TEXgs™ is based on low- and mid-latitude core-top datasets and
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has a calibration error of +2.5°C. It is recommended for SST records above 15°C. TEXss"
is calibrated to a global dataset and has a calibration error of +4°C. It is recommended for
the application on SST records that extend above and below 15°C (Kim et al., 2010). The
third equation (1/TEXge) of Liu et al. (2009) (revised by Kim et al., 2010), uses the
reciprocal approach of TEXss™ and has a calibration error of +5.4°C. Hollis et al. (2012)
developed a paleo-calibration for TEXgs based on multiproxy Eocene records from the
Southwest Pacific and showed that TEXss" yielded the best fit with the Eocene paleo-
calibrations.

Lipid biomarker-based proxies have been widely used on Paleogene sediments in the
Southwest Pacific (Bijl et al., 2009; Hollis et al., 2009; Liu et al., 2009; Bijl et al., 2010;
Hollis et al., 2012). Although organic biomarker proxies are independent from 580 of the
surrounding water masses, it has recently been suggested that reconstructed temperatures
for the high-latitude Paleogene Southwest Pacific might be biased towards summer
temperatures (Liu et al., 2009; Hollis et al., 2012).

2.2.2 Climatic evolution throughout the Eocene

During the Paleogene epoch (65-34 Ma), Earth’s climate underwent major changes from
a ‘greenhouse climate’ in the early Paleogene to an ‘ice-house climate’ towards the late
Paleogene with the major shift in benthic §'®0 values of ~ +1.5%0 in the earliest
Oligocene (~33.9 Ma) (Shackleton and Kennett, 1975; Diester-Haass et al., 1996; Zachos
et al., 2001) (Figure 2.6). Before the Eocene-Oligocene transition, Antarctica was free
from large ice-sheets (Wise Jr et al., 1991; Zachos et al., 2001). However, a recent study
indicated that small ice sheets might have existed in the late Paleocene based on
geochemical analysis of an organic-rich marine mud stone which was deposited around
New Zealand at ~59 Ma (Hollis et al., 2014).

According to the temperature reconstructions based on DSDP Site 277 material
(Shackleton and Kennett, 1975), the SST in the Southwest Pacific was about 19°C in the
early Eocene, 13°C in the middle Eocene, 11°C in the late Eocene, and about 7°C in the
Oligocene, respectively. The sea-floor temperatures were just 1°C cooler than SSTs in the
Paleocene and 2°C colder in the Oligocene. TEXgs and UX 37 results on the same DSDP
Site 277 record produced much higher SST estimates of ~27°C directly prior to the
Eocene-Oligocene transition (Liu et al., 2009). The authors argued that the cool SSTs
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derived from planktic $'80 were an artefact caused by seafloor diagenesis, and that the
discrepancy between the cool sea-floor temperatures derived from benthic §*20 and near
tropical SSTs derived from TEXgs and UK 37 are plausibly explained by seasonality biases.
The benthic 580 values may reflect enhanced deep-water formation during winter
months, while organic biomarkers temperatures may have a warm-season bias as noted

above.

During the early Paleogene, several extremely warm episodes, called hyperthermals, have
been identified in sedimentary records based on their high negative §*3C signature. These
excursions were interpreted as being the result of a rapid carbon release into the
atmosphere which might have caused extremely high pCO. exceeding 1000 ppmv
(Zachos et al., 2008) (Figure 2.6). The most extreme and best studied hyperthermal is the
Paleocene-Eocene thermal maximum (PETM, ~56 Ma ago), an event that lasted ~170 000
years, when global temperatures increased by 5°C within just 10 000 years (Zachos et al.,
2008) and was associated with widespread carbonate dissolution in the deep sea (Zachos
et al., 2005).

The early Eocene climatic optimum (EECO) was a longer-term extremely warm period
(53-49 Ma ago, Figure 2.6), and according to proxy records (Mg/Ca in planktic
foraminifera, TEXgs), SSTs in the high-latitude Southwest Pacific reached ~30°C (Bijl et
al., 2009; Hollis et al., 2012). Palynological data from off the Wilkes Land margin
suggest that the vegetation growing on Antarctica was similar to present-day forests from
New Caledonia (Contreras et al., 2013). In the high Arctic, fossil remains from crocodiles

and palm trees were found (Sluijs et al., 2009; Eberle and Greenwood, 2012).
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Figure 2.6 Compilation of a) left: atmospheric CO2 concentrations, right: representative concentration pathways (RCPs)
for historic and future atmospheric CO> emissions, b) composite deep ocean benthic !0 record, c) long-term trend in
deep-sea temperature from §'%0 and Mg/Ca estimates and d) reconstruction of sea-level lowstand and smoothed trend
(black dashed line) throughout the Cenozoic; PETM: Paleocene-Eocene thermal maximum; EECO: early Eocene
climatic optimum; MECO: middle Eocene climatic optimum; PrOM: Priabonian oxygen isotope maximum; modified
after McKay et al. (2016).

The long-term cooling since the middle Eocene started at the termination of the EECO,
and was interrupted by the middle Eocene climatic optimum (MECO) (Figure 2.7), a
short warm period of ~500 000 years peaking ~40 Ma that has been linked to an increase
in atmospheric pCO: (Bohaty and Zachos, 2003; Bohaty et al., 2009; Bijl et al., 2010).
The MECO was characterized by a ~4-6°C warming of surface and bottom water
temperatures, and carbonate accumulation during this time was reduced worldwide due to

a shoaling of the calcite compensation depth to about 3000 m (Bohaty et al., 2009).
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Organic biomarker-based climate proxies (Liu et al., 2009; Bijl et al., 2010) suggest the
Southwest Pacific SSTs were tropical during the MECO (28°C) and continued to be
warm throughout the late Eocene (24-27°C), cooling only slightly across the Eocene—
Oligocene transition (~ 22 °C).
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Figure 2.7 Compilation of Southern Ocean stable oxygen isotope data and reconstructed ice-free temperature between
45 and 32 Ma from various Ocean Drilling Program sites, showing warming (red) and cooling (blue) events in the
middle and late Eocene. MECO=middle Eocene climatic optimum, LECO=late Eocene climatic optimum,
PrOM=Priabonian oxygen isotope maximum, LE cooling=late Eocene cooling event after VVonhoff et al. (2000); for
abbreviations of New Zealand stages see Figure 3.13; modified after Bohaty and Zachos (2003).

Following the MECO event, benthic §*0 values increased to their maximum Eocene
values of ~2.3%. at ~37.3 Ma during a short-lived cooling episode in the early late
Eocene, designated as the Priabonian oxygen isotope maximum (PrOM) event (Scher et
al., 2014) (Figure 2.7). This event was first discovered at Ocean Drilling Program (ODP)

Site 738 at the Kerguelen Plateau, Southern Indian Ocean and was correlated to ODP Site
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689 (Maud Rise, South Atlantic). A change in the bottom water composition, derived
from eNd signals from fossil fish teeth, and an abrupt change in terrigenous influx to Site
738 suggest a combination of cooling and ice growth in East Antarctica as the causal
mechanisms for this oxygen isotope maximum (Scher et al., 2014).

Further climate oscillations are found in the late Eocene prior to the expansion of
Antarctic ice that defines the Eocene-Oligocene transition (Figure 2.7). A short-lived
warming event at ~36 Ma with associated changes in nannofossil assemblages has been
reported in several Southern Ocean sites (Diester-Haass and Zahn, 1996; Bohaty and
Zachos, 2003; Villa et al., 2008; Villa et al., 2014). However, the cause of this event is
not known. In this thesis, this event is referred to as late Eocene climatic optimum
(LECO) (Figure 2.7). A short cooling episode is reported by Vonhof et al. (2000) at ~35
Ma, following two closely spaced extra-terrestrial impact events (Figure 2.7). Impact-
related cooling is thought to have been too short-lived to explain the estimated ~100 ka
cooling, suggesting that a feedback mechanism sustained the cooling (Vonhof et al.,
2000).

The Eocene-Oligocene climatic transition is characterized by at least two distinct
increases in &80 values in the late Eocene (Zachos et al., 1996; Coxall et al., 2005),
labelled as EOT-1 and EOT-2 (Miller et al., 2008). The peak &80 value in deep-sea
foraminifera which occurred in the early Oligocene, also referred to as oxygen isotope
event 1 (Oi-1) (Figure 2.7), is interpreted as representing an expansion of Antarctica’s ice
sheets equivalent to ~80 m of sea level, combined with a 4°C cooling of the deep ocean
(Shackleton and Kennett, 1975; Zachos et al., 1992; Zachos et al., 2001; Coxall et al.,
2005; DeConto et al., 2008; Liu et al., 2009; Wilson et al., 2013).

2.2.3 What caused the global cooling during the Paleogene?

While it is generally assumed that during the Paleocene and Eocene the poles were ice-
free (Zachos et al., 2001), more recent studies question that the pre-Oligocene truly was
ice-free (Miller et al., 2005; Cramer et al., 2009; Cramer et al., 2011; Scher et al., 2014).
Central to this debate is whether a fully functioning Antarctic Circumpolar Current (e.g.
Kennett, 1977) is required before significant ice-sheets will form or if the glaciation is
linked to some other processes that caused a drawdown of atmospheric CO2 (DeConto
and Pollard, 2003).
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The proponents of the ‘Tasmanian Gateway Hypothesis’ argue that the global cooling
during the Eocene-Oligocene transition was caused by the separation of Australia from
Antarctica, culminating with the opening of the gateway at 33.9 Ma (Kennett, 1977; Exon
et al., 2004). Huber et al. (2004) and Stickley et al. (2004a) argued against the
‘Tasmanian Gateway hypothesis’. By examining the middle to late Eocene
paleobiogeography of dinoflagellate cysts and diatom assemblages in the Southwest
Pacific at ODP Leg 189, they found that assemblages in the Australo-Antarctic Gulf
consist of warm, non-endemic species (cosmopolitan or Tethyan). However, on the
Pacific side of the Tasmanian land bridge and along the Antarctic margin these
assemblages consisted almost entirely of endemic species (Figure 2.5). General
circulation models suggested that the proto- East Australian Current did not reach further
south than 45° and was therefore unable to sustain high-latitude warmth, due to the
presence of a cold Tasman Current (Figure 2.5). They concluded that Antarctic glaciation
must have been primarily caused by other factors than changes in ocean heat transport,
and identified the long-term atmospheric CO> decline as the main cause, perhaps driven
by tectonically induced changes in the carbon cycle, as also suggested by DeConto and
Pollard (2003). However, if the atmospheric CO> drop was indeed the main reason behind
the cooling that started in the middle Eocene, Bijl et al. (2013) argued that such a cooling
should have been globally uniform, while in fact it appears to be absent in (sub)
equatorial regions. By using organic biomarker and palynological data from the Wilkes’
Land margin (IODP Exp. 318) and ODP Leg 189, Bijl et al. (2013) found that the cooling
of Southern Ocean surface water and global deep ocean coincided with an early opening
(~49-50 Ma) of the Tasman Gateway, and that changes in oceanic heat transport related
to opening of Southern Ocean gateways may indeed have played a primary role in

Cenozoic cooling since the mid-Eocene.

Although temperature proxies indicated subtropical conditions during the early and
middle Eocene at the East Tasman Plateau (Bijl et al., 2011, 2013), the authors suggested
that surface water ocean fertility (and not temperature itself) at the onset of the post-
EECO cooling was the primary driver behind the rapid reorganization of high-latitude
dinoflagellate assemblages. This scenario seemed to solve the problem of high-latitude
warmth coexisting with endemic-transantarctic assemblages, with oceanographic changes

induced by an early opening of the Tasman Gateway.
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However, in contrast, Houben et al. (2013) found a distinct shift in dinocyst assemblages
around ~33.6 Ma in marine sediment cores off Wilkes Land, East Antarctica, and
interpreted it as a direct effect of the Antarctic glaciation at the Eocene-Oligocene
boundary. However, one of their sites has a large hiatus of ~12 Ma separating the middle
Eocene from the lower Oligocene, which hampers the determination of the exact timing

of the faunal change.

2.2.4 Proxy-model comparison

Temperature reconstructions based on geochemical proxies and fossils indicate warm
conditions at high-latitude sites in the Eocene (Kennett, 1977; Nelson and Cooke, 2001,
Kennett and Exon, 2004; Houben et al., 2013), suggesting that subtropical waters warmed
the Antarctic continent. According to Bijl et al. (2009) almost no SST gradient existed in
the early Eocene between low and high latitudes based on lipid biomarker-derived
temperature estimates. Pancost et al. (2013) provided evidence for a low temperature
gradient in mean annual air temperature between New Zealand and Antarctica (Pross et
al., 2012) during the EECO and early middle Eocene, and a weak ~5°C gradient
developing from the middle Eocene. Temperatures were reconstructed from leaf fossil
and sporomorph assemblages as well as the MBT’-CBT proxy, based on the distribution
of branched GDGTs derived from soil bacteria, using sediments from marine sections
from Southern New Zealand (Pancost et al., 2013). Based on modelled SST results for a
high CO2 world of 4480 ppm, the temperature gradient between tropics and ~60°S was
>20°C (Figure 2.8) which is in contrast to the temperatures derived from geochemical
proxies mentioned earlier. Attempts to reconcile these proxy data with ocean circulation
models have proven to be difficult. Even under hypergreenhouse conditions (>2240ppm
CO3), the models could not produce mean annual SSTs greater than 20°C for the NZ
region, or mean summer SSTs >25°C (Hollis et al., 2012). Model runs indicated the
presence of a cyclonic gyre southeast of New Zealand which blocked subtropical water
from penetrating southward beyond 45°S (Huber and Sloan, 2001; Huber et al., 2004),
contrary to earlier conceptual models explaining high latitude Eocene warmth by the
Tasmanian Gateway Hypothesis (Kennett, 1977; 1978; 1980).

More recent modelling experiments were able to reproduce SSTs and sea-floor
temperatures consistent with the geochemical temperature proxies, but only if the

following three assumptions were satisfied: proxies were considered biased towards
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seasonal maxima; the effect of a proto-East Australian Current was taken into account;
and pCO2 was prescribed as extraordinarily high (4480 ppm) (Hollis et al., 2012) (Figure
2.9). Based on those inferences, Hollis et al. (2012) inferred a warm subtropical climate
for the SW Pacific in the early Eocene. The proto-East Australian Current also might
have had a longer-lived influence on the East Tasman Plateau than further east,

explaining the absence of the pronounced SST temperature drop seen at New Zealand

sites in the early middle Eocene (Hollis et al., 2012).

Figure 2.8 Comparison of sea surface temperature (SST) reconstructions derived from proxy records and the results of
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an Eocene climate model (4480 ppmv CO:2 concentration), modified from Hollis et al. (2012).
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Figure 2.9 from Hollis et al. (2012); comparison of SSTs derived from proxies for the EECO with modelled SSTs and
ocean currents for Austral summer conditions under a high greenhouse gas scenario (4480 ppm COz-equivalent). A
large clockwise subpolar gyre (Ross Gyre) in the Southwest Pacific blocks the East Australian Current reaching
southward beyond ~45°S.

2.3 A short introduction to radiolarians

2.3.1 Taxonomy

The term ‘Radiolaria’ was first introduced by Muiller (1858) and since the first description
of a radiolarian species by Meyen (1834) about ~2500 genera/subgenera and ~15000
species (living and fossil) have been described (Suzuki and Aita, 2011). Radiolarians
have existed since the Cambrian (Won and Below, 1999). The oldest and most
comprehensive classification by Haeckel (1881, 1887), is based on geometry and is rather
artificial. Since then, two types of classifications have been developed: paleontological
classifications based on for example the evolution of fossil lineages (Riedel, 1967a;
Riedel and Sanfilippo, 1977), or inner skeletal structures (De Wever et al., 2001) and

biological classifications based on the cytology (e.g., Suzuki and Aita, 2011). However,
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radiolarian taxonomy for the Cenozoic is not uniform and taxonomic names have been
applied inconsistently (summarized in Lazarus et al., 2015). In the taxonomic
classification as presented by Suzuki and Aita (2011), Radiolaria are grouped, together
with the Cercozoa and Foraminifera, in the supergroup Rhizaria. Recent molecular
analyses revealed five orders that belong to the Radiolaria (Figure 2.10): Acantharia,
Spumellaria, Nassellaria, Collodaria (living in colonies) and Taxopodia. Phaeodaria are

now considered to belong to the Cercozoa (Suzuki and Aita, 2011).
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Figure 2.10 Molecular phylogenetic relationships of the Radiolaria, from Suzuki and Aita (2011).

2.3.2 Biology, ecology and distribution

Radiolarians are single-celled protozoa that exist since at least the middle Cambrian (Won
and Below, 1999) and are found in all oceans throughout the world today (Sanfilippo et
al., 1985). They are heterotrophic zooplankton, e.g. contrary to phytoplankton, that gains

energy by photosynthesis, they have to feed themselves by other organic material or small
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algae like dinoflagellates. Some of them, mainly Collodaria, bear symbionts that help
them with their energy requirements (e.g., Anderson, 1976). Radiolarians are usually
between 0.04-0.4 mm in diameter and build a complex skeleton. Spumellarian,
nassellarian and collodarian skeletons are composed of amorphous silica and after their
decay their skeletal remains cover the ocean floor as siliceous ooze. These three orders
are also referred to as polycystine radiolarians. Acantharia build their skeleton out of
strontium sulphate which is not preserved in the fossil record. In the course of this thesis,
Radiolaria or radiolarians refer to Spumellaria and Nassellaria only. Spumellarians
consist in general of a concentric siliceous skeletal structure whereas nassellarians bear a
conical test with segmentations referred to as ‘cephalis’, ‘thorax’, ‘abdomen’ and

‘postabdominal’ segments (e.g. De Wever et al., 2001).

Radiolarian diversity is highest in the tropics and most of the species live close to the
thermocline in the upper few hundred meters of the ocean (Takahashi and Ling, 1980;
Sanfilippo et al., 1985). However, deep-dwelling forms do exist at depths down to ~4000
m (Suzuki and Aita, 2011). However, radiolarians are very sensitive to dissolution
throughout the water column and on the ocean floor, because sea water is undersaturated
with respect to silica at all depths, and particularly so in surface waters. Therefore, robust
radiolarian tests are more common in assemblages that are accumulated on the sea floor
(Takahashi and Honjo, 1981). In low-productivity environments, radiolarians are only
preserved in the upper few centimetres of the ocean floor and are dissolved before they
are buried due to the long exposure time to bottom water at the sediment-water interface
(Sanfilippo et al., 1985). In modern ocean floor sediments, radiolarian ooze makes up the
major part of the equatorial siliceous ooze, which reflects the high primary productivity in
the water column. High-latitude silica belts also contain radiolarian skeletons, but these
oozes are usually dominated by diatom remains (Figure 2.11). In summary, the ideal
environment to find well preserved radiolarians in sediments is in highly productive
localities and regions where other pelagic sediments like clay, volcanic ash or turbidites
are contributed from ocean islands or continental rises (Sanfilippo et al. 1985). This
results in the fast burial of radiolarians before they are subject to dissolution in the water
column or on the sea floor. In settings below the carbonate compensation depth, the
carbonate component is more easily dissolved, resulting in an indirect enrichment of

radiolarians compared to other biogenic components in the sediment.
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Figure 2.11 Digital map of ocean floor sediments from Dutkiewicz et al. (2015).

Although the radiolarian community is relatively small compared to the large community
of researchers studying planktonic foraminifera or coccolithophores, radiolarians are
extensively and successfully used in biostratigraphy, paleoceanography and paleobiology.
However, there are problems that still need to be solved in radiolarian classification and

taxonomy.

Environmental reconstructions based on radiolarian assemblages provide an advantage
over other microfossil groups due to their greater overall diversity and widespread
distribution, which extends to high latitudes. Because radiolarians have a planktonic life
cycle, their distribution and abundance are mainly controlled by environmental conditions
like nutrients and SST, and their abundances are usually well correlated to these
environmental parameters. Some radiolarian species show a preference for a high-
latitude, low-latitude or a cosmopolitan distribution (e.g. Lazarus and Caulet, 1993).
Studies of modern radiolarian assemblages in the Southwest Pacific show that certain
species and groups are strongly correlated to specific water masses (Hollis and Neil,
2005; Cortese and Prebble 2015). The radiolarian fauna is an important part of the
Southern Ocean plankton community and its assemblage changes can be used for
paleoenvironmental reconstructions in the modern ocean, as well as throughout the
Cenozoic (Lazarus and Caulet, 1993; Funakawa and Nishi, 2005).
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2.4 Paleogene radiolarian studies

2.4.1 Radiolarian biostratigraphy — from low to high latitudes

The original low-latitude radiolarian zonation was developed by Riedel and Sanfilippo
(1970, 1971; 1978) and Nigrini (1971). It was extended to the mid-latitudes of the North
Atlantic by Nishimura (1987, 1992) and to the Southwest Pacific Paleocene by Hollis
(1993). A key publication by Sanfilippo et al. (1985) summarized Cenozoic radiolarian
studies targeting biostratigraphy and the biogeography of radiolarians for low and mid-
latitude sites. Later, the zonation was code numbered by Sanfilippo and Nigrini (1998a)
as zones RP1-22 for the Paleogene, with six zones in the Paleocene (RP1-6), thirteen
zones in the Eocene (RP7-19) and three zones in the Oligocene (RP20-22). The zonation
was first applied to low-latitude Pacific material (Kamikuri et al., 2005; Funakawa et al.,
2006a; Nigrini et al., 2006) and the latest update of the zonation was accomplished by
Kamikuri et al. (2012a).

Due to absence of low and middle latitude marker species in high latitudes, the low-
latitude zonation cannot be applied at high-latitude sites. High-latitude radiolarian
assemblages of the middle Eocene of DSDP Leg 28 (Naturaliste Plateau, South of
Australia) were described by Chen (1975) as “similar to but less diverse than the late
middle to late Eocene low-latitude assemblages”. Takemura (1992) established a southern
high-latitude zonation for the late Eocene to early Oligocene, which was later revised by
Takemura and Ling (1997) and Funakawa and Nishi (2005).

The first Cenozoic radiolarian studies in the Southwest Pacific were undertaken during
the course of the Deep Sea Drilling Program Leg 29 and resulted in the development of
the Antarctic Cenozoic radiolarian compilation by Petrushevskaya (1975). During DSDP
Leg 90, Site 592 was drilled on the Lord Howe Rise and contained radiolarians dating
back to the late Eocene (Caulet, 1986). He described the fauna as “similar to tropical
faunas but lacking some typical morphotypes, like the Lithocyclia group” and “somewhat
different from the tropical forms”. Caulet (1986) and Petrushevskaya (1975) found more
similarities to the Eocene assemblages of California (Clark and Campbell, 1942) than to
those from the Caribbean. However, no stratigraphic radiolarian zonation for high-
latitudes was established at the time.
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Paleogene radiolarian assemblages in the Southwest Pacific differ from low-latitude or
Northern hemisphere assemblages, as many key index species are absent, rare or have
diachronous ranges in the New Zealand region (Hollis, 2002). Therefore, a South Pacific
radiolarian zonation was established from Mead Stream and other sections from the
Marlborough region, South Island, New Zealand (Hollis, 1993; Strong et al., 1995; Hollis,
1997; Hollis et al. 2005). This zonation scheme is integrated in this thesis with the
Southern Ocean zonation of the late Eocene to early Oligocene (Takemura, 1992;
Takemura and Ling, 1997; Funakawa and Nishi, 2005). The Southern Hemisphere
radiolarian zonation now consists of RP1-18, with seven zones in the Paleocene (RP1-7),
seven zones in the Eocene (RP8-14) and four zones in the Oligocene (RP15-18). Further
key biostratigraphic and taxonomic studies in the Southwest Pacific were undertaken for
the Cretaceous to Eocene (Hollis 1993, 1997, 2002) and Eocene to Oligocene and
younger (O'Connor, 1994, 1997, 1999a, 1999b, 2000) on New Zealand outcrops.

The age calibration of the biostratigraphic zonation of the Southwest Pacific is based on
the New Zealand Geological Timescale, which is based on foraminiferal events and was
recently updated by Raine et al. (2015). The updated Paleogene timescale was calibrated
to the Geomagnetic Polarity Timescale after Gradstein et al. (2012) and the Global
Chronological Scale (Cohen et al., 2014). The first New Zealand divisions were defined
by Finlay and Marwick (1947) for upper Cretaceous to Tertiary strata and have been
revised and recalibrated several times since (e.g. Cooper 2004, Hollis et al., 2010, Raine
et al. 2015).

2.4.2 Paleoenvironmental studies of Paleogene radiolarians

The first summary of the biogeographic development of planktic biota in the circumpolar
Southern Ocean throughout the Cenozoic was provided by Kennett (1978). He inferred
that the development of distinct polar plankton assemblages was related to the evolution
of the ACC and the Antarctic Polar Front. Subsequent deep-sea drilling campaigns have
provided additional data on regional changes in Southern Ocean plankton. These were
integrated by Lazarus and Caulet (1993) into a set of circumpolar maps across specific
time intervals. Moreover, these authors also carried out the first synthesis of radiolarian
biogeography for the region and found a pattern of increasing endemism in the Southern
Ocean across the Eocene-Oligocene transition. A more detailed study of radiolarian

biogeographic patterns and trends in the Southwest Pacific (Lazarus et al., 2008) found
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increased endemism in the radiolarian fauna in the late Eocene (~ 35 Ma). Further
radiolarian studies from the Atlantic sector of the Southern Ocean were performed by
Funakawa and Nishi (2008), who recorded the first expansion of an Antarctic assemblage
significantly earlier (38.5 Ma). They identified several faunal turnover events in the
Antarctic assemblage from the late middle Eocene to late Oligocene and linked these

events to migrations of the Antarctic Polar Front.

Radiolarian research from the Paleogene in the Southwest Pacific is relatively scarce
(Petrushevskaya, 1975; Hollis et al., 1997; O'Connor, 1999; Hollis, 2002; Hollis et al.,
2005; Hollis, 2007; Suzuki et al., 2009), but this region is particularly interesting for this
time interval, as it underwent major changes during the transition from a global

greenhouse to icehouse climate.

A section of an upper Paleocene-lower Eocene bathyal succession at Mead Stream,
Marlborough, was dominated by assemblages found in cool, eutrophic water masses
during the Paleocene, but during the PETM and EECO the siliceous biogenic sediment
production and radiolarian diversity decreased significantly. Along with an abrupt
appearance of low-latitude radiolarians characteristic of oligotrophic, stratified, warm
water masses (e.g. Amphicraspedum prolixum s.s., Lychnocanium auxillum, Podocyrtis
papalis, Phormocyrtis turgida, Theocorys? phyzella), the abundance of large, robust
spumellarians increased relative to small actinommids during the PETM and EECO
(Hollis et al., 2005; Hollis, 2006). With the onset of cooling in the middle Eocene,
siliceous microfossils increased in abundance and species diversity in the Southern Ocean
(Lazarus et al., 2008) following the biogeographic classification of taxa given by Lazarus
and Caulet (1993).
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3 Material and methods

3.1 Study sites and samples

Sediment samples were obtained from archived ocean sediment cores from the mid- to
high-latitude Southwest Pacific (Figure 3.1). The first part of the thesis investigates
radiolarian assemblages in samples from five high-latitude Southwest Pacific sites. The
studied sites form a transect from the southern Campbell Plateau (DSDP Site 277), across
the Tasman Sea (ODP Site 1172, DSDP Site 283) and south of Tasmania on the Tasman
Rise (DSDP sites 281 and 280). The second part of the thesis investigates radiolarian
assemblages at four mid-latitude sites northwest (DSDP sites 207, 592 and 206) and east
of New Zealand (ODP Site 1123).
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Figure 3.1 Modern day map with location of studied DSDP and ODP sites as mentioned in the text. Dark grey=land
masses, light grey=2000m continental boundary. Acronyms from north to south: EAC=East Australian Current,
TF=Tropical Front, STW=Subtropical Water, STF=Subtropical Front, SAW=Subantarctic Water, SAF=Subantarctic
Front, ACC=Antarctic Circumpolar Current, PF=Polar Front. Circulation simplified after Chiswell et al. (2015).
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During the Eocene, the high-latitude sites were located between ~55 and ~63°S, the mid-
latitude sites between ~40 and 50°S. A reconstruction of the Southwest Pacific at ~40 Ma

shows the location of the studied sites at that time (Figure 3.2).

160° 180° -160°

Middle Eocene ~40 Ma)‘

‘06 \“ :' mid-latitude Sitesr j L _40°
-40° T
<592 o ead Stream
\ °® 207 ;
A5
AN
> ) | --50°

&

high-latitude sites

-50°

--60°

-60°

D

120° 140° 160°180°160° -140° -120°

Figure 3.2 Reconstruction of the Southwest Pacific and the location of the studied sites at 40 Ma.

This study is based on the microscopic analysis of radiolarian assemblages from 9 sites
and comprises 227 samples. | have counted radiolarian assemblages from 186 samples
(DSDP sites 277, 280, 281, 206, 207, 592 and ODP site 1123), of which 125 new samples
were processed and radiolarian strewn slides were prepared, and slides of 61 samples
from existing collections at GNS Science were examined. Assemblage data from 41
samples from ODP Site 1172 were provided by Noritoshi Suzuki (Tohoku University,
Japan). A summary of the samples investigated at each site is given in Table 3.1 and
Figure 3.3. Radiolarian strewn slides for DSDP sites 277, 280 and 281 were prepared by
me. The other new samples and radiolarian slides were prepared by laboratory technician

Sonja Pefiafiel-Bermudez.
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Table 3.1 Overview of samples at each site, which are arranged according to their paleolatitude at ~40 Ma (Figure 3.2).
New samples were prepared in this study; existing samples from ! Hollis et al. (1997), 2 DSDP/ODP

Micropaleontological Reference Centre, 2 slides provided by Y. Aita; # assemblage data from N. Suzuki.

High-latitude sites Mid-latitude sites
Campbell | E3StOf
Locality | Tasman Rise Tasman Sea P New Lord Howe Rise
Plateau
Zealand
Site Site Site Site Site Site Site Site Site Site
280 281 1172 283 277 1123 207 592 206
New 4 4 46 37 10 24
samples
Existing 2| 62 31 143 72
samples
Total 4 7 41 6 77 14 44 10 24

Until 1981, DSDP sites were rotary drilled, so recovery of deep sediments is in general
poor and the large core gaps are present at sites 206, 207, 277, 280, 281 and 283. A
change in technology to hydraulic piston corer (HPC) and extended core barrel coring
(XCB) has significantly improved the recovery of sediments (in particular the uppermost
soft sediments) at sites 592, 1123 and 1172.

3.1.1 High-latitude sites

During Leg 29 of the Deep Sea Drilling Project (DSDP), sites 275 to 284 were drilled in
the Southwest Pacific (Kennett et al., 1975). Site 277 on the Campbell Plateau was the
primary high-latitude site in this study. However, to acquire a regional picture of
radiolarian assemblage changes and paleobiogeography during the middle Eocene to early
Oligocene in the high-latitude Southwest Pacific, three additional sites were also
examined (sites 280, 281, 283). These were further supplemented by radiolarian
assemblage data from Site 1172 provided by Noritoshi Suzuki (Tohoku University,

Japan), who published the radiolarian taxonomy in Suzuki et al. (2009).

3.1.1.1 DSDP Site 277
DSDP Site 277 is located on the western margin of the Campbell Plateau (52°13.43" S;
166°11.48" E) at a water depth of 1214 m (Figure 3.1). Forty-six cores were drilled with a
maximum penetration of 472.5 meter below sea floor (mbsf), and a cored section of 434.5
m. Total recovery was only 59.6% (or 258.5 m of sediments). The recovery was
extremely poor between 368 and 301.5 mbsf, due to 9.5 m rotary coring runs being
conducted every 19 m. The upper 10 m consist of Plio—Pleistocene foraminifera-rich
nannofossil ooze, separated by an unconformity from 462 m of nannofossil ooze of
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middle Paleocene to late Oligocene age (Kennett et al., 1975). The absence of most of the
Neogene reflects the increase of bottom-water velocity throughout the region associated
with the development of the Antarctic Circumpolar Current (Kennett et al., 1972; Kennett
et al., 1975). As the sediment at this site is calcareous throughout the succession, a
depositional depth at 1500 m, well above the lysocline is suggested (Kennett et al., 1975;
Hollis et al., 1997). The first part of this thesis was to re-assess existing slides from DSDP
Site 277 and to process additional samples. In total, 77 samples of Site 277 were
analysed, of which 31 were prepared and initially assessed by Hollis et al. (1997), in
addition other 46 are prepared (Figure 3.3). The studied samples range from the upper
Paleocene (Core 277-46R; 468.49 mbsf) to lower Oligocene (Core 277-15R; 134.50
mbsf). The mean paleolatitude throughout the early Eocene to early Oligocene (~50-30
Ma) was ~55°S (van Hinsbergen et al., 2015).

3.1.1.2 DSDP Site 280

DSDP Site 280 comprising two holes (280 and 280A), is located ~100 km south of the
South Tasman Rise (48°57.44" S; 147°14.08" E) and was drilled at a water depth of
4176 m (Figure 3.1). Radiolarian assemblage data were collected from Hole 280A. In
total, 23 cores were drilled at this hole, which consists of a 201 m cored section.
However, the recovery was only 97.2 m (48.2 %). Several unconformities characterise the
sedimentary record. Manganese nodules occur in the top of the core, overlying a 1 m
section of Pleistocene foraminiferal nannofossil ooze, which is separated by an
unconformity from 5 m of lower Pliocene or upper Miocene siliceous nannofossil ooze
and detrital clay. An unconformity separates this part from the underlying Oligocene and
upper Eocene silty diatom ooze, of at least 100 m thickness. Underneath the latter unit, a
lower to middle Eocene glauconitic clayey silt with chert and highly organic silty
claystone with almost no biogenic material was recovered, which in turn rests on basaltic
basement rocks (Kennett et al., 1975). The general paucity and poor preservation of
calcareous microfossils suggest a paleodepth close to the calcite compensation depth. The
studied interval (4 samples) spans Core 280A-7R (123.4 mbsf) to Core 280A-5R (92.54
mbsf) and is of early Oligocene age (Figure 3.3). During this time the site was located
~60°S (van Hinsbergen et al., 2015).
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3.1.1.3 DSDP Site 281

DSDP Site 281 comprising two holes (281 and 281A), is located on the South Tasman
Rise (47°59.84" S; 147°45.85" E) and drilled at a water depth of 1591 m (Figure 3.1).
This study is based on the radiolarian assemblages in Hole 281. This hole was cored to
169 mbsf, but only 105.6 m (62.5%) was recovered. The upper part of the cored interval
consists of ~121 m of lower Miocene to recent nannofossil-foraminiferal ooze. The
Oligocene and much of the upper Eocene record are disrupted by an unconformity, with a
small horizon of greensand at the base of Core 281-13R. Beneath the unconformity, a
28.5 m interval of upper Eocene (~Kaiatan) biogenic-rich glauconitic sandy to silty clays
was recovered, underlain by 19 m of upper Eocene glauconitic sandstone and mica schist
breccia. The improved preservation of calcareous microfossils suggests a shallower
depositional environment than Site 280. The upper Eocene section studied in Hole 281 (7
samples) spans Core 281-16R (149.04 mbsf) to Core 281-14R (122.5 mbsf) (Figure 3.3).
The mean paleolatitude in the late Eocene (~35 Ma) was ~60.5°S (van Hinsbergen et al.,
2015).

3.1.1.4 DSDP Site 283

DSDP Site 283 lies in the Central Tasman Sea (43°54.6" S; 154°16.96" E) in a water
depth of 4729 m and also comprises two holes (283 and 283A) (Figure 3.1). Radiolarian
data were collected from Hole 283. This hole was drilled to 592 mbsf and recovered 19
cores. However, the length of the cored section was only 156 m and the total recovery of
sediments was very poor with 61.6 m (39%). The upper part of the cored section consists
of 12.9 m fossiliferous zeolite clay of late Pliocene-Pleistocene age. It is abruptly
underlain by 3 m of upper Miocene or Pliocene fossil-free zeolite clay that is separated by
an unconformity from 164 m of upper Eocene diatom ooze containing nannofossils.
Beneath that, 225 m of middle Eocene silty clay and 283 m of Paleocene fossil-poor silty
clay and silty pyritic claystone, underlain by highly altered basalt, were recovered. Due to
the poor preservation of calcareous material and the absence of planktonic foraminifera,
the depositional depth is assumed to be close or below the calcium carbonate
compensation depth (Kennett et al., 1975). Furthermore, the absence of the Oligocene and
most of the Neogene is inferred to be due to erosion by bottom currents in the central
Tasman Sea (Kennett et al., 1975). From this site, a section spanning Core 283-8R
(192.25 mbsf) to 283-5R (87.75 mbsf) was studied (6 samples) containing upper Eocene
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sediments (Figure 3.3). The mean paleolatitude of this site in the late Eocene (~35 Ma)
was ~55.5°S (van Hinsbergen et al., 2015).

3.1.1.5 ODP Site 1172

ODP Site 1172 is situated west of the East Tasman Plateau (43°57.58’S; 149°55.69°E) in
a water depth of 2622 m and was drilled during ODP Leg 189 (Exon et al., 2001,
Shipboard Scientific Party, 2001) (Figure 3.1). It comprises four holes (1172A, 1172B,
1172C and 1172D). Radiolarian data from Hole A and a short sequence of Hole D were
provided by Noritoshi Suzuki (Tohoku University, Japan) who published the taxonomy in
Suzuki et al. (2009). Hole 1172A was drilled by advanced piston corer/extended core
barrel (APC/XCB) to 522.6 mbsf (92.6% recovery), whereas Hole D was rotary cored
between 344-373 mbsf and 497-766 mbsf. The uppermost unit at Site 1172 down to
355.8 mbsf consists of foraminifera-bearing nannofossil ooze and chalk of early Miocene
to Pleistocene age with some Oligocene in the lowest part. Unit 2 (361.12—-355.8 mbsf)
contains a short uppermost Eocene to Oligocene section with a sharp transition in the
upper Oligocene between glauconite-bearing silty claystone and the overlying pelagic
carbonate sequence consisting of nannofossil chalk (Exon et al., 2001). The glauconitic
feature of the sequence indicates increased bottom-water current activity in the uppermost
Eocene (Kennett and Exon, 2004; Stickley et al., 2004a). The underlying Unit 3 (503.4—
361.12 mbsf) is characterized by claystone with diatoms in the lower part and
nannofossils in the upper part, and is of middle to late Eocene age. Diatoms are more
abundant and of inner neritic nature in the middle Eocene until ~408 mbsf (~39 Ma),
where they become more oceanic and may indicate a change to a more outer neritic
regime. Above ~376 mbsf (~38 Ma) the diatom assemblage indicates an inner to outer
neritic regime (Rohl et al., 2004). The deepest unit (766.5-503.4 mbsf) consists of upper
Cretaceous to lower Eocene claystones with some amounts of silt and nannofossils,
however siliceous microfossils are absent. The radiolarian assemblage data are from Core
1172A-48X to -39X (450.49-354.6 mbsf), spanning the middle Eocene to Oligocene
interval, and from Core 1172D-2R (356.85-355.65 mbsf), covering an Oligocene interval
(N. Suzuki, Figure 3.3). The paleolatitude of this site in the middle Eocene to early
Oligocene (~40-30 Ma) was ~56°S (van Hinsbergen et al., 2015).
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Figure 3.3 Overview of samples studied at each site.
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3.1.2 Mid-latitude sites

During DSDP Leg 21, sites 203—-210 were drilled in the Tasman Sea and on or near the
Lord Howe Rise from low to mid-latitudes (Burns et al., 1973). Site 207 on Lord Howe
Rise was the primary mid-latitude site in this study. To acquire a regional picture of
radiolarian assemblage changes at mid-latitude sites during the Paleogene, two additional
sites on Lord Howe Rise (DSDP sites 206 and 592) and one site east of New Zealand
(ODP Site 1123) were also examined.

3.1.2.1 DSDP Site 207

DSDP Site 207 is located in the southern part of the Lord Howe Rise (36°57.75" S;
165°26.06" E) in a water depth of 1389 m and comprises two holes (207 and 207A)
(Figure 3.1). In this study, Hole 207A was investigated, which was drilled to a depth of
513 mbsf (Burns et al., 1973). 50 cores were recovered but with only 47% recovery
(212.3 m). The uppermost Unit 1 consists of 142 m of middle Miocene to Pleistocene
carbonate ooze. Below, a Paleocene to middle Miocene unit (309-142 mbsf) was
recovered, consisting of foraminiferal-nannofossil ooze and clay nannofossil ooze (or
chalk) containing also siliceous fossils. Chert nodules are present in the lower part of this
section (Cores 207A-27R to -24R). An unconformity separates middle Eocene from
middle Miocene sediments (between Core 207A-11R-2, 20cm and -10R-CC), which can
be detected by different microfossil components in the units above and below, consisting
of up to 35% of siliceous fossils in the Eocene material of Unit 2. This major Southwest
Pacific unconformity is also found in other Lord Howe Rise sites (206, 208, 209, 210).
More recent research suggests that the Eocene-Oligocene hiatus developed as a result of
uplift of the Lord Howe Rise due to tectonic processes associated with subduction
(Sutherland et al., 2010). At Site 207, the hiatus spans the longest time period with ~32
Ma (Kennett et al., 1972). Kulhanek and Morgans (2013) determined the hiatus to be ~25
Ma in duration. The lower Units 3-5 (513-309 mbsf) are Cretaceous glauconitic silty
claystone and sandstone rare in microfossils, underlain by rhyolitic rocks of various
kinds. In this study, 44 samples from Core 207A-30R (318.96 mbsf) to Core 207A-11R
(143.55 mbsf) were investigated, spanning a Paleocene (possibly upper Cretaceous) to
middle Eocene interval (Figure 3.3). According to Kulhanek and Morgans (2013), the
Eocene paleodepth at this site was between 2500-3000 m. The paleolatitude of Site 207
during the early to middle Eocene (~50-40 Ma) was ~47°S (van Hinsbergen et al., 2015).
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3.1.2.2 DSDP Site 206

DSDP Site 206 is situated in the New Caledonia Basin (32°0.75" S; 165°27.15" E) and
was drilled in a water depth of 3196 m (Figure 3.1). Four holes were drilled at this site
(206, 206A, 206B, 206C) but cores were only recovered from Holes 206 and 206C
(Burns et al., 1973). Radiolarian assemblage data were obtained from Hole 206C. In this
hole, 21 cores were recovered between 404 and 734 mbsf with a recovery of 47% (88.7 m
of cored section). Unit 1 (389—0 mbsf) is a lower Miocene to possibly upper Pleistocene
nannofossil-foraminiferal ooze containing minor volcanic ash. Unit 2 (614-389 mbsf) is a
middle Oligocene to lower Miocene sequence, mainly consisting of semi-lithified
nannofossil ooze with varying amounts of clay. Unit 3 (677-614 mbsf) is of middle
Eocene to earliest late Eocene age and is composed of semi-lithified radiolarian-rich
nannofossil ooze. This is underlain by Unit 4 (734—677 mbsf), of early Paleocene to
middle Eocene age, whose lithology is semi-lithified nannofossil ooze and clay with
minor chert. An unconformity between Units 2 and 3 was dated based on both planktic
foraminifera and nannofossils to about 14 Ma (Kennett et al., 1972). More recent
investigations suggest a hiatus of 6.65-9 Ma (Kulhanek and Morgans, 2013). 24 samples
were investigated from Core 206C-21R (728 mbsf) to Core 206C-15R (613.70 mbsf),
spanning a Paleocene to middle Eocene interval (Figure 3.3). The paleodepth during the
Eocene is estimated to ~2000 m (Kulhanek and Morgans, 2013). The paleolatitude of this
site during the early to middle Eocene (~50-40 Ma) was ~42°S (van Hinsbergen et al.,
2015).

3.1.2.3 DSDP Site 592

DSDP Site 592, recovered during DSDP Leg 90, is situated on the southern Lord Howe
Rise (36°28.40'S; 164°26.92'E), close to Site 207, and was drilled in a water depth of
1088 m (Figure 3.1) (Kennett et al., 1985). Forty-one cores were recovered at this site,
penetrating to a depth of 388.5 mbsf. The total recovered section is 340.12 m long (87.5%
recovery) and was drilled using HPC until 234.9 mbsf, and XCB from 234.9-388.5 mbsf.
The upper 305.8 m of the cored section covers a lower Miocene to Pleistocene interval
with foraminifer-bearing nannofossil chalk and ooze. The lower part of the core consists
of an 83.5 m long Paleogene sequence of nannofossil ooze and chalk of late Eocene to
early Oligocene age. This site is the only site on the Lord Howe Rise that contains an
intact Eocene-Oligocene boundary transition and, along with Site 277 and Site 1123, the

only one in the Southwest Pacific to do so. An unconformity separates lower Oligocene
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from lower Miocene, and spans between 7 and 11 Ma at this site (Kulhanek and Morgans,
2013). For this study, 10 samples from Core 592-41X (379.7 mbsf) to Core 592-37X
(344.3 mbsf) were investigated. This interval is of late Eocene age and is the only
radiolarian bearing interval at this site (Figure 3.3). The paleodepth of this site in the late
Eocene is estimated to 1500-2000 m (Kulhanek and Morgans, 2013), the paleolatitude (at
~35 Ma) to ~46°S (van Hinsbergen et al., 2015).

3.1.2.4 ODP Site 1123

ODP Site 1123 was drilled during Leg 181 and is located east of New Zealand on the
northeastern slopes of Chatham Rise, about 400 km northeast of the Chatham Islands
(41°47.4'S; 171°30'E) (Figure 3.1) (Carter et al., 1999; Shipboard Scientific Party, 1999).
Site 1123 lies in a water depth of 3290 m and comprises three holes (1123A, 1123B and
1123C). Radiolarian assemblage data were collected from Hole 1123C. At this hole, 16
cores were recovered using an advanced hydraulic piston corer (APC), which resulted in
excellent recovery of 101.45% (151.5 m). A further 17 cores were drilled using XCB,
which recovered 158.4 m (85.69% recovery). The sedimentary succession that was
recovered at Site 1123 is divided into four units. Unit 1 (uppermost 256.6 mbsf) consists
of upper Miocene to Pleistocene nannofossil ooze with abundant to occasional tephra
layers. Unit 2 spans 450.8-256.6 mbsf and consists of middle to upper Miocene
nannofossil chalk with frequent tephra layers. Unit 3 (587.2-450.8 mbsf) consists of
lower to middle Miocene alternating nannofossil mudstone to nannofossil chalk. The
lowermost unit, Unit 4 is upper Eocene to lower Oligocene micritic limestone (632.8—
587.2 mbsf). An unconformity separates lower Oligocene from lower Miocene sediments
at Site 1123. Radiolarian data were collected from 14 samples of Core 1123C-33X
(625.68 mbsf) to Core 1123C-29X (590.9 mbsf), spanning an upper Eocene to lower
Oligocene interval (Figure 3.3). These samples were prepared and provided by Yoshiaki
Aita (Utsunomya University, Japan), shipboard radiolarian specialist on ODP Leg 181.
The accumulation of calcareous sediments dominated by nannofossils indicates offshore
conditions well above the lysocline. The paleolatitude of this site during the late Eocene
to early Oligocene (~35-30 Ma) was ~50°S (van Hinsbergen et al., 2015).
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3.2Sample and slide preparation

The following procedure for sample preparation is for chalk or limestone samples.
Dependent on the available amount of material, between 1-10 grams of dried sample
material was broken into ~ 5mm-diameter chips and diluted with a little deionized water
in a beaker.

The first step was to remove carbonate by gradually adding a solution of 10% HCI to the
sample and monitoring its reaction. This reaction usually lasted no more than an hour
until the acid turned yellow indicating that the acidification process is complete (Figure
3.4).

After the acid reaction, the sample was washed and filtered through a 63um sieve. To
remove organic compounds and clay in the sample, the >63 pum residue (diluted with
water in a beaker) was cleaned by gently heating and adding of a solution of 30%
hydrogen peroxide (H202) and 5% sodium hexametaphosphate (Calgon; (NaPQOz3)s). The
sample mixture was kept on a hotplate during this reaction, usually between 30 minutes
and 2 hours, dependent on the amount of organic material and clay in the residue (Figure
3.5).

Figure 3.4 Samples with HCI added; note strong reaction in middle beaker.
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Figure 3.5 Breakdown of organic material and clay; hydrogen peroxide is causing a strong reaction in beaker to the
right.

After the reaction had ceased, the residue was filtered through a 63um sieve (Figure 3.6).
The remaining material was observed under a stereo microscope to assess if the sample
still needed further cleaning. In that case, a second H.O> and Calgon wash was applied.

The sample was then transferred to a plastic pot and dried (Figure 3.7).
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i

.

Figure 3.6 Washing of a sample with a 63 pm sieve.

Figure 3.7 Washed residue gets transferred to a small plastic pot and then put in the oven for drying out.

Samples from DSDP Site 206 did not break down after HCI/H,O: treatment and received
following hydrofluoric acid (HF) treatment. Only the fraction >0.5 mm was used for this
treatment and put into a polypropylene beaker. A 5% HF solution was carefully added
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until all chips were covered. The time of exposure to HF was set to 2 hours. After 2
hours, the liquid was tipped off in another beaker and the remaining chips were washed
with water three times in the same manner. The remaining chips were topped up with HF
solution again for the next round. This step was repeated up to three times until there
were no rock fragments remaining in the beaker. The solution that was tipped of was
sieved through a 63um sieve, washed with water and finally put into a glass beaker. In the
final step, the residue received a Calgon (5% concentration) boil on the hotplate to which
H20, (30% concentration) was added to ensure a thorough cleaning of the radiolarians.

Thereafter, the residue was rinsed though a 63um sieve and dried.

Depending on the volume of the processed residue and the abundance of radiolarians,
between 1-6 slides were prepared for each sample. For very sparse assemblages,
radiolarians were individually picked under the stereo microscope. For slide preparation,
a known portion of the dried material was gently sprinkled on a coverslip that was coated
in dilute gum tragacanth (Figures 3.8 and 3.9). The coverslip was breathed on carefully to
moisten it, so the radiolarians stick to the gum. Subsequently, the coverslip was inverted
and the back of the coverslip tapped gently to remove any excess residue. The excess
residue was collected and distributed onto areas on the coverslip that showed less dense
radiolarian distribution. A few drops of Canada balsam were applied on the slide, which
was placed on a hotplate. The coverslip with the residue was quickly inverted on the slide
and remained on the hotplate for about 20 minutes until the mounting medium turned
yellow (Figure 3.10). Any remaining air bubbles were removed by gently pressing the
coverslip with a tooth pick. The slide was then removed from the hotplate allowed to dry
and labelled (Figure 3.11).
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Figure 3.8 Dried residue, which was divided in smaller portions for slide making.

Figure 3.9 Sprinkling of a known portion of dried residue onto three coverslips that were covered with gum tragacanth.
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Figure 3.10 On the left: two coverslips with sprinkled residue, in the middle: two cover slides with Canada balsam, on
the right: a coverslip was mounted onto a cover slide.

Figure 3.11 Final labelled slide, which was cleaned of excess Canada balsam with acetone.

3.3 Slide examination

3.3.1 Radiolarian census data and relative abundance

Strewn slides were examined using a Zeiss transmitted light microscope fitted with a
Zeiss Axiocam ERc5s digital camera. For part one of the thesis, radiolarian census data
were derived using the method of Hollis (2006). Radiolarians were counted on vertical
slide traverses. For sparse samples (<300 radiolarians per slide), all radiolarians on the
prepared slide(s) were counted. For richer samples, all specimens were counted until a
total number of 300 specimens was achieved. The proportion of the slide examined to this
point was determined and the abundance of common taxa (>15 observed specimens)

estimated for the rest of the slide. The remaining portion of the slide was then examined
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and rare taxa (<15 observed specimens in initial count) recorded only. All intact tests or
fragments that could confidently be assigned to a counting group were counted. Counting
groups range from undifferentiated order (e.g. Nassellaria undet. or Spumellaria undet.)
and family level (e.g. Plagiacanthidae undet.) to genus level (e.g. Lithomelissa spp.),
species and subspecies. The advantage of this counting method is that it yields reliable
abundances for rare taxa without spending too much time counting many hundreds of
specimens. However, overall diversity was still underestimated as certain groups like the
Trissocyclidae were not differentiated due to time constraints. Moreover, it was observed
that large specimens (e.g. Lophocyrtids, Lychnocaniids) tend to distribute more at the
edge of the slide, so estimating their abundance for the rest of the slide needs to be done
carefully and checked randomly across the slide. Due to the latter reason and tight time
constraints, the counting method was changed for part two of the thesis. For sites 206,
207, 592 and 1123, 400-500 specimens were counted along random vertical transects in
the central area of the slide. The whole slide was scanned after the initial counting was
completed and rare taxa that have not been encountered in the initial count were noted
and marked with an ‘X’ in the count sheets. This allowed the detection of very rare taxa

that might be stratigraphically important and that might have been otherwise missed.
Radiolarian abundance was calculated using the following equation:
(Xr*Xs*1/Xp)/Ased

with Xr being the total number of radiolarians per slide, Xs the number of slides made of
a known portion Xp of the dried material, Aseq is the initial amount of dried sediment. The
total number of radiolarians per slide (Xr) was achieved counting specimens that are more
than half complete along three vertical traverses. The average value of these three
traverses was then used to extrapolate the abundance estimate for the whole slide. If
radiolarians were very sparse (less than 300 specimens), Xs represents the total count of

radiolarians.

3.3.2 Radiolarian preservation and cumulative component analysis

Radiolarian preservation was determined using the following criteria. Samples barren of
radiolarians were assigned to a preservation index (PI) of 0. Poorly preserved radiolarians
(P1 of 1) have a recrystallized test, poorly visible pores and external or internal features of

the skeleton are hardly recognizable (Figure 3.12). Moderately preserved radiolarians (Pl
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of 2) bear a rough surface but pores are visible. Very delicate features (e.g. spines) are
often not preserved and test are often incomplete (Figure 3.12). Well preserved
radiolarians (PI of 3) are characterized by a smooth surface, clear visible pore frames and
the preservation of internal and external features (Figure 3.12).

277-44R-3, 1 cm

Pl=2
moderate
Ab'rrnm;mm- v ?

277-33R-2, 20 cm 277-33R-2, 20 cm

=

‘ : : 5% , . _—
207-16R-2, 90-94 cm 280A-6R-2, 60 cm 206C-17R-4, 100-104 cm

Figure 3.12 Examples of varying radiolarian preservation; PI: preservation index; scale bar = 100um.

Relative abundance of residue components in each sample was estimated by a count of
~100 grains, where grains were assigned to one of the following categories: intact
radiolarians, radiolarian fragments, diatoms, sand grains (including glauconite), sponge
spicules, silicified foraminifera casts and dinoflagellates. The diatom/radiolarian ratio was
calculated by using the counts of both groups from the ~100 grain counts. Although this
method is not an accurate measure of the diatom abundance as most pelagic diatoms are
smaller than 63um, it allowed to estimate the order of magnitude in changes of diatom
abundance for identifying significant diatom event horizons.
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3.3.3 Statistical analyses

To evaluate the diversity and heterogeneity between samples and study sites, several
statistical measures were obtained with the freely available statistical programme PAST
Version 3.07 (Hammer et al., 2001). A simple measure for diversity is the species or taxic
richness. However, this measure is largely dependent on the sample size and the larger the
sample, the more species will be recorded. In case of uneven sampling size, rarefaction is
a method that calculates the number of species for a sample size that is smaller than the
collected sample (Harper, 1999). On the other hand, the taxic richness of different sample
sizes can be calculated using subsampling techniques. Individual rarefaction is a method
that calculates the number of species for different sample sizes. So for large sample sizes
with for example 5000 individuals and 50 encountered species, the species richness can
be calculated by rarefaction even if only 500 individuals were counted. Range-through
diversity can be calculated to show if a drop in diversity in the middle of a series is a true
diversity drop or just temporary absence due to preservation or ecologic conditions. The
Fisher a index and the Simpson index of Evenness are both heterogeneity measures. The
Fisher a Diversity Index is a general guide for diversity, calculated from the number of
taxa and the total number of individuals. The Simpson Evenness Index takes the
proportion of individuals assigned to species categories into account as well as the total
number of species observed in a sample. It calculates the probability that two specimens
picked at random belong to different species. It ranges from 0 (low diversity) to 1. It is
also called the evenness index, with low values indicating that a few species dominate the
assemblage, while high values suggest that the identified species are equally abundant.

This index is more sensitive to changes in the common species (Harper, 1999).

3.4Radiolarian taxonomy

The taxonomy in this thesis is based on the supra-generic classification of Riedel (1967a,
1967b) and Petrushevskaya (1971a, 1971b) and is preferred to more recent alternatives
(e.g. De Wever et al., 2001; Suzuki and Aita, 2011), which are based on cytology (e.g.
endoplasm structure) and molecular phylogenetic analysis. This is not practical for the
purpose of this study when aiming to assign specimens of variable preservation to

counting group categories for statistical analysis.

For identifying radiolarians, key references on radiolarian taxonomy (Clark and

Campbell, 1942, 1945; Riedel and Sanfilippo, 1970; Petrushevskaya and Kozlova, 1972;
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Sanfilippo, 1990; Sanfilippo and Riedel, 1992; Sanfilippo and Caulet, 1998), along with
various Deep Sea Drilling Program (DSDP) reports from the Southwest Pacific (Chen,
1975; Petrushevskaya, 1975; Caulet, 1986; Hollis et al., 1997) and onshore New Zealand
records (O'Connor, 1999a, 1999b, 2000; Hollis, 2002; Hollis et al., 2005) were used.

However, as Paleogene radiolarians from the Southwest Pacific are still sparsely studied,
due to poor preservation and incomplete sedimentary records, species in open
nomenclature are common. In order to standardise species assignments, familiarization
with the taxonomy developed for other Southern Ocean records (e.g. Caulet, 1991,
Takemura, 1992; Takemura and Ling, 1997; Funakawa and Nishi, 2005), northern
latitude records (e.g. Nishimura, 1987, 1992) and low-latitude records (e.g. Foreman,
1973a; 1973b; Riedel and Sanfilippo, 1973; Sanfilippo and Riedel, 1973; Nigrini, 1977;
Moore and Kamikuri, 2012; Kamikuri et al., 2013) was required. In Appendix A, all taxa
that were encountered in this study are listed, along with synonyms relevant to this study.

3.5Radiolarian paleobiogeography

An important focus of this study has been to use radiolarian paleobiogeography as a guide
to paleo-watermass changes at a specific site and paleo-watermass differences between
sites. In order to do this, | have endeavoured to categorise as many species as possible to

one of three biogeographic regions: high latitude, low latitude and cosmopolitan.

Occurrence data were downloaded for all radiolarians encountered in this thesis from the
Neptune Database Berlin (Lazarus, 1994; Spencer-Cervato, 1999), if available.
Unfortunately, this database lacks many Paleogene radiolarians, and occurrence data are
not always robust and still need to be cross-checked with the DSDP/ODP reports. In
addition to this database, data on the geographic distribution of taxa were obtained from a
few paleobiogeographic studies (Lazarus and Caulet, 1993; Sanfilippo and Caulet, 1998)
and several regional studies (e.g. Petrushevskaya and Kozlova, 1972; Riedel and
Sanfilippo, 1973; Petrushevskaya, 1975). However, it has not been possible to identify the
biogeographic affinities of all the taxa in this study. This thesis represents the first attempt
at assigning biogeographic affinities to Paleogene species based on their relative
abundance (Appendix E, data on enclosed CD).

Sites were grouped in three categories based on their paleolatitude location: high-latitude
(>45°S/N), mid-latitude (25-45°N/S) and low-latitude (25°S—25°N). Taxa used in the
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paleobiogeographic analysis include all those species or genera with relatively well-
resolved taxonomy and geographic distributions. Relative abundance and age range is
recorded for all sites where the taxon is present. Radiolarian ranges and relative
abundances were recorded for each species. Following relative abundance categories
were established for species in this study: trace (T, < 1%), rare (R, 1-2%), few (F, 2-5%),
common (C, >5-10%) and abundant (A, >10%). Only samples with a sample size >100
specimens were included when recording the relative abundance range over a certain time
interval. For sample sizes <100 specimens, species were recorded as present.
Biogeographic affinity is assigned based on the overall distribution of a taxon in high-,
mid- and low-latitude sites. If the taxon is evenly distributed over all sites, it is considered
to be cosmopolitan. If a taxon has a short-lived occurrence in high- or mid-latitudes, but
is predominantly found in low latitudes, it is recorded as a low latitude indicator. No
examples of high-latitude taxa making similar short-lived incursions into low-latitude
sites are noted. However, it was observed that presence/absence data are not always a
reliable guide to biogeographic affinity, mainly due to equatorial submergence, a
distribution pattern frequently observed in planktonic organisms (Stepanjants et al.,
2006). As an example of this, Lithomelissa ehrenbergi (Bitschli, 1882), which was
originally described from Barbados, might be considered to have a tropical or
cosmopolitan distribution. However, the species is far more abundant at high-latitude
sites, and only rarely recorded at low-latitude sites. Moreover, Haeckel (1887) found
recent L. ehrenbergi from deep-water samples at low latitudes. Therefore, this taxon is a
cold-water indicator, commonly found in high-latitude samples and sometimes found in

deep-water samples in low latitudes.

3.6 New Zealand Geological Timescale and radiolarian zonation

The geological timescale used in this thesis is GTS 2012 (Gradstein et al., 2012; Cohen et
al., 2014). New Zealand stages have been recently calibrated to this timescale by Raine et
al. (2015). Low latitude microfossil zones and key datums were calibrated to GTS 2012
by the shipboard micropaleontology team on IODP Expedition 342 (Norris et al., 2012).
High-latitude and mid-latitude Southern Hemisphere radiolarian zonations have yet to be
fully recalibrated to GTS 2012. In this study, a preliminary recalibration is presented
(Figure 3.13) in which the South Pacific zonation for the Late Cretaceous to middle
Eocene (Hollis, 1993; Strong et al., 1995; Hollis, 1997, 2002; Hollis et al., 2005) is
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integrated with the Southern Ocean zonation for the middle Eocene to early Oligocene
(Takemura, 1992; Takemura and Ling, 1997; Funakawa and Nishi, 2005). Zones within
this Southern Hemisphere zonation are referred to as RPXXsn, herein, whereas low

latitude zones are referred to as RPXXL.

A brief description of the basis for recalibrating the Southern Hemisphere zones to the
GTS 2012 is provided below (in blue) by C. Hollis (pers. comm. 2016). All zones are
interval zones. The following abbreviations are used: LO = lowest occurrence, LCO =
lowest consistent occurrence, HO = highest occurrence, HCO = highest consistent

occurrence.

Zones RP1sH to RP5sH. These zones were established by Hollis (1993). Woodside Creek
is the type section for RP1sy to RP4sy and DSDP Site 208 is the type section for RP5sh.
Updated descriptions were provided in Hollis (2002). The base of RP1sy coincides with
the Cretaceous-Paleogene boundary (66.04 Ma). The base of RP2sy is within the upper
part of calcareous nannofossil zone NP1 (~65.5 Ma). The base of RP3sy is poorly
constrained but currently placed in upper NP2 (~64.9 Ma). The base of RP4sH is also
poorly constrained but currently placed in mid-NP3 (~64 Ma). The base of Zone RP5sH is
relatively well constrained at DSDP Site 208 and ODP Site 1121 (Hollis 2002) where the
primary datum, the LO of Buryella tetradica, is in the middle of NP5 (~62.3 Ma).

Zone RP6sH. This zone was established by Hollis (1997) and subsequently revised in
Hollis (2002). Mead Stream is the type section but DSDP Site 208 and ODP Site 1121 are
important reference sections. The base is defined by the LOs of Bekoma campechensis or
Buryella pentadica. In low latitudes and the North Atlantic, these events are recorded
within foraminiferal zone P1c (lower NP4 by Sanfilippo and Blome, 2001), at ~63 Ma.
The LOs of both species are much later in the Southwest Pacific, perhaps as much as 3
million years later. The LO of B. pentadica is within NP5 (Hollis, 2002) and the LO of B.
campechensis is within an interval correlated with NP6-8 at Mead Stream (Hollis et al.,
2005). The base of the zone is placed in upper NP5 at ~60.5 Ma based on age control for
the LO of B. pentadica at ODP Site 1121 and DSDP Site 208 (Hollis, 2002). The LOs of
Aspis velutochlamydosaurus and Lychnocanium babylonis also lie near the base of the

Zone.
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Zone RP7sH. This zone was established by Hollis (1997) and subsequently revised in
Hollis et al. (2005). Mead Stream is the type section. The base was originally placed at
the HO of Bekoma campechensis but because this genus is very rare in the Southwest
Pacific, the primary datum for the base of the zone was changed to the LO of
Phormocyrtis striata exquisita. In low latitudes and the North Atlantic, this event occurs
near the base of NP5 (~61.5 Ma). However, the event does not occur until some 4 million
years later in the Southwest Pacific (~58 Ma, mid-NP8). For this reason, the base of this
zone is dated at ~58 Ma. The LOs of Phormocyrtis striata striata and Lamptonium
pennatum are in the lower part of the zone, coincident with the base of zone NP9 (~57
Ma) at Mead Stream (Hollis et al., 2005).

Zone RP8sH. Mead Stream is the type section. This zone was established by Hollis
(1997) and revised in Hollis et al. (2005). The base was originally placed at the LO of
Bekoma bidartensis but because this genus is very rare in the Southwest Pacific, the
primary datum for the base of this zone was changed to the LO of Podocyrtis papalis.
Hollis et al. (2005) also established that this event also coincides with the Paleocene-
Eocene boundary (55.96 Ma) and the base of the Paleocene-Eocene thermal maximum
(PETM) at Mead Stream. Several low-latitude species have LOs at this horizon, including
B. bidartensis, Amphicraspedum prolixum s.s. Lamptonium fabaeforme fabaeforme,
Lychnocanium auxillum, Phormocyrtis cubensis, P. turgida, and Theocorys? phyzella.
Most of these species, including P. papalis are present in the late Paleocene in low
latitudes but appear to migrate into the mid-latitude southern Pacific as a consequence of
ocean warming during the PETM. One of these species, however, appears to be a global

marker for the base of the Eocene: Phormocyrtis turgida (Sanfilippo and Blome, 2001).

Zone RP9sH. This zone was established by Hollis (1997) and revised in Hollis et al.
(2005). Mead Stream is the type section. The base was originally placed at the HO of
Bekoma divaricata but because this genus is very rare in the Southwest Pacific, the
primary datum for the base of the zone was changed to the HO of Lychnocanium
auxillum. The age of this datum at Mead Stream is now well constrained by
magnetostratigraphy and calcareous nannofossil biostratigraphy (Dallanave et al., 2015).
It lies within magnetochron C24r and close to the base of nannofossil zone NP11,
indicating an age of ~54 Ma for the base of the zone. Several other events occur close to

the base of RP9sh: the HOs of Phormocyrtis cubensis, P. turgida and Theocorys?
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phyzella and the HCO of Phormocyrtis striata exquisita. Other key events within the zone
include the LOs of Lychnocanium bellum (~53.2 Ma) and Theocampe urceolus (~52 Ma)
and the HO of Buryella tetradica near the top of the zone (~51 Ma).

Zone RP10sH. This zone was established by Hollis (1997) based on the radiolarian
succession at Mead Stream (Strong et al., 1995), which is the type section. The base is
defined by the LO of Theocampe mongolfieri. This event is relatively well constrained to
upper Chron C22r and directly above the base of nannofossil zone NP13 indicates an age
of ~49.7 Ma (Strong et al., 1995; Dallanave et al., 2015). However, the species is very
rare and sometimes difficult to identify and so a secondary datum at the same level, HO
Podocyrtis aphorma, is a useful substitute in some records. The HO of Podocyrtis acalles
occurs at ~48.1 Ma in low-latitudes. The HO of Buryella tetradica is also a useful
alternative datum close to the top of the underlying zone. The HOs of Amphicraspedum
prolixum s.s. and Phormocyrtis striata striata are in lower RP10sH at Mead Stream (~48.8
Ma).

Zone RP11sy. This zone was established by Hollis (1997) based on the radiolarian
succession at Mead Stream (Strong et al., 1995), which is the type section. The base is
defined by the LO of Eusyringium lagena, which occurs within Chron 21 but above the
base of the Porangan Stage based on foraminifera (Dallanave et al., 2015). We estimate
an age of ~45.2 Ma for the base of the zone. In low latitudes, the LO of E. lagena occurs
earlier (46.21 Ma). The LO of Sethocyrtis chrysallis occurs in the upper part of the zone
at Mead Stream (~43.4 Ma).

Zone RP12su. This zone was established by Hollis (1997) based on the radiolarian
succession at Mead Stream (Strong et al., 1995), which is the type section. The base is
defined by the LO of Eusyringium fistuligerum, which occurs within Chron 20n at Mead
Stream and at the same level as the primary foraminiferal datum for the base of the
Bortonian stage, the LO of Globigerinatheka index (Dallanave et al., 2015). For this
reason, the base of the zone is placed at the base of the Bortonian (42.6 Ma). In low
latitudes, E. fistuligerum has an earlier LO at ~44.46 Ma (Sanfilippo and Blome, 2001).
The LO of Eucyrtidium nishimurae occurs within the zone; magnetostratigraphy at ODP
Site 1172 provides a well-constrained age of ~41.3 Ma (mid-C19n) for this event (Suzuki
et al., 2009). In lower latitudes, this interval includes the LOs of Zealithapium anoectum
(~42.5 Ma, mid-RP14.,), the HO of Eusyringium lagena (~42.6 Ma, mid-RP14.,) and
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Cryptocarpium ornatum (41.33 Ma, upper RP14..). HO of Artobotrys biaurita occurs at
~40.5 Ma in low-latitudes, close to the base of RP15,,.

Zone RP13sH. This zone was established by Hollis (1997) based on the radiolarian
succession at Mead Stream (Strong et al., 1995), which is the type section. The base is
defined by the LO of Zealithapium mitra, which occurs within Chron C18n.1n (39.63 to
38.62 Ma) but still within the Bortonian stage (older than 39.1 Ma), based on
foraminifera, at Mead Stream. This indicates an age for the base of the zone of ~39.2 Ma.
In low-latitudes, this taxon has an earlier occurrence at ~42.3 Ma. Other events that occur
within this time interval in lower latitudes include the LOs of Lithocyclia aristotelis and

Theocampe pirum at 38.95 Ma.

Zone RP14sn (Eucyrtidium spinosum zone). This zone was established by Takemura
(1992) and revised by Takemura and Ling (1997). The base is defined by the LO of
Eucyrtidium spinosum. The best age control for this event is at ODP Site 748 (Takemura
and Ling, 1997) where it is located within Chron C17n (38.33 to 36.97 Ma), close to the
HO of Subbotina linaperta (37.96 Ma) and the LCO of Chiasmolithus oamaruensis (base
of NP18, 37.32 Ma). We place the base of the zone at the middle/late Eocene boundary,
~37.8 Ma, which is consistent with the DSDP Site 277 record, reported herein as well as
the other Southern Ocean sites described by Takemura and Ling (1997). The HO of
Eucyrtidium nishimurae occurs in mid-RP14sy (~36.7 Ma; Funakawa and Nishi, 2005).
The HO of Lychnocanium amphitrite occurs near the top of the zone at ~35.3 Ma in high
latitudes (Funakawa and Nishi, 2005) and ~33.89 Ma in low latitudes. Other events that
occur within this time interval in lower latitudes include the HOs of Spongatractus
pachystylus (37.75 Ma) and Cryptocarpium ornatum (33.89 Ma).

Zone RP15sH (Eucyrtidium antiquum zone). This zone was established by Funakawa and
Nishi (2005) and is equivalent to the lower part of the Axoprunum irregularis zone of
Takemura (1992; Takemura and Ling, 1997). The base is defined by the LO of
Eucyrtidium antiquum, which approximately coincides with the Eocene-Oligocene
boundary at 33.9 Ma (Funakawa and Nishi, 2005). A secondary datum within this zone,
the LO of Axoprunum irregularis, occurs in lowermost Chron C13n with an estimated age
of ~33.7 Ma.
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Zone RP16sH (Lychnocanoma conica zone). This zone was established by Takemura
(1992), revised by Takemura and Ling (1997) and further substantially revised by
Funakawa and Nishi (2005). The base is defined by the LO of Lychnocanium aff.
conicum (Lychnocanoma conica of the authors), which occurs within Chron C11n (29.97
to 29.183 Ma) and has an estimate age of ~29.6 Ma.

Zone RP17s4 and RP18sn (Clinorhabdus robusta and Stylosphaera radiosa zones).
These zones were described by Abelmann (1990) and emended by Funakawa and Nishi
(2005). They are calibrated to GTS2012 using the magnetostratigraphic control outlined
by Funakawa and Nishi (2005). The bases of the two zones are ~28.5 Ma and ~26.25 Ma,
respectively. The top of RP18sH has not been defined.
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Paleogene Geological Timescale and Biozones
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Figure 3.13 Chart of Paleogene Geological Timescale after Raine et al. (2015) and biozones used in this study.
Calcareous microfossil zones and low-latitude (LL) radiolarian zonation were calibrated to GTS 2012 by Norris et al.
(2012); Southern Hemisphere (SH) radiolarian zonation is based on Hollis (pers. Comm. 2016). Abbreviations:
For=planktonic foraminifer zonal scheme of Berggren and Pearson (2005) as modified by Wade et al. (2011) for the
Paleogene; CP=Coccoliths Paleogene zones after Okado and Bukry (1980); NP=Paleogene nannoplankton zonation
after Martini (1970; 1971).

3.7 Paleogeographic reconstructions

Tectonic reconstructions of the Australia-Antarctica-Pacific plate circuit were undertaken

in GPlates (Boyden et al., 2011) using finite poles of rotation for the relative motions
between Australia and East Antarctica from Cande and Stock (2004) (0-38.13 Ma) and
Whittaker et al. (2013) (43.79-79.08 Ma), East Antarctica and West Antarctica from
Granot et al. (2013) (30.94-40.13 Ma) and West Antarctica and Pacific from Croon et al.
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(2008) (0-42.54 Ma) and Wobbe et al. (2012) (42-83 Ma). Relative motions of the
Australia-Antarctica-Pacific plate circuit were tied to the Australian paleomagnetic
apparent polar wander path of Torsvik et al. (2012) to provide an estimate of paleolatitude
appropriate for paleoclimate studies (van Hinsbergen et al., 2015). The 2000 m isobath
from the GEBCO bathymetric grid was used to approximate continental boundaries.
DSDP and ODP sites have been assigned to the appropriate plate for reconstruction. The
paleolatitudes of all sites included in this study (except of Mead Stream and Mid-
Waipara) were determined using the online calculator at www.paleolatitude.org (van
Hinsbergen et al., 2015).

3.8 Stable isotopes measurements

3.8.1 DSDP Site 277

At the University of California Santa Cruz (UCSC) and the University of Southampton
(UoS), stable oxygen (5'80) and carbon (8*3C) isotope ratios were determined for bulk
carbonate, Cibicides spp., Subbotina spp. (Core 277-34R (332.62 mbsf) to -18R (159.88
mbsf)) and Globigerinatheka index (Core 277-34R (332.62 mbsf) up to its last occurrence
in Core 277-21R (188.58 mbsf)). In total, 157 samples spanning the middle Eocene to
lower Oligocene interval of DSDP Site 277 were measured and all measurements were
published in Pascher et al. (2015). Stable isotope analyses at UCSC were performed on a
VG Prism dual-inlet mass spectrometer coupled to a carousel preparation device with
common acid bath maintained at 90°C. Analyses at the UoS were performed on a Europa
GEO 20-20 dual-inlet mass spectrometer with Cassini Plasma Spectrometer preparation
oven maintained at 70°C. AIll values are reported relative to the Vienna Pee Dee
Belemnite (VPDB) standard. In both labs, analytical precision based on replicate analyses
of in-house marble standards and NBS-19 averaged ~ 0.05%o (1) for 8*C and ~0.08%o
(1 o) for 8'®0. All planktic foraminifera in this record appeared to have a “frosty”
preservation, which reflects some degree of dissolution after sedimentation and alteration

of its shell chemistry.

3.8.2 DSDP Site 207
At the University of California Santa Cruz (USCS), stable oxygen (5!80) and carbon

(5'3C) isotope ratios were determined for two benthic foraminifera species, Cibicides
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praemundulus and Nuttalides truempyi (Core 207A-21R (242.48 mbsf) to -11R (143.58
mbsf)). In total, a set of 15 samples spanning the lower to middle Eocene of DSDP Site
207 were measured. Stable isotope analyses at UCSC were performed on a
ThermoScientific Kiel IV carbonate device interfaced to ThermoScientific MAT-253
dual-inlet isotope ratio mass spectrometer. All values are reported relative to the VPDB
standard. Analytical precision based on calibration to in-house Carrera Marble and NBS-

18 limestone standards is ~0.05%o (15) for §3C and ~0.08%o (1 o) for §'20.

3.8.3 DSDP Site 592

Stable oxygen (8'%0) and carbon (5'3C) isotope ratios were determined for the fine
fraction (< 63um) from Core 592-41X to -38X (387.20-350.90 mbsf) at the National
Isotope Centre (NIC), GNS Science, Lower Hutt. Twenty-three samples from the upper
Eocene were analysed on a GVI IsoPrime Carbonate Preparation System at a reaction
temperature of 50°C for 24 hours and run via dual inlet on the IsoPrime mass
spectrometer. All values are reported relative to the VPDB standard. Analytical precision,

based on calibration the in-house GNS Marble with reported values of 2.04%o for 53C
and -6.20%o for 820, are better than 0.1%o for 83C and 0.2%. for §*0.

64



Chapter 4: Radiolarian occurrence

4 Radiolarian occurrence

This chapter provides an overview of the observed patterns in sedimentary components,
radiolarian abundance and preservation at all studied sites. The first part comprises the
high-latitudes sites. Radiolarians from the main high-latitude site, DSDP Site 277 were
first studied by Hollis et al. (1997). However, only presence-absence was recorded for the
late Eocene to Oligocene interval. In this study a more detailed quantitative study of the
site was undertaken with a focus on the middle Eocene to early Oligocene interval
because radiolarians are relatively rare and poorly preserved in the Paleocene and lower
Eocene interval. For the sake of completeness, Appendix B (data on enclosed CD)
contains all radiolarian and sample data for this site and the biostratigraphic section, the
age-depth plot and the paleobiogeographic affinity comprise the whole record. However,
for the discussion on diversity and radiolarian assemblage analysis in Chapter 6, only the
middle Eocene to lower Oligocene interval will be discussed. In addition to Site 277, four
other high-latitude sites covering the same time interval were studied. The second part of
this chapter examines the mid-latitude sites. The main mid-latitude site is DSDP Site 207,
which comprises a lower to middle Eocene interval of well-preserved radiolarians. In
addition to this site, three other mid-latitude sites covering an upper middle Eocene to
lower Oligocene interval were studied. A summary at the end of this chapter compares

the main findings from each site.

4.1 High-latitude sites

4.1.1 DSDP Site 277

Radiolarians are very rare to few (<50 radiolarians/g), and poorly to moderately preserved
in the upper Paleocene to lower Eocene (Cores 277-46R to -42R; 468.49-426.34 mbsf)
(Figure 4.1). Two isolated peaks in abundances (150 radiolarians/g and 1600
radiolarians/g) are recorded in the lower Eocene at 455.30 and 447 mbsf, ~2 m and ~10 m
above the Paleocene-Eocene boundary, respectively. Overall, the acid-leached residues
through this interval are dominated by sand grains, with relatively common silicified casts
of foraminifera. The upper lower Eocene and the middle Eocene (Cores 277-41R to -29R;
416.20-264.50 mbsf) are characterised by slightly more abundant radiolarians (20-100

radiolarians/g) (Figure 4.1) of poor to moderate preservation. The residue is still
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dominated by sand grains. Isolated occurrences of abundant sponge spicules (380.8 mbsf)
and silicified casts of foraminifera (312.70 mbsf) are noted. A short interval at 313.5-296
mbsf contains better preserved radiolarians. The lower upper Eocene interval (Cores 277-
28R to -25R; 254.50-227.2 mbsf) is characterised by very rare to common radiolarians
(<100 radiolarians/gram), but the preservation is only moderate and the residue is
dominated by sand grains (Figure 4.1). In the upper Eocene (Cores 277-25R to -22R;
226.1-197.82 mbsf), radiolarians are abundant to very abundant (>1500 specimens/g),
well preserved and accompanied by abundant spicules (5-35%). A short-lived drop in
radiolarian abundance (<500 radiolarians/g) is observed at 210.5-207.5 mbsf. The lower
Oligocene samples also have abundant to very abundant (1500-6400 radiolarians/g),
well-preserved radiolarians (Cores 277-20R to 15R; 186.50-134.50 mbsf). Sponge
spicules increase to ~80% of the residue in the uppermost sample (134.50 mbsf).
Radiolarian abundance decreases progressively through the E-O transition from a peak of
9600 radiolarians/g in the latest Eocene to ~750 radiolarians/g in the uppermost

Oligocene sample (Figure 4.1).
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Figure 4.1 Overview of stratigraphy, NZ Stages, lithology and core recovery of DSDP Site 277; residue components,
radiolarian abundance, diatom/radiolarian (D/R) ratio and radiolarian preservation. Preservation index: O=barren,
1=poor, 2=moderate, 3=good. Gaps in the components record are due to samples being picked and no assessment of the
residue has been undertaken. For abbreviations of NZ Stages, please see Chapter 3.6.

Diatoms are very rare at Site 277 and are restricted to three intervals. At 313.50 mbsf, the
diatom/radiolarian (D/R) ratio is ~0.08, with ~1% diatoms in the component analysis. At
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~226.10-217.70 mbsf, the D/R ratio increases to ~0.05 (~2-3% diatoms). The highest
D/R ratio of 0.2 is observed at 206.83 mbsf, with a ~8% diatom component.

4.1.2 DSDP Site 280

Radiolarians are abundant (1000-2500 specimens/gram) (Figure 4.2) and well preserved
(preservation index of 3) throughout the lower Oligocene. Diatoms are far more abundant
than radiolarians (D/R ~4-11), which is also shown by the compositional estimates as
derived from examination of the residue (~83% diatoms, ~15% radiolarians). Rare sponge
spicules occur in the uppermost sample (Core 280A-5R; 92.54 mbsf) (Figure 4.2).
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Figure 4.2 Overview of stratigraphy, NZ Stage, RPsu Zone, lithology and core recovery of DSDP Site 280 Hole A.
Residue components, radiolarian abundance and diatom/radiolarian (D/R) ratio.

4.1.3 DSDP Site 281

Results from three of the DSDP Site 281 samples discussed below were previously
reported in Crouch and Hollis (1996) but have been re-examined for this study.
Radiolarians are abundant (~2300-3700 radiolarians/g) (Figure 4.3) and well preserved
(preservation index of 3) in the lower upper Eocene (~Kaiatan) from Cores 281-16R to -
14R (149-122.5 mbsf). Except for the uppermost two samples in Core 281-14R, diatoms
are more abundant than radiolarians (D/R ~3-5) (Figure 4.3). The residue component
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analysis reveals a very different result compared to nearby Site 280, as the residue is
dominated by spicules (~32% average) and diatoms (~25% average) (Figure 4.3).
Radiolarians have a constant abundance of ~8%. The lowermost and the uppermost
samples are dominated by sand grains (62-66%), which are mainly of glauconitic nature
in the upper part of Core 281-14R. The higher content of sponge spicules at Site 281
compared to Site 280 indicates a shallower setting, which is also suggested by Crouch
and Hollis (1996).
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Figure 4.3 Overview of stratigraphy, NZ Stage, RPsn Zone, lithology and core recovery at DSDP Site 281. Residue
components, radiolarian abundance and diatom/radiolarian (D/R) ratio.

4.1.4 DSDP Site 283

Radiolarians are very abundant (4700-21000 radiolarians/g) (Figure 4.4) and well
preserved (preservation index of 3) in the investigated interval (Cores 283-8R to -5R;
192.25-87.75 mbsf). Diatoms are present in low to very high abundance with D/R ratios
of 0.1-1.1. The highest D/R ratio occurs in Core 283-6R (125.90 mbsf). Residues are
made up of sponge spicules (~40%), radiolarians (~27% on average), sand grains (~15%)
and diatoms (~10%). The presence of siliceous ooze in the upper middle to upper Eocene
and the absence (or very rare occurrence) of foraminifera at this deep-water site indicates

a setting close or below the Calcite Compensation Depth (CCD).
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Figure 4.4 Overview of stratigraphy, NZ Stages, RPsn Zones, lithology and core recovery for DSDP Site 283. Residue
components, radiolarian abundance and diatom/radiolarian (D/R) ratio.

4.1.5 ODP Site 1172

The initial radiolarian study of this site was carried out by Suzuki et al. (2009). No
information on radiolarian or diatom abundance was provided. However, shipboard smear
slide analysis (Shipboard Scientific Party, 2001) indicates that diatoms are more abundant
than radiolarians (D/R ratio >1) (Figure 4.5). Furthermore, radiolarians are common to
abundant throughout the Eocene and few in the Oligocene succession (Shipboard
Scientific Party, 2001). Eocene silty claystone is overlain by a transitional unit in the
uppermost Eocene consisting of glauconitic siltstone, which is interpreted to indicate
increased bottom-water current activity in the uppermost Eocene (Kennett and Exon,
2004; Stickley et al., 2004a). There is a sharp transition to a pelagic carbonate unit
consisting of nannofossil chalk in the lowermost Oligocene (Exon et al., 2004). Diatoms
are more abundant and indicate a shallow neritic setting in the middle Eocene until ~408
mbsf (~39 Ma), where an increase in oceanic elements indicate a deeper outer neritic

setting. Above ~376 mbsf (~38 Ma), the diatom assemblage indicates an inner to outer
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neritic setting until the top of the investigated interval at ~364 mbsf (~36 Ma) (Rohl et al.,
2004).
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Figure 4.5 Results of smear-slide analyses of middle Eocene to lower Oligocene sediments of ODP Site 1172 Hole A
(Cores 1172A-48X to -43X) and Hole D (Cores 1172D-3D to -1D); modified after Shipboard Scientific Party (2001).

4.2 Mid-latitude sites

4.2.1 DSDP Site 207

Radiolarians are generally very rare to rare (<20 radiolarians/g) and poorly to moderately
preserved (preservation index of 0 to 2) in the Cretaceous, Paleocene and lower Eocene
(Cores 207A-30R to -21R; 319-245.38 mbsf) (Figure 4.6). Abundant radiolarians are
present in a single sample (207A-28R-1, 100cm; 301 mbsf; ~1000 radiolarians/g) and
very rare well-preserved radiolarians occur in Sample 207A-26R-2, 70 cm (284.20 mbsf).
The residue of this interval has a high percentage of sand grains and silicified
foraminifera casts. Dinoflagellate cysts are noted in Sample 207A-28-1, 100cm (301
mbsf). Radiolarian preservation improves and abundance increases abruptly (7000-66000
radiolarians/g) in Core 207A-21R (from Sample 207A-21R-4, 96¢cm; 242.46 mbsf) and
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abundance remains very high towards the top of this interval (Core 207A-12R; 152 mbsf)
(Figure 4.6). Radiolarians show a small decrease in preservation and sand grains increase
relative to radiolarians in Sample 207A-18R-3, 46cm (208.46 mbsf). However,
radiolarian abundance could not be determined as this slide was from the MRC and no
information on sample weight is available. Diatoms are very rare throughout the studied
interval (D/R <0.01) and occur only from Core 207A-21R to -14R (242.46-171.82 mbsf).
The highest diatom concentration (3—7%) is recorded in the interval from 228.20-219.47
mbsf (Core 207A-20R to -19R) with a D/R ratio of 0.04—0.08. Radiolarians are absent or

very rare in Core 207A-11R whereas sand grains and silicified foraminifera casts are

abundant.
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Figure 4.6 Overview of stratigraphy, NZ Stages, lithology and core recovery of DSDP Site 207 Hole A; residue
components, radiolarian abundance, diatom/radiolarian (D/R) ratio and radiolarian preservation. Preservation index:
O=barren, 1=poor, 2=moderate, 3=good. Gaps in the residues components plot signify complete dissolution of the
sediment.
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4.2.2 DSDP Site 206

Radiolarians are very rare and poorly to moderately preserved (preservation index of 0 to
2) from Core 206C-21R to -19R (728-687.51 mbsf), an interval inferred to be Paleocene—
early Eocene in age (Figure 4.7). The residue is dominated by sand grains and silicified
foraminifer casts in two samples (206C-20R-1, 39 cm; 206C-19R-CC) (Figure 4.7).
Radiolarian abundance was not determined due to difficulties in breaking down the
sediment. The samples required multiple treatments with both HCI and HF using varying
size fractions. A sudden improvement in radiolarian abundance and preservation
(preservation index of 3) is observed in Core 206C-18R (672 mbsf) (Figure 4.7).
Abundance remains high and preservation remains good to the top of the interval (Core
206C-15R; 613.75 mbsf), which spans a middle to late middle Eocene interval (Bortonian
stage). The residue is dominated by radiolarians although diatoms are also abundant in the
upper part (~21% at 634 mbsf, ~36% at 613.75 mbsf). However, diatoms were generally
clumped together on the slide, so the residue count tends to result in an underestimate of

their abundance.
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Figure 4.7 Overview of stratigraphy, NZ Stages, lithology and core recovery for DSDP Site 206 Hole C; residue
components and radiolarian preservation. Preservation index: O=barren, 1=poor, 2=moderate, 3=good.
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4.2.3 DSDP Site 592

Radiolarians are very rare to few (<100 radiolarians/gram) in the lowest Sample 592-
41X-1, 80 cm (379.70 mbsf) and in the upper three samples 592-39X-3, 80 cm, 592-38X-
3, 80 cm and 592-37X-3, 80 cm (363.50-344.30 mbsf) (Figure 4.8). An increase in
radiolarian abundance (100-1889 radiolarians/gram) is recorded in the interval between
374.60-364.07 mbsf. In this interval and in the uppermost sample (344.30 mbsf), the
residue is dominated by radiolarians (~35%) and sponge spicules (~40%) (Figure 4.8).
Diatoms are very abundant in Core 592-39X (365 mbsf). However, they are clumped
together, so the residue count shows a too small percentage for this group. Radiolarians

are well preserved (preservation index of 3) in all studied samples.
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Figure 4.8 Overview of stratigraphy, NZ Stages, lithology and core recovery of DSDP Site 592; residue components
and radiolarian abundance.
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Radiolarian preservation is good (preservation index of 3) in all samples from the upper
Eocene to lower Oligocene (Cores 1123C-33X to -29X; 625.86-590.90 mbsf).
Radiolarian abundance could not be determined because sample weights are not available.

Radiolarians are abundant in residues in the lower part of the interval (625.86-616.99

mbsf) (Figure 4.9). The D/R ratio ranges between 0.01-1.5. Four samples are barren of
diatoms. A short interval (618.15-610.1 mbsf) has abundant diatoms of (~13 %, D/R ratio
of ~0.4). The upper interval (599.74-590.9 mbsf), covering the lower Oligocene, shows

an increase in sand grain content and a decrease in absolute radiolarian abundance.
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Figure 4.9. Overview of stratigraphy, NZ Stages, lithology and core recovery of ODP Site 1123 Hole C; residue
components and diatom/radiolarian (D/R) ratio.
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4.3 Comparison between sites

Radiolarian preservation is linked to radiolarian abundance and in general, well-preserved

radiolarians are common to abundant. Additionally, radiolarians are less common and

poorly preserved in older sediments at the sites examined.

Early Eocene (Waipawan to Heretaungan) radiolarians are present only at sites
277 (Campbell Plateau) and 207 (Lord Howe Rise). Radiolarians are rare and
poorly preserved at Site 277, but better preserved and abundant at Site 207.
Middle Eocene (Heretaungan to Bortonian) radiolarian abundance is higher in the
mid-latitudes on the Lord Howe Rise (sites 207 and 206) than at Site 277.
However, middle Eocene radiolarians are also common to abundant at sites 1172
and 283 (Tasman Rise and Tasman Sea).

Radiolarian abundance increases abruptly in the late Eocene (Runangan) at Site
277, as well as at sites 592 and 1123. Radiolarians are also common to abundant
at sites 1172, 283 and 281 in the late Eocene.

Throughout the early Oligocene (Whaingaroan), radiolarian abundance decreases
at sites 277, 1172 and 1123 and radiolarians are absent from the Oligocene at Site
592. However, radiolarians are abundant and well preserved at Site 280 during the

early Oligocene.

Diatom abundance increases with increasing latitude, and is highest in the southernmost

sites. This is similar to today’s high-latitude environment where siliceous microfossils are

dominated by diatoms near the poles. In comparison, diatoms have isolated peaks in

abundance at mid-latitude sites in the early to late Eocene.
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At high-latitude sites 280, 1172 and 281, diatoms are abundant and persistent
throughout the studied intervals. The D/R ratio is >1.

At high-latitudes sites 283 and 277, the D/R ratio is <1. The occurrence of
diatoms at site 283 is continuous and the D/R ratio ranges between 0.1-1.1,
whereas the ratio at Site 277 in the late Eocene is smaller (0.05-0.2) and diatom
occurrences are sporadic.

Diatoms occur sporadically at mid-latitude sites 207 and 206 in the early and
middle Eocene. The D/R ratio is always <0.1 at Site 207 although there is a peak

in diatom abundance in the latest early to early middle Eocene (Heretaungan).
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Figure 4.10 Comparison between investigated sites in terms of radiolarian abundance, preservation and main residue components.
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e Diatoms also occur sporadically in the late Eocene at sites 592 and 1123, where
the average D/R ratio is <0.25. However, there is a peak in the D/R ratio of >1 at

both sites in the latest Eocene (Runangan).
Other components in the residues vary through the cores in the following manner:

e Sponge spicule content is highest in the late Eocene at sites 277, 281, 283, 592
and 1123 when radiolarians and diatoms are also abundant. It is lowest at Site 280
(early Oligocene), at Site 1172 (middle Eocene to Oligocene), and at sites 207 and
206 (early to middle Eocene).

e Silicified foraminifera casts occur only at sites 277, 207 and 206, during the early
and middle Eocene, and are generally associated with the presence of chert
nodules. At the same time radiolarians are very rare or absent.

e Sand grains are present at all sites and are in general more abundant when

radiolarians are very rare and poorly preserved.
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5 Radiolarian biostratigraphy and correlation

5.1 High-latitude Southwest Pacific sites

5.11

DSDP Site 277

At this site, the interval from 468.49 to 134.20 mbsf has been correlated to radiolarian

zones RP6sH to RP15sH. The following succession of radiolarian biostratigraphic events

are identified (from oldest to youngest, Figure 5.1, Appendix C, data on enclosed CD)

and compared to Hollis et al. (1997):

1.

The base of the studied interval (465.66 mbsf) lies within RP6sy or RP7sH based
on the presence of Lychnocanium babylonis. Primary markers for the base of
Zones RP6sy and RP7sy are absent. The LO of Phormocyrtis striata striata, a
secondary datum for the base of Zone RP7sy occurs higher at 454.25-447.01
mbsf. Although two samples within that range were processed (447.71 and 447.51
mbsf), the residue contained only a trace amount of radiolarians and was poorly
preserved. This zone is in agreement with Hollis et al. (1997).

The base of Zone RP8sh is placed at 454.25-447.51 mbsf based on the LO of
Podocyrtis papalis. The LO of Amphicraspedum prolixum s.s. is also found at this
level. The base of this zone is slightly lower than that recorded in Hollis et al.
(1997).

The base of Zone RP9sH is placed at 438.71-416.20 mbsf based on the isolated
HO of Lychnocanium auxillum. Although several samples were processed within
that range, the residue contained only a trace amount of radiolarians and was
poorly preserved. Hollis et al. (1997) did not define the base of RP9sh.

The HO of Buryella tetradica, an upper-RP9sy datum, occurs at 437.75-436.78
mbsf.

The base of Zone RP10sH is identified by a secondary marker, LO of Artobotrys
auriculaleporis, at 438.71-416.2 mbsf. The primary datum for this zone (LO of
Theocampe mongolfieri) has not been identified at this site. The placement of this
zone is in agreement with Hollis et al. (1997).
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6.

10.

11.

12.

The HO of Amphicraspedum prolixum s.s. is found at 409.33-407.83 mbsf and the
HO of Phormocyrtis striata striata at 387.98-380.75 mbsf, both datums fall
within lower RP10sh.

In the absence of Eusyringium lagena, the base of zone RP11sH cannot be located.
The base of Zone RP12sH is placed at 371.25-349.25 mbsf based on the LO of
Lophocyrtis longiventer, which is a secondary marker for the base of this zone.
The LO of Eusyringium fistuligerum, which is the primary marker for RP12sp, is
found higher up at 313.5-312.7 mbsf and coincides with the primary datum for
RP13sy (Zealithapium mitra). The base of the zone is slightly lower than that
recorded in Hollis et al. (1997).

The base of RP13sH is revised to 313.50-312.70 mbsf based on the LO of Z.
mitra. The base of this zone was not identified by Hollis et al. (1997). The LO of
Cryptocarpium ornatum (LO at ~41.33 Ma at low-latitudes) is found at 312.70-
296 mbsf.

The base of Zone RP14sy is identified by the LO of Eucyrtidium spinosum at
264.57-254.5 mbsf and agrees with Hollis et al. (1997).

The HOs of Lychnocanium amphitrite and Cryptocarpium ornatum are datums in
upper RP14sH that are found at 206.83-197.82 mbsf.

The base of RP15sH is identified by the LO of Eucyrtidium antiquum at 197.82—
186.5 mbsf and agrees with that recorded in Hollis et al. (1997). The LO of
Axoprunum? irregularis is a datum within Zone RP15sH and is found at 152.83—
143.90 mbsf. It was used to separate lower and upper RP15sy in Hollis et al.
(1997). The zone is slightly lower than that recorded in Hollis et al. (1997).

Foraminiferal and calcareous nannofossil biostratigraphy help to refine the age control for

Site 277. The interval spanning the Paleocene-Eocene boundary (Cores 277-46R to -36R)

was investigated by Hollis et al. (2015) and the following datums were identified:
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1.

The base of NP9 is placed at 465.12-462.43 mbsf based on the LO of Discoaster
multiradiatus

The base of the Paleocene-Eocene Thermal Maximum (PETM) is placed at 457.3—
456.96 mbsf. The hiatus at the top of the PETM is inferred from the HO of
Subbotina velascoensis at 456.94-456.92 mbsf, which is the primary marker for
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the base of E3. The base of NP10 cannot be determined, as it falls within the
hiatus.

3. The HO of Discoaster multiradiatus is a datum within zone NP11 is identified at
445.15-438.90 mbsf.

4. The base of NP12 is located at 434.57-429.40 mbsf based on the LO of

Discoaster lodoensis.

Subsequent study of nannofossil biostratigraphy (C. Shepherd, pers. comm. 2016)
determined further datums:

1. The base of NP11 is tentatively placed at 446.92-446.50 mbsf based on the LO of
Sphenolithus radians, that has the same age as the base of the zone.

2. The base of NP13 is placed at 426.53-419.60 mbsf based on the HO of
Tribrachiatus orthostylus.

3. The base of NP14 is located at 391-389.50 mbsf based on the LO of Discoaster
sublodoensis.

4. The LO of Nannotetrina cristata is a datum within NP14 and is recorded at
372.08-370.58 mbsf.

5. The base of NP16 is placed at 370.58-369 mbsf based on the LO of

Reticulofenestra umbilicus (>14 pum)

Subsequent study of foraminiferal biostratigraphy (C.P. Strong, pers. comm. 2016)
determined further datums:

1. The base of the Mangaorapan Stage (bDm, early Eocene, 52 Ma) is placed at
427.12-426.90 mbsf based on the LO of Morozovella crater

2. The base of the Porangan Stage (bDp, middle Eocene, 45.7 Ma) is placed at
380.75-372.08 mbsf based on the HO of Morozovella crater.

3. The base of the Bortonian (bAb, middle Eocene, 42.6 Ma) Stage is placed at 388—
370.40 mbsf based on the LO of Globigerinatheka index.

Further refinement of the age control for Site 277 Core 277-33R to -21R is possible
through application of additional foraminiferal (Jenkins 1975) and nannofossil (Edwards
& Perch-Nielsen 1975) bioevents, which help to correlate the discontinuous stable isotope

record of this site to those from other Southern Ocean sites (Figure 5.2):
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1. The base of the Kaiatan Stage (bAk, late middle Eocene, 39.1 Ma) is placed at
280-273 mbsf based on the HO of Acarinina primitiva (Morgans, 2009). The base
of the Kaiatan was set at 276.5 mbsf to allow for the correlation between isotope
records.

2. The base of the Whaingaroan Stage (bLwh, latest Eocene, 34.61 Ma; Raine et al.,
2015) is identified by the HO of Globigerinatheka index; this event was identified
at 189.6 mbsf by Jenkins (1975), but has been determined to occur slightly higher
at 188.58-187.5 mbsf in Pascher et al. (2015).

3. The base of NP17 is placed at 312.5-301.5 mbsf based on the HO of
Chiasmolithus solitus.

4. The base of NP18 is placed at 244.5-240.6 mbsf based on the LCO of
Chiasmolithus oamaruensis.

5. The base of NP19-20 is placed at 226.58-225.5 mbsf based on the LO of
Isthmolithus recurvus.

6. Within NP19-20, the HO of Cribrocentrum reticulatum is found at 206.5-201.1
mbsf (Edwards and Perch-Nielsen, 1975). This datum was placed at 36.44 Ma by
(Raine et al., 2015) who noted that the datum occurs within Chron C16n.2n at
multiple Southern Ocean sites according to Berggren et al. (1995). This age was
adopted by Pascher et al. (2015). However, Gradstein et al. (2012) reported 35.92
Ma as being the age of the datum in high latitudes. This age determination is in
better agreement with the age-depth plot (Figure 5.1).

7. The base of NP21-22 is placed at 191.6-190.1 mbsf based on the HO of
Discoaster saipanensis. As D. saipanensis is a warm-water taxon, its
disappearance is likely to have occurred earlier at high latitudes. Marker taxa for
the base of NP22 are absent.

8. The acme of Clausicoccus subdistichus is a datum within NP21 (33.43 Ma,
Gradstein et al., 2012) and is found at 186.50-152.83 mbsf (A. Costa, pers. com.
2015). This taxon has an isolated occurrence at Site 277.

5.1.1.1 Intergrated chronostratigraphy

The bioevents described above and other event horizons have been used to develop an age
model for Site 277 (Figure 5.1). The sedimentation rate in uppermost Paleocene and basal
Eocene is very low (0.5 cm/ka), although this is constrained by only one bioevent. Above
the hiatus, which is inferred to have lasted from ~55.8-55.1 Ma during early Waipawan
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(early Eocene) (Hollis et al., 2015), the sedimentation rate is ~1.8-2.3 cm/ka. A second
hiatus appears to separate upper Waipawan (~53.3 Ma) from middle Mangaorapan (~50.5
Ma) sediments based on the close association of the LO of D. lodoensis (53.7 Ma), the
LO of M. crater (52 Ma) and the HO of T. ortostylus (50.5 Ma). It is inferred to have
lasted for ~2.8 Ma. Thereafter, the sedimentation rate stays constant between 1.4-2.6
cm/ka. The base of the Heretaungan (48.9 Ma, late early Eocene) cannot be constrained
by foraminifera events, but the LO of D. sublodoensis (49.11 Ma) can be used as a
secondary datum (Raine et al., 2015).
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Figure 5.1 Overview of stratigraphy, NZ Stages, nannofossil (NP) zones, radiolarian (RPsn) zones and core recovery of
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A third hiatus within Core 277-36R (370.58 mbsf) based on the close association of the
LO of N. cristata, the HO of M. crater and the LO of G. index spans most of the
Heretaungan and all of the Porangan and appears to have lasted for ~5.1 Ma. Above this
hiatus, the sedimentation rate is 1.7-2.7 cm/ka during the remaining middle Eocene.
During the early late Eocene (37.8-36.97 Ma), sedimentation rate increases to 3.4 cm/ka.
It drops for the remaining late Eocene to 1.4-1.8cm/ka. As mentioned above, the high-
latitude (HL) HO datum of C. reticulatum (35.92 Ma) fits the age-depth plot better than
the age inferred by Raine et al. (2015) and, in particular, agrees with the estimated age for
the the HO of L. bellum. The southern hemisphere (SH) datum of L. amphitrite fits this
correlation better than the low-latitude (LL) datum. The sedimentation rate increases in
the early Oligocene to 2 cm/ka, which is based on the correlation between the HO of G.
index and the acme of C. subdistichus. The acme comprises only one sample (162.20
mbsf) where the taxon is present. The LO of A.? irregularis seems to occurs later at Site
277 than at other sites in the Southern Hemisphere (Funakawa and Nishi, 2005).

5.1.1.2 Stable isotope correlation

As reported by Pascher et al. (2015), stable isotope data have been used to improve
correlation in the middle Eocene to lower Oligocene at Site 277 (Figure 5.2). Although
gaps in recovery in the Site 277 stable isotope record preclude detailed correlation, the
broad trends and major events such as the MECO (~40 Ma), PrOM event (~37.3 Ma) and
the Eocene-Oligocene transition (=34 Ma) are identified in the benthic §'®0 and §C
isotope profiles and have been compared to the middle Eocene-to-early Oligocene benthic
isotope stratigraphy from ODP Site 689 (Maud Rise; Diester-Haass & Zahn, 1996)
(Figure 5.2).
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Figure 5.2 DSDP Site 277 stratigraphy, NZ Stages (Raine et al., 2015), Southern Hemisphere radiolarian zones (RP),
nannofossil zones (NP), lithology, core recovery, selected bioevents (ages calibrated to the 2012 geological timescale;
Gradstein et al., 2012; Raine et al., 2015) and benthic §*%0 and §*3C data of DSDP Site 277. The dashed lines correlate
Site 277 based on the ages of the bioevents to Southern Ocean Cibicides data of ODP Site 689 (Maud Rise) (Diester-
Haass and Zahn, 1996) calibrated to the GTS2012 timescale using the magnetostratigraphy data of Florindo and
Roberts (2005) and Spiess (1990). LO=lowest occurrence, LCO=lowest common occurrence, HO=highest occurrence,
MECO=middle Eocene climatic optimum, PrOM=Priabonian oxygen isotope maximum, LECO=late Eocene climatic
optimum, EOT=Eocene-Oligocene transition; after Pascher et al. (2015).
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Figure 5.3 DSDP Site 277 §'80 and $*3C records and location of studied radiolarian samples within the MECO and
LECO (red stars) and radiolarian-rich upper Eocene-lower Oligocene interval (blue stars); after Pascher et al. (2015).
MECO=middle Eocene climatic optimum, PrOM=Priabonian oxygen isotope maximum, LECO=late Eocene climatic
optimum, EOT=Eocene-Oligocene transition.

Foraminiferal 380 values show a normal planktic-benthic gradient with more positive
values in the benthic foraminifers compared to bulk and planktic foraminifera with some
crossover in the latter two (Figure 5.3). Foraminiferal 3*C values also show a typical
positive benthic—planktic gradient. Therefore, relatively robust stable isotope signals can
be interpreted as representative of deep (intermediate, Cibicides spp.), upper
(thermocline, Subbotina spp.) and uppermost (mixed/surface, G. index) waters, although
it is likely that the 8'0 gradients are attenuated by diagenetic effects on planktic

foraminifera (Sexton et al., 2006) as they have a “frosty” preservation.

Several short-lived climatic events are identified in the benthic stable isotope records at
Site 277. The body of the MECO (~40 Ma) was not recovered (due to a 16m sampling
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gap between the top of Core 277-33R and the base of Core 277-32R), but its onset and
recovery is well constrained by a 0.5%o negative excursion in benthic 80 values at ~313
mbsf (between Samples 277-33R-2, 106-108cm and -33R-1, 129-130.5 cm) and a
~0.4%o positive excursion in 380 values at ~296 mbsf (between samples 277-32R-3,
107-109 cm and -32R-3, 77-79 cm), indicating that the MECO spans ~17 m (Figure
5.3). The MECO is more strongly expressed in the benthic 50 than in the planktic
record but this may relate to the poor recovery of the body of the event at this site or
diagenetic impacts on planktic §*80 values (Pearson et al., 2001; Sexton et al., 2006). In
agreement with other records (Bohaty and Zachos, 2003; Bohaty et al., 2009), a positive
313C excursion is observed at the onset of the MECO in the benthic and bulk carbonate

records, although the §*3C record is also compromised by the missing core of the event.

The PrOM event (Scher et al., 2014) is well-defined in the §'80 record from DSDP Site
277 but also spans two significant recovery gaps between the base of Cores 277-26R, -
25R and -24R (~244.5 to 225.5 mbsf). The ~0.4%o positive shift in 5'80 that marks the
onset of the PrOM, spans upper Core 277-26R and lower Core 277-25R (~240-230
mbsf), and is followed by an interval of relatively low 520 values in upper Core 277-25R
(~228-227 mbsf), prior to reaching maximum values in uppermost Core 277-25R (~226
m) (Figure 5.3). A gradual decrease in 5'®0 occurs through Core 277-24R (~220-217
mbsf). The PrOM at DSDP Site 277 is defined as the interval within these three cores in
which benthic 80 exceeds 1.25 %o, with the exception of the interval noted above in
upper Core 277-25R.

These benthic 580 values are lower than those reported by Scher et al. (2014), but it is
likely that peak &80 values are not captured at Site 277. Consequently, the PrOM is
placed between 240.62 and 219.57 mbsf (spanning a ~21m section) (Figure 5.3). The
planktic 380 record is similar to the benthic record, but lacks the maximum excursion in
uppermost Core 277-25R. At the onset of the event, short-lived negative §*3C excursions
are evident in the benthic, bulk and planktic records. However, a longer-term positive
trend for planktic and benthic §'3C values becomes apparent simultaneously to the
benthic §'80 maximum. Directly above the PrOM event, §'80 values decrease by ~0.5%o
in upper Core 277-24R and -23R (217.37 to 207.41 mbsf), evident in benthic and planktic
foraminifera as well as bulk carbonate. This interval can be correlated to the late Eocene
warming interval interpreted at ODP Sites 689 (Maud Rise), 738, 744, and 748
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(Kerguelen Plateau) (Diester-Haass and Zahn, 1996; Bohaty and Zachos, 2003; Villa et
al., 2008; Villa et al., 2014). The Eocene-Oligocene transition is characterized by a large
(~0.75%0) positive shift in benthic oxygen and carbon isotopes between Cores 277-20R
and -19R (183.64-171.28 mbsf) (Shackleton and Kennett, 1975; Keigwin, 1980), which
is slightly lower than the full magnitude of the benthic §'80 shift seen at other Southern
Ocean sites on the Kerguelen Plateau and Maud Rise (Diester-Haass and Zahn, 1996;
Zachos et al., 1996; Bohaty et al., 2012). The most positive values in benthic and planktic
580 and &C occur in Core 277-19R (171.28-169.65 mbsf), within the earliest
Oligocene. The Eocene-Oligocene boundary is approximated between Core 277-20R and
-19R. More precise location is complicated by incomplete recovery and the highly
disturbed nature of Cores 277-21R, -20R, and -19R.

5.1.2 DSDP Site 280

In previous work, the E-O boundary at Site 280 was placed at the base of Core 280A-6R
(110.5 mbsf) based on the presence of Larcopyle frakesi (Crouch and Hollis, 1996),
which according to Caulet (1991) has a LO in the early Oligocene. O’Connor (2000)
revised the base of the E-O boundary to lie between Core 280A-8R-1, 70cm and Core
280A-7R-3, 40cm (139-123.4 mbsf) as he found L. frakesi further downcore.
Furthermore, he identified Axoprunum? irregularis at 123.4 mbsf upcore and assigned the
interval from Core 280A-7R to -2R to upper RP15sn. L. frakesi is now inferred to have its
LO in the late Eocene (~35 Ma; Funakawa and Nishi, 2005) and | could not confirm the

presence of A.? irregularis in samples from Cores 280A-7R to -5R.

However, due to the presence of Eucyrtidium antiqguum (33.9-28.1 Ma; Funakawa and
Nishi 2005), the studied interval (123.4-92.54 mbsf) can be placed in the early Oligocene
(Whaingaroan) (Figure 4.2 and Appendix C). The absence of A.? irregularis further infers
an age of the interval of 33.9-33.7 Ma. This would result in a sedimentation rate of ~15
cm/ka, which is unrealistic. At Site 277 this species has a later LO at ~32.4 Ma
suggesting a diachronous LO between the Southwest Pacific and the South Atlantic. If
32.5 Ma is used as the upper age boundary of the studied section, the sedimentation rate

would yield 2.2 cm/ka.

Eucyrtidium spinosum, which according to Funakawa and Nishi (2005) has its HO in the

early Oligocene in the South Atlantic, is absent in the Site 280 study interval. The HO of
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this species is also recorded within the upper Eocene interval at Site 277, suggesting also

a diachronous HO between the two ocean basins.

5.1.3 DSDP Site 281

Due to the presence of Eucyrtidium spinosum and Eucyrtidium nishimurae, the latter with
its HO at 125.5-122.5 mbsf, the studied interval (149.04-122.5 mbsf) at Site 281 can be
correlated with lower RP14sh (late Eocene, Kaiatan local stage, Figure 4.3, Appendix C).
A hiatus spanning the latest Eocene and Oligocene is inferred from the presence of
abundant glauconite in the upper part of Core 281-14R as well as from common
Cyrtocapsella tetrapera in Core 281-13R, which indicates a Miocene age (Crouch and
Hollis, 1996). Assuming an age of at least 37.8 Ma for the deepest sample (149.04 mbsf)
and 36.7 Ma for the sample at 125.5 mbsf, results in a sedimentation rate of 2.1 cm/ka for
the studied interval. Although this studied interval spans the interval during which the
PrOM event occurs, it cannot be located at this site. Eucyrtidium nishimurae is absent at
Site 277, which is likely a preservation artefact, as the corresponding interval contains

only very rare to few radiolarians, which are poorly to moderately preserved.

5.1.4 DSDP Site 283

The lowermost sample at 192.25 mbsf is correlated to RP13sy (middle Eocene,
Bortonian) based on the absence of Eucyrtidium spinosum (Figure 4.4). The uppermost
five samples are correlated to Zone RP14sH (early late Eocene, Kaiatan) based on the LO
of E. spinosum at 192.25-190.9 mbsf (Appendix C). Eucyrtidium nishimurae is present in
all samples (192.25-87.75 mbsf). Cores 283-6R and -5R (162-124 mbsf) can be
correlated to NP18 based on the presence of Chiasmolithus oamaruensis (Edwards and
Perch-Nielsen, 1975). Planktic foraminifera are absent at this site and there are no other
useful datums to develop a full age model for this site. Taking the LO datum of E.
spinosum and assuming ~36.7 Ma for the uppermost sample due to the presence of E.
nishimurae, the sedimentation rate yields 9.3 cm/ka. This is too high for an environmental
setting assumed to be offshore and very deep. It is possible that E. nishimurae is an
unreliable datum and its HO might be later. At Site 1172 it has a slightly later HO at
~36.2 Ma. Although Site 283 spans the interval in which the PrOM event occurs, it

cannot be located.
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5.1.5 ODP Site 1172
The faunal assemblages of ODP Site 1172 were described by Suzuki et al. (2009), who
did not correlate them to RP Zones. At this site, the interval from 450.49 mbsf to 356.60

mbsf has been correlated to radiolarian zones RP12sy to RP17sH. Many taxa used to

define Southern Hemisphere RP zones at Site 277 are absent at Site 1172 or have

diachronous ranges, so only a few radiolarian datums can be applied (Figure 5.4,
Appendix C).

1.

The interval from 450.49-373.74 mbsf can be correlated to combined Zone RP12-
13sy due to the presence of Lophocyrtis longiventer and the absence of
Zealithapium mitra, which defines the base of RP13sn. Eusyringium fistuligerum
has only a trace occurrence in at 417.7 mbsf. Further radiolarian datums in this
zone are the LO of Eucyrtidium nishimurae at 436.9-431.3 mbsf and the LO of
Artobotrys biaurita at 417.7-416.2 mbsf.

The base of RP14sy is placed at 373.74-371.2 mbsf based on the LO of
Eucyrtidium spinosum. Further datums in this zone are the HO of Eucyrtidium
nishimurae at 363.9-356.85 mbsf and the HO of Lychnocanium amphitrite at
366.7-365.2 mbsf.

The base of RP15sy cannot be located as Eucyrtidium antiquum has a single
occurrence at 365.2 mbsf, which is in the upper Eocene, but is absent in the
Oligocene interval.

Clinorhabdus robusta (LO at 28.5 Ma) and Axoprunum? irregularis (33.7-26.6
Ma) are found in the Oligocene interval at this site (356.85-354.6 mbsf) which

can be assigned to RP17sH.

Additional age information of samples from Site 1172 (base and top of magnetic reversals

and one nannofossil event) were obtained from Stickley et al. (2004b) and calibrated to
the GTS2012 timescale (Gradstein et al., 2012):
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The top of C20n is found at 441 mbsf (42.3 Ma).

The base of C19n is found at 432 mbsf (41.39 Ma).

The base of C18n.2n is found at 415 mbsf (40.15 Ma).
The top of C18n.1n is found at 382.10 mbsf (38.62 Ma).
The base of C17n.3n is found at 373.90 mbsf (38.33 Ma).
The base of C16n.2n is found at 365 mbsf (36.7 Ma).
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7. The base of C16n.1n is found at 361.30 mbsf (35.89 Ma).

8. The top of C16n.1n is found at 360.10 mbsf (35.71 Ma).

9. The base of C15n is found at 359.80 mbsf (35.29 Ma).

10. The HO of Reticulofenestra umbilicus >14um is found at 361.235-357.535 mbsf.

Additionally, two nannofossil datums have been reported for this site (Shipboard
Scientific Party, 2001):

1. The LO of Cribocentrium reticulatum is found at 412.47—402.83 mbsf.
2. The LO of Chiasmolithus solitus is found at 402.83—-393.18 mbsf.

5.1.5.1 Integrated chronostratigraphy

The above listed bio- and magnetostratigraphic events have been used to develop an age
model for Site 1172 (Figure 5.4). In the lower part of the middle Eocene (450—415 mbsf),
the sedimentation rate is ~1.2 cm/ka. In the upper part of the middle Eocene the
sedimentation rate increases to ~2.25 cm/ka. From the uppermost middle Eocene to upper
Eocene (~374-360 mbsf), the sedimentation rate drops to 0.5 cm/ka and further decreases
to 0.04 cm/ka in the lowermost Oligocene. In the uppermost Eocene and lowermost
Oligocene, glauconitic rich sediment at ~362-359 mbsf indicates a very condensed
interval. RP15sy and RP16sH cannot be located at this site and the sediments have either
been eroded or have not been deposited due to the very low sedimentation rate. The
presence of one specimen of Eucyrtidium antiquum (primary marker for RP15) at 365.2
mbsf might be due to downworking. The HO datum of L. amphitrite does not fit the age-
depth plot and indicates an earlier HO at ~36.8 Ma. The presence of Clinorhabdus
robusta (primary marker of RP17sy) from 356.85-364.6 mbsf suggests that the
condensed interval in the Oligocene spans almost 7 Ma. The nannofossil datums more or
less agree with the age-depth plot and the slight disagreement might be due to badly

preserved specimens in a highly siliceous sediment.
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Polarity Timescale (Chrons) shown at the top; b=base, t=top.

5.2 Mid-latitude Southwest Pacific sites

5.2.1 DSDP Site 207
Due to absence or scarcity of primary markers for the low-latitude zonation of Sanfilippo

and Nigrini (1998a) (emended by Kamikuri et al., 2012a), the Southern Hemisphere
zonation has been applied at this site. The interval from 242.46 to 143.55 mbsf has been
correlated to radiolarian zones RP10sH to RP12sH. Due to the scarcity of radiolarians from
318.96-245.38 mbsf, this interval can only be tentatively correlated to radiolarian zones.
The following succession of radiolarian biostratigraphic events are identified (from oldest

to youngest, Figure 5.5, Appendix C):
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The base of RP9sH cannot be located as primary marker taxa are absent. Other key
events close to the base of the zone are the LO of Lychnocanium bellum at 286—
284.20 mbsf and Theocampe urceolus at 284.20-279 mbsf. The latter taxon has
only an isolated lowest occurrence and is very rare at this site.

The LO of Amphicraspedum prolixum s.s. is found at 286-284.20 mbsf.

The top of RP9sH is placed at 279-276.51 mbsf based on the HO of Buryella
tetradica, which is an event close to the top of the zone.

The interval between ~276-245 mbsf cannot be assigned to a zone because of
very rare and poorly preserved radiolarians.

The base of RP10sy is placed at 245.38-242.46 mbsf based on the LO of
Artobotrys auriculaleporis, which is proposed as a secondary datum for this zone.
The primary marker for the base of RP10sn, Theocampe mongolfieri, has an
isolated occurrence at 216.01 mbsf. The HO of Podocyrtis aphorma occurs at
219.47-216.40 mbsf and cannot be used as a secondary marker for the base of the
zone as it seems to have a later HO, within RP10sH at this site.

The HO of Podocyrtis acalles is found at 228.20-219.47 mbsf, a datum within
RP10sH.

The HO of Amphicraspedum prolixum s.s. is found at 198.51-190.66 mbsf, in
upper RP10sH.

The base of RP11s is placed at 189.4-182 mbsf based on the LO of Eusyringium
lagena.

The base of RP12sy is placed at 170.19-168.50 mbsf based on the LOs of
Eusyringium fistuligerum and Lophocyrtis longiventer. Both these species are very
rare at this site.

The LO of Zealithapium anoectum close to the base of RP12sy is found at
168.50-165.50 mbsf.

The base of RP13sy cannot be located at this site as the primary marker,
Zealithapium mitra, has an isolated occurrence at 170.19 mbsf, within upper
RP11sn. This earlier occurrence is consistent with the earlier LO of this taxon in
low-latitudes (~42.3 Ma).

The HOs of Eusyringium lagena and Artobotrys biaurita are found at 152-149.06

mbsf.
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Foraminiferal biostratigraphy has been used to correlate the studied interval to New

Zealand stages (H.E.G. Morgans, pers. comm. 2016).

1.

A Haumurian (Mh, Late Cretaceous) fauna was observed in one sample at 301
mbsf (Core 207A-28R-1, 100 cm).

A Teurian (Dt, Paleocene) assemblage is present in the succeeding sample at
293.55 mbsf (Core 207A-27R-2, 105 cm).

The base of the Waipawan (bDw, early Eocene) is placed at 288-287 mbsf based
on the LO of Morozovella aequa aequa.

The base of the Mangaorapan (bDm, early Eocene) is placed at 276.51-269 mbsf
based on the LO of Morozovella crater. The large sample gap is due to the
occurrence of early forms of this taxon at 276.51 mbsf, whereas typical forms do
not occur until 269 mbsf.

The base of the Heretaungan (bDh, latest early to middle Eocene) is placed at
230.01-219.47 mbsf based on LO of Elphidium hampdenense.

The base of the Porangan (bDp, middle Eocene) is placed at 213.4-212 mbsf
based on the HO of Morozovella crater, a secondary datum to define the base of
the Porangan.

The base of the Bortonian (bAb, middle Eocene) is placed at 170.19-168.50 mbsf
based on the LO of Globigerinatheka index. The base correlates well with the base
of RP12sH. Two specimens of that taxon were found at 182 mbsf, however, none
in the two samples thereafter.

Nannofossil biostratigraphy has been used to correlate the studied interval with zones
NP10 to NP16 (1.-9.: C. Shepherd, pers. comm. 2016) and Kulhanek & Morgans (2013).
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1.

The base of NP10 is placed at 286-284.20 mbsf, based on the HO of Fasciculithus
spp.

The base of NP11 is tentatively placed at 286-284.20 mbsf, based on the LO of
Sphenolithus radians, which has the same age as the base of NP11.

The base of NP12 is placed at 279-276.51 mbsf, based on the LO of Discoaster
lodoensis.

The base of NP13 is placed at 271.5-269.6 mbsf based on the HO of

Tribrachiatus orthostylus.
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5. The base of NP14 is placed at 247.26-242.46 mbsf based on the LO of Discoaster
sublodoensis.

6. The LO of Nannotetrina cristata is found at 230.01-219.47 mbsf, an event within
upper NP14.

7. The base of NP15b (45.49 Ma; Gradstein et al., 2012) is placed at 207.52—
198.51 mbsf based on the LO of C. gigas. Indicator taxa for the base of NP15a are
absent.

8. The base of NP15c is placed at 182—171.51 mbsf based on the HO of C. gigas.

9. The base of NP16 cannot be identified by the HO of Nannotetrina fulgens, the
primary marker. The LO of Reticulofenestra umbilicus >14um occurs near the
base of NP16 and can be found at 182-171.51 mbsf.

10. The sequence is truncated by the Marshall Unconformity between 143.55-139
mbsf; the sediments directly below (143.55 mbsf) have an age of 41.66-40.4 Ma
based on the presence of Cribrocentrum reticulatum and Chiasmolithus solitus.
The sediments directly above (139 mbsf) are of latest early to earliest middle
Miocene age (Clifdenian-Lillburnian).

5.2.1.1 Intergrated chronostratigraphy
An age-depth plot has been constructed using the bioevents outlined above (Figure 5.5).
The sedimentation rate in the lowermost Eocene (earliest Waipawan) is very low, ~0.15
cm/ka. During the Waipawan, the sedimentation rate increases to ~1.6 cm/ka based on
nannofossil datums. In the uppermost Waipawan, the sedimentation rate decreases to 0.2
cm/ka. Alternatively, there could be two hiatuses instead of the very low sedimentation
rates, but there is a lack of glauconite or other lithologic evidence for a hiatus. The
presence of chert nodules from Cores 207A-26R to -22R indicates the possibility of
diagenetic compaction of biogenic silica, resulting in the very low sedimentation rates in
this interval. The sedimentation rate increases in the Mangaorapan to mid-Heretaungan to
1.8 cm/ka. The base of the Heretaungan is approximated by the age-depth plot and
corresponds well with the LO of D. sublodoensis, a secondary marker for this event. The
primary datum for the base of this zone (LO of E. hampdenense) occurs ~1.2 Ma later.
From mid-Heretaungan to upper Porangan, the sedimentation rate decreases to 1 cm/ka,
based on nannofossil datums. The base of the Porangan is also based on the age-depth
plot. The secondary marker for the base of this zone (HO of M. crater) is ~1.6 Myr
earlier. The base of NP15a cannot be located due to absence of marker species
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Nannotetrina fulgens. The first persistent occurrence of G. index was used as the marker
for the base of NZ Bortonian stage (42.6 Ma), which coincides with the LO of L.
longiventer and fits well with other radiolarian datums. The LO of R. umbilicus was not
used as a correlation point as it is likely that this species has a diachronous lowest
occurrence in the Southwest Pacific, appearing earlier in the Southwest Pacific than in
other parts of the world (Kulhanek and Morgans 2013). The sedimentation rate increases
in the Bortonian to ~2.5 cm/ka. The upper Bortonian from ~40.4 Ma is missing. This
hiatus recorded at the top of Core 207A-11R (143.55-139 mbsf) has been correlated to
the Marshall Unconformity by Kulhanek and Morgans (2013).
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Figure 5.5 Age-depth plot of DSDP Site 207 Hole A using nannofossil (blue squares), foraminifera (black squares) and
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98



5.2.2

Chapter 5: Radiolarian biostratigraphy and correlation

DSDP Site 206

Although this is the most northern site studied, low-latitude markers are absent or very

rare. For this reason, the Southern Hemisphere zonation is applied to the interval from

687.51-613.70 mbsf, spanning zones RP12-13s. In this study, the following succession

of radiolarian events is identified (from oldest to youngest, Figure 5.6, Appendix C):

1.

The lowermost interval from 728-687.51 mbsf (Cores 206C-21R to -19R)
contains only very rare and poorly preserved radiolarians. Several taxa are present
that have their LOs in the Paleocene or early Eocene such as Buryella granulata
(RP3sh), B. foremanae (RP4sw), B. tetradica (RP5snH), Phormocyrtis striata striata
(RP7sH), as well as Podocyrtis papalis (RP8sn). However, no age can be
determined as Paleocene restricted species B. foremanae co-occurs with Eocene
restricted species P. papalis and A. prolixum s.s. in Core 206C-21R, which
indicates core disturbance.
The radiolarian-rich interval from 672-613.70 mbsf (Cores 206C-18R to -15R) is
placed in Zone RP12sy based on the LO of Eusyringium fistuligerum at 678.51—
672 mbsf. The LO of Lophocyrtis longiventer is found at 672-670.5 mbsf.
However, the sudden increase in abundance and diversity in Core 206C-18R may
be an artefact of preservation. It is possible that zone RP12sy may extend lower in
the sequence.
The HO of Eusyringium lagena, a datum in lower RP12sp, is recorded at 657.5—
654.5 mbsf.
The base of RP13sy is placed at 654.5-651.5 mbsf based on the LO of
Zealithapium mitra.
The HO of Spongatractus pachystylus at 649.6-634 mbsf is earlier at this site
compared to its low-latitude HO of 37.75 Ma (GTS2012; Kamikuri et al. 2012a).
Eucyrtidium nishimurae has its LO at 669-657.5 mbsf, a datum within RP12gn.
The LO of Cryptocarpium ornatum is found at 649.60-634 mbsf (41.3 Ma;
Gradstein et al., 2012).
The LO occurrence of Lithocyclia aristotelis and Theocampe pirum at 630.15—
614.28 mbsf, both with a LO datum of 38.95 Ma (Gradstein et al., 2012) suggest
correlation to NZ Kaiatan stage.
The HO of Phormocyrtis striata striata is recorded at 614.28-614.02 mbsf (40.65
Ma, Gradstein et al., 2012).
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Foraminiferal biostratigraphy has been used to correlate the interval to New Zealand
Stages (Burns et al. 1973).

1. Bortonian sediments are present from 687.55-613.70 mbsf based on the presence
of Globigerinatheka index and Acarinina primitiva. The LO of G. index is found
at 688.16-687.55 mbsf.

Three samples from 649.6-613.7 mbsf were analysed for planktic foraminifer and
nannofossil datums (Kulhanek and Morgans, 2013) and the assemblage is correlated to
the Bortonian Stage of 42.6-39.1Ma. Nannofossil age control suggests an age of 41.85-
41.66 Ma (NP16) for Sample Core 206A-17R-1, 15cm, based on the absence of
Nannotetrina spp. (HO 41.85 Ma) and C. reticulatum (LO 41.66 Ma) which agrees with
other age control (Figure 5.6). Based on nannofossils, an age of 38.25-37.98 Ma is
inferred for Sample 206A-16R-1, 13cm. This is much younger compared to foraminifer
age control (>40.49 Ma based on the presence of Acarinina bullbroki). Furthermore,
nannofossil biostratigraphy suggests the unconformity is located between 613.75 and
613.70 mbsf, with an early Oligocene assemblage of ~31.35-30 Ma in Sample 206A-
15R-2, 20cm (613.70 mbsf). The foraminifer assemblage at 613.70 mbsf lack species
restricted to the early Oligocene but middle Eocene species are present (Acarinina
primitiva, HO datum of 39.1 Ma).

5.2.2.1 Integrated chronostratigraphy

The age-depth plot suggests two scenarios. The preferred (black) correlation line is drawn
using the LO datum of G. index, nannofossil age control and radiolarian datum of C.
ornatum. However, given the mid-Ilatitude position of the site, the LO._ datums of E.
fistuligerum and Z. mitra is plotted as well. It shows that the correlation line agrees the
high-latitude age for the LO of E. fistuligerum but, conversely, is a better fit with low-
latitude age for the LO of Z. mitra. A hiatus is present between Paleocene-lower Eocene
and middle Eocene sediments, but it cannot be determined how long exactly it lasted, as
radiolarians are rare and poorly preserved in Paleocene-lower Eocene sediments. The
black correlation line places the Marshall Unconformity at the top of the interval in Core
206A-15R, which would suggest 3.7 cm/ka sedimentation rate throughout the interval.
The fact that T. pirum and L. aristotelis were found in this Core, might be due to core
disturbance or reworking. The hiatus started from ~40.6 Ma and is located in Core 206A-
15R-2 at ~613.70 mbsf (Burns et al. 1973; Kulhanek & Morgans 2013) (Figure 5.6).
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Figure 5.6 Age-depth plot of DSDP Site 206 Hole C using nannofossil (blue squares), foraminifera (black squares) and
radiolarian (green squares) events. LL=low-latitude datum; SH=Southern Hemisphere datum. Green bands for
Eusyringium fistuligerum and Zealithapium mitra indicate the age-range of the datum between low and high latitudes.

5.2.3

DSDP Site 592

Because calcareous microfossil (nannofossil and foraminifer) biostratigraphy provide a

better resolved age control for this site (Kulhanek and Morgans, 2013) than radiolarian

biostratigraphy, it is presented here first (Figure 5.7, Appendix C):

1.

2.

The combined presence of Globigerinatheka index (HO at 34.61 Ma) and
Chiasmolithus oamaruensis (LCO at 37.32 Ma, Gradstein et al., 2012) in Sample
592-41X-6, 100 cm (387.40 mbsf) places this sample in the latest Kaiatan stage
(late Eocene), younger than 37.32 Ma.

The base of NP19-20 is placed at 387.40-382.80 mbsf based on the LO of

Isthmolithus recurvus (36.97 Ma, Raine et al. 2015).
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w

. The HO of Cribocentrium reticulatum (35.92 Ma) is at 363.70-354.10 mbsf.

The LO of Reticulofenestra oamaruensis (35.54 Ma, Gradstein et al. 2012) is at
354.10-344.50 mbsf.

The base of the Whaingaroan Stage (age) is placed at 335.15-334.65 mbsf based
on the HO of Globigerinatheka index.

The base of NP21 is placed at 335.15-334.90 mbsf based on the HO of Discoaster
saipanensis.

The HO of Reticulofenestra oamaruensis (33.97 Ma, Gradstein et al., 2012), a
datum within NP21, is observed at 333.40-328.30 mbsf.

Based on nannofossil and foraminifer biostratigraphy, the studied succession lies within

NP19-20, which corresponds to RP14sy or RP18-19... However, important radiolarian

marker species for this interval are absent.

1.

The primary marker for RP14sy, Eucyrtidium spinosum, has only an isolated
occurrence at 365 mbsf. Based on nannofossil and foraminifer stratigraphy, the
studied radiolarian samples lie within NP19-20 which equals RP14sh.
Cryptocarpium ornatum is present in low numbers from 374.60-365 mbsf, which
can be assigned to late Eocene low-latitude zones RP18-19. Other typical low-
latitude marker species for these zones like Lithocyclia spp., Calocyclas bandyca
or Thyrsocyrtis bromia are absent.

The HO of Lychnocanium amphitrite is identified at 363.50-353.90 mbsf and an
isolated occurrence of Lychnocanium bellum at 344.30 mbsf. Both datums occur

within the late Eocene.

5.2.3.1 Integrated chronostratigraphy

Two age models are considered for this site (Figure 5.7). The preferred (black) correlation

line indicates a sedimentation rate of 2cm/ka for the upper Eocene followed by a decrease

in the uppermost Eocene and lower Oligocene (0.6 cm/ka). As noted for Site 277, there

are two age estimates for the HO of C. reticulatum in high latitudes. As at that site, the

younger age estimate (Gradstein et al., 2012) is in best agreement with the age model at
Site 592. The estimated paleodepth of this site in the late Eocene is around 1500-2000 m

(Kulhanek and Morgans, 2013), which is a relatively deep setting in which 2 cm/ka would

seem to be realistic. The high-latitude datum for L. amphitrite also fits the age model

better than the low-latitude datum.
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Figure 5.7 Age-depth plot of DSDP Site 592 using nannofossil (blue squares), foraminifera (black squares) and
radiolarian (green squares) events. HL=high-latitude datum; LL=low-latitude datum. The green band indicates the age-
range for the HO of L. amphitrite between low and high latitudes.

5.2.4 ODP Site 1123
The site has been correlated with RPsy Zones using the following datums (Figure 5.8,
Appendix C):

1. The base of RP14sy is placed at 624.86-623.51 mbsf based on the LO of
Eucyrtidium spinosum.

2. The base of RP15sy is placed at 614.46-611.18 mbsf based on the LO of
Eucyrtidium antiquum. However, this taxon is present with only trace
occurrences.

3. The LO of Axoprunum? irregularis, a datum in RP15sy, is found at 599.74—
594.90 mbsf.
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Additionally, the following events have been used to correlate the succession with RP.

ZOones:

1. The top of RR19.. is placed at 599.74-594.9 mbsf based on the HO of

Cryptocarpium ornatum, the primary marker for this zone. The same interval
records the HOs of Lychnocanium amphitrite and Theocampe mongolfieri.

. The HO of Cryptocarpium azyx is recorded at 619.21-618.15 mbsf, a datum

within RP19... However, it is only an isolated single occurrence of this taxon. HO
~34.97 Ma

. The HO of Theocampe pirum is recorded at 593-590.90 mbsf, a datum within

RP19...
The base of RP20.. is placed at 599.74-594.9 mbsf based on the LO of
Thyrsocyrtis tuberosa, the primary marker for this zone. However, this taxon has a

trace to rare occurrence.

Additional planktic foraminifer, nannofossil and magnetostratigraphic datums are taken
from the Site Report for ODP Site 1123 (Shipboard Scientific Party, 1999). Ages have
been recalibrated to Gradstein et al. (2012) (Figure 5.8).
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1. The age of the bottom of Core 1123C-33X (625.86 mbsf) is ~36.7-34.6 Ma based

on the presence of Globigerinatheka semiinvoluta, (LO 38.62 Ma, HO 36.18 Ma),
which is restricted to the upper Runangan (~36-34.6 Ma) in New Zealand
(Jenkins, 1971). As Site 1123 is the site closest to mainland New Zealand in terms
of latitude, the New Zealand range of this species was used to assign an age to the
bottom of the hole (Shipboard Scientific Party, 1999).

. The base of C13r is found at 616.03 mbsf (34.99 Ma).
. The base of C13n is found at 599.68 mbsf (33.7 Ma).
. The base of the Whaingaroan Stage is placed at 611.08-599.64 mbsf based on the

HO of Globigerinatheka index (34.61 Ma).

. The base of NP21 is placed at 611.08-599.64 mbsf based on the HO of Discoaster

saipanensis (34.44 Ma).

. The acme of Clausicoccus subdistichus is a datum within NP21 (33.43 Ma,

Gradstein et al. 2012) and is found at 599.64-587.39 mbsf.

. The base of C12r is found at 591.08 mbsf (33.15 Ma).
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8. The HO of Isthmolithus recurvus is located at 587.39-587.19 mbsf and is dated at
32.49 Ma, within Zone NP22.

9. The Marshall Unconformity is located at the top of Core 1123C-29X (587.20
mbsf), separating early Oligocene from Miocene sediments and dated at ~33 Ma
(Shipboard Scientific Party, 1999).

5.2.4.1 Integrated chronostratigraphy

Using the age control outlined above (Figure 5.8), the sedimentation rate for the interval
spanning Cores 1123C-33X to -31X (625.86 to 610.10 mbsf) is 1.7 cm/ka. In the lower
Oligocene, the sedimentation rate drops to 1.4 cm/ka for the interval from Core 1123C-
31X to -29X (610.10 to 587.20 mbsf). This may be the due to increased bottom water
currents winnowing the sediments prior to the episode of erosion or non-deposition that is
associated with the Marshall Unconformity at ~33 Ma (Shipboard Scientific Party, 1999).
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Figure 5.8 Age-depth plot of ODP Site 1123 Hole C using nannofossil (blue squares), foraminifera (black squares),
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As at DSDP Site 592, the sedimentation rate decreases in the late Eocene and across the

E-O transition. The low-latitude HO datum of L. amphitrite fits the age-depth plot better

than the Southern Hemisphere datum of 35.3 Ma. Based on the age-depth plot, an age of
~35.5 Ma can be inferred for the bottom of the hole.

5.3 Correlation between sites

Based on Figure 5.9, the following key points can be made:
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Sites 277 and 207 have the most continuous records of radiolarian-bearing
sediments, extending from upper Paleocene to middle Eocene at Site 207 and to
lower Oligocene at Site 277, with all New Zealand stages present from Teurian to
Whaingaroan.

Other sites have partial records but relatively complete composite sections. The
middle Eocene to upper Oligocene (Bortonian to Whaingaroan) can be
constructed from the southern sites (280, 281, 283 and 1172) and northern sites
(206, 592 and 1123).

Condensed intervals or hiatuses are identified in the earliest Eocene (early
Waipawan, Site 277), middle Eocene (Porangan; sites 277 and 206), late Eocene
(Site 1172) and early Oligocene (sites 206, 1123 and 1172).

Conversely, expanded intervals are identified in the middle Eocene at sites 277
(Bortonian), 207 (Porangan—Bortonian) and 206 (Bortonian) and late Eocene at
sites 277 and 283.

The Southern Hemisphere radiolarian zonation has been successfully applied to all
high- and mid-Ilatitude sites and facilitates correlation, especially from late early
Eocene to Oligocene (RP10sH to RP15sH).
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Figure 5.9 Fence diagram showing the correlation of all sites; colours=NZ Stages.
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6 Radiolarian paleoecology and paleobiogeography

In the first part of this chapter, the radiolarian assemblages at high- and mid-Ilatitude sites
are analysed, including diversity measures and relative abundances of radiolarian families
for all sites. Results from stable oxygen and carbon isotope analysis are included for sites
277, 207 and 592 (Appendix D, data on enclosed CD). In the second half of the chapter,
the radiolarian assemblages are grouped according to their biogeographic affinity (high-
latitude, cosmopolitan and low-latitude) and the results are presented in cumulative
affinity plots for each site. All radiolarian distribution data, abundances and diversity

measures can be found in Appendix B (data on enclosed CD).
6.1 Radiolarian assemblages and diversity

6.1.1 High-latitude sites

6.1.1.1 DSDP Site 277

The radiolarian assemblages examined from this site comprise 139 counting groups,
which include 67 genera and 16 families. A total of 108 taxa were identified to species
level (Appendix A, Appendix B Table 1). Diversity increases within the MECO (313.5—
296 mbsf) and in the upper Eocene (226.10-186.5 mbsf) and decreases in the lower
Oligocene (162.2-134.5 mbsf) (Figure 6.1). Diversity closely parallels trends in

abundance and preservation.

Simpson Evenness also tracks the diversity curve, but exhibits greater troughs where
samples are sparse and dominated by undetermined spumellarians. Spumellarians are
dominant in most samples, with their relative abundance ranging between ~44 and 96%
(~71% average) (Figure 6.1).

109



Chapter 6: Radiolarian paleoecology and paleobiogeography

. DSDP Site 277
A
I o 2 o Cibicides 5"°0 e Radiolarians/g e Fisher a % Spumellaria
'_ Lu ’_ N L|J 0/ . .
wn| I x (%o, v-PDB) S Diversity
I o &
alo =zl o) 2 1 0 NN N\ 10 20 0 100
| IS I I ST, SR ETITT MEAETTIT R TTT M| IS S I I— Lol 3 ) o 5 B g
| g wre1g 15 | =
O
3 -
1504 S| _ _
103
>
| 8
Bwed EOT
200 - Q. -
|g|< £ ECO
(@)
T - =
0 =
1 ® ’rOM
] =
o =
2501 | < B
[0}
|2 _
8 =
300 1 ©
W ECO
1y -
©
1o|a
g <
350 - =
census sizes Q S 0'.\ N 0.2 0.6 1 100 0
>300 —100-300 — <100 P S _ Simpson
o D/R ratio Evenness % Nassellaria

Figure 6.1 General trends in radiolarian assemblages at DSDP Site 277 compared with the benthic foraminiferal 50
record and climate events (Pascher et al., 2015), including radiolarian abundance (radiolarians/g), diatom/radiolarian
(D/R) ratio, Fisher o Diversity Index, Simpson Evenness Index and relative abundance (%) of spumellarians (grey) and
nassellarians (white). Census size for all examined samples is colour-coded and shown to the right of the core log.
MECO=middle Eocene climatic optimum, PrOM=Priabonian oxygen isotope maximum, LECO=late Eocene climatic
optimum, EOT=Eocene-Oligocene transition. For abbreviations of NZ Stages, please see Chapter 3.6.

110



Chapter 6: Radiolarian paleoecology and paleobiogeography

The main families are the undetermined spumellarians (~25% average), Actinommidae
(~22%), Litheliidae (~14%), Spongodiscidae (~7%), Artostrobiidae (~7%),
Lychnocaniidae (~6%), Lophocyrtiidae (~6%), undetermined nassellarians (~3%) and
Trissocyclidae (~3%) (Figure 6.2, Appendix B Table 1). The remaining radiolarian
families account for ~7% of the total assemblage: Phacodiscidae, Eucyrtidiidae,
Plagiacanthidae, Sponguridae and Acropyramididae each with ~1%, and rare (<1%)
Cannobotryidae, Pterocorythidae, Amphipyndacidae and Sethophormididae (the latter
two are not shown in Figure 6.3).
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Figure 6.2 The relative abundance of the most abundant radiolarian families and counting groups at DSDP Site 277.
Census size for all examined samples is colour-coded and shown to the right of the core log. S=spumellarians,
N=nassellarians, MECO=middle Eocene climatic optimum, PrOM=Priabonian oxygen isotope maximum, LECO=late
Eocene climatic optimum, EOT=Eocene-Oligocene transition.
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Figure 6.3 The relative abundance of less common radiolarian families at DSDP Site 277. Census size for all examined
samples is colour-coded and shown to the right of the core log. S=spumellarians, N=nassellarians, MECO=middle
Eocene climatic optimum, PrOM=Priabonian oxygen isotope maximum, LECO=late Eocene climatic optimum,
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Rarefaction analysis of Site 277 radiolarian data (Figure 6.4, Appendix B Table 2)
indicates that counts of at least 300 specimens are required to achieve a reliable measure
of diversity and taxic richness (Pascher et al. 2015). Poor radiolarian preservation in the
middle Eocene and lower upper Eocene intervals (~350 to ~227 mbsf, Figure 4.1) has
resulted in 19 samples containing <300 specimens of which 9 samples contain <100
specimens. Because these samples span an interval in which significant changes in
diversity and assemblage composition occur, metrics for all samples were included in
Figures 6.1 to 6.4 (samples with census sizes of <100 specimens, 100—-300 specimens and
>300 specimens are indicated). To investigate whether the interval of low taxic richness
between ~292 to ~227 mbsf is a preservation artefact or a real feature of the assemblage,
range-through taxic richness was also determined (Figure 6.4, Appendix B Table 2).
Samples with census sizes of 100 and 300 (both with a subsampling of 1000),
respectively, were chosen as they show the same trend but a much more muted signal in
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the individual rarefaction analysis. The decrease in range-through taxic richness at the top
and bottom of the record is due to edge effects. The analysis shows range-through taxic
richness for samples with census sizes of 100 and 300 is higher than the observed
richness of the original census sizes from ~292 to ~227 mbsf. Chert nodules are present
down-core from ~246 mbsf, so the scarcity of taxa in the interval between ~350 and 246
mbsf is likely to be an artefact of diagenesis. The increase in taxic richness in the MECO
IS supported by this analysis, but only in the highest sample (296 mbsf) for a census size
of 300. The analysis also indicates that the increase in diversity related to the PrOM event
at ~226 mbsf is more muted than the raw data suggest. It is notable that the decrease in
diversity evident in the raw data during the LECO is not shown in the range-through data.
In fact, the analysis shows a further increase in taxic richness within this interval. This
analysis of range-through taxic richness has been a helpful tool in determining if diversity
changes are a preservational artefact or a response to changing environmental conditions,

especially when coupled with consideration of the lithologic changes (e.g. chertification).
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census sizes for DSDP Site 277. Census size for all examined samples is color-coded and shown to the right of the core
log. MECO=middle Eocene climatic optimum, PrOM=Priabonian oxygen isotope maximum, LECO=late Eocene
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There is considerable variation in the relative abundance of radiolarian families and
undetermined Spumellaria/Nassellaria, which is partly a consequence of variable
preservation, but it can also be related to the climatic/oceanic events and trends identified
in the section. Four of these events are discussed in more detail below: the MECO, the
PrOM, the LECO and the EOT.

Three samples from the middle Eocene interval at Site 277 (313.5 mbsf, 312.7 mbsf, 296
mbsf; Cores 277-32R and 33R) that lie within the onset and recovery of the MECO, show
improved preservation, a peak in diversity, and mark the first significant occurrence of

diatoms (Figure 6.1). Amphicraspedum murrayanum and A. prolixum gr. have isolated
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occurrences in this interval, although A. prolixum gr. also has trace occurrences in five
samples in the uppermost Eocene to lowermost Oligocene (Cores 277-24R to -20R at
217.70 mbsf, 209 mbsf, 207.5 mbsf, 197.82 mbsf and 186.50 mbsf). Several species are
restricted to the MECO, including Artobotrys titanothericeraos, Sethocyrtis chrysallis,
Eusyringium fistuligerum and Stichopilium cf. bicorne. Lophocyrtis jacchia hapsis, which
is a high-latitude variant of L. jacchia jacchia (Sanfilippo and Caulet, 1998) and endemic
to the Southern Ocean, is also common during the MECO and uppermost Eocene (217.7—
206.83 mbsf) but is absent from the remaining middle and lower upper Eocene.
Furthermore, the LOs of several (albeit rare) species are recorded at this site during the
MECO interval (Axoprunum pierinae, Zealithapium mitra, Periphaena spp., Larcopyle
hayesi, L. polyacantha, Zygocircus buetschli, Siphocampe? amygdala, Eucyrtidium
montiparum, Lychnocanium amphitrite, Clinorhabdus anantomus, Lophocyrtis
keraspera, Lophocyrtis dumitricai, Cryptocarpium ornatum and Lamprocyclas
particollis) (Appendix B Table 1).

A major change in siliceous assemblages is associated with maximum values in benthic
5180 within the PrOM (226.10 mbsf; Core 277-25R) (Figure 6.1). The lower part of the
PrOM (240.50-227.20 mbsf) is characterized by very rare radiolarians (Figure 6.1) and
moderate preservation (Figure 4.1). A pronounced increase in radiolarian abundance
(from <50 to ~4000 specimens/gram), preservation and diversity occurs at 226.10 mbsf
(Sample 277-25R-1, 60 cm), and coincides with an increase in diatom abundance (Figure
6.1). Undetermined spumellarians (~31%), Actinommidae (~22%), Litheliidae (~13.7%)
and Spongodiscidae (~4.8%) are the most abundant spumellarian families during the
PrOM interval (Figure 6.2). The most abundant nassellarian families within this interval
are the Lophocyrtiidae (~7.9%), Artostrobiidae (~5.6%), and Lychnocaniidae (~5.1%)
(Figure 6.2). Plagiacanthidae account for ~0.5% of the total assemblage (Figure 6.3). The
following taxa have their LO within the PrOM at Site 277: Ceratocyrtis spp.,
Lithomelissa ehrenbergi, L. gelasinus, L. sphaerocephalis, Siphocampe nodosaria,
Artostrobus annulatus, Artostrobus cf. pretabulatus, Clathrocyclas universa,
Dictyophimus? aff. archipilium, Lychnocanium waiareka, Aphetocyrtis rossi and
Theocyrtis tuberosa (Appendix B Table 1).

Above the PrOM event, the LECO is identified in the stable isotope record, with five
samples (210.5-207.5 mbsf) at Site 277 within this event. Radiolarian abundance and
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diversity, and diatom abundance decrease significantly in this interval (Figure 6.1). The
radiolarian assemblages in these five samples differ from the other upper Eocene samples
in that Lychnocaniidae are more abundant (~12%) and Artostrobiidae are absent.
Furthermore, Lophocyrtiidae decrease (~4%) and Plagiacanthidae, Lithomelissa spp. and
Larcopyle spp. are very rare (~0.5%, ~0.1% and ~0.9%, respectively; Appendix B Table
1). Thyrsocyrtis pinguisicoides and Lophocyrtis jacchia hapsis have abundance peaks in

this interval, and a possible new species Lophocyrtis? sp. B is restricted to this interval.

Immediately after the LECO, a second pronounced increase in radiolarian abundance
(from <200 to 9600 specimens/gram) and diversity is observed at 206.83 mbsf, together
with an increase in diatom abundance (Figure 6.1). In the uppermost-Eocene-to-
lowermost-Oligocene  interval (206.83-186.5 mbsf), Plagiacanthidae (~5%),
Artostrobiidae (~7%) and Lophocyrtiidae (~10%) increase, whereas Lychnocaniidae
decrease (~2%; Figures 6.2 and 6.3), relative to underlying intervals. Theocyrtis tuberosa
is present but very rare from the upper Eocene to lower Oligocene (~226-143.9 mbsf;
Core 277-25R to -16R). This species is also known to have had isolated occurrences in
the southern Atlantic and southern Indian oceans in the late Eocene (Takemura, 1992;
Takemura and Ling, 1997) and is common in latest Eocene to early late Oligocene

assemblages from low to middle latitudes of all ocean basins (Sanfilippo et al., 1985).

A significant decline in radiolarian abundance (6400 to 750 radiolarians/g) and diversity
is observed through the lower Oligocene (186.5 to 134.5 mbsf; Cores 277-20R to -15R)
(Figure 6.1). Many nassellarian taxa decline or disappear, especially within the
Lophocyrtiidae and Plagiacanthidae. Spumellarians increase from ~73% to ~97% of the
total fauna, with Litheliidae and Actinommidae being the most abundant families (Figure
6.2).

6.1.1.2 DSDP Site 280

The radiolarian assemblages examined from this site comprise 71 counting groups, which
include 15 families and 40 genera. A total of 51 taxa were identified to species level
(Appendix A, Appendix B Table 3). Fisher a Diversity and Simpson Evenness are stable
and high in all samples (Figure 6.5). Spumellarians are slightly more abundant than

nassellarians (52-66% of the assemblage, Figure 6.5).
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The most abundant families and counting groups belong to the Litheliidae (~30%
average, 20-37%), Plagiacanthidae (~17%, 14-22%), undetermined spumellarians
(~14%, 7-23%), Actinommidae (~8%, 4-12 %), Spongodiscidae (~6%, 5-9%),
Lophocyrtiidae (~5.8%, 3-8%), Eucyrtidiidae (~5.6%, 4-8%) and Cannobotryidae (~2%,
1-3%) (Figure 6.6). More species of the genera Lithomelissa (7) and Larcopyle (5) are
present compared to Site 277, which account for 6-13.5% and 7-11% of the total
radiolarian fauna, respectively. Compared to DSDP Site 277, this site has a higher diatom
abundance and better overall preservation, and potentially explains the higher diversity.
Lophocyrtiidae are also more abundant, whereas lychnocaniids are very rare at this site (<
1 %) (Figure 6.7). Less common families and counting groups are the Nassellaria undet.
(~1.7%), Trissocyclidae (~1.6%), Pterocorythidae (~1.5%), Acropyramididae (~1.4%),
Phacodiscidae (~0.8%), Sponguridae (~0.7%), Lychnocaniidae (~0.5%), Artostrobiidae
(~0.5%) and Sethophormididae (~0.3%) (Figure 6.7). Amphipyndacidae are absent.
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Figure 6.5 General features of radiolarian assemblages at DSDP Site 280 Hole A: taxic richness, Fisher o Diversity
Index, Simpson Evenness Index, relative abundance (%) of spumellarians (grey) and nassellarians (white).
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Figure 6.6 The relative abundance of the most abundant radiolarian families and counting groups at DSDP Site 280
Hole A. S=spumellarians, N=nassellarians.
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Figure 6.7 The relative abundance of less common radiolarian families and counting groups at DSDP Site 280 Hole A.
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6.1.1.3 DSDP Site 281

The radiolarian assemblages examined from this site comprise 59 counting groups, which
include 14 families and 36 genera. A total of 46 taxa were identified to species level
(Appendix A Table 1, Appendix B Table 4). Fisher a Diversity Index is lower than at Site
280, but Simpson Evenness still very high and similar to the other sites (Figure 6.8). The

radiolarian assemblages are dominated by spumellarians (55-93%) (Figure 6.8).
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Figure 6.8 General features of radiolarian assemblages at DSDP Site 281: taxic richness, Fisher a Diversity Index,
Simpson Evenness Index, relative abundance (%) of spumellarians (grey) and nassellarians (white).

The five most abundant families or counting groups are Litheliidae (~24% average, 17—
42%), Spongodiscidae (~20%, 12-30%), undetermined spumellarians (~15%, 6-30%),
Actinommidae (~12%, 10-20%) and Plagiacanthidae (~6%, 1-15%) (Figure 6.9). Less
common radiolarian families and counting groups belong to the Lophocyrtiidae (~5%, 3—
7%), Acropyramididae (~2%, 0.2-6%), Eucyrtidiidae (~2%, 1-7%), Trissocyclidae
(~3.6%, 0-6.2%), Cannobotryidae (~2%, 0-4.9%) and Phacodiscidae (~2%, 0.5-4.8%)
(Figure 6.10). Artostrobiidae  (~0.4%), undetermined nassellarians (~0.3%),
Pterocorythidae (~0.2%), Sponguridae (~0.2%) and Lychnocaniidae (~0.05%) are all very

rare (Appendix B Table 4).
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Figure 6.9 The relative abundance of the most abundant radiolarian families and counting groups at DSDP Site 281.

S=spumellarians, N=nassellarians.
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Figure 6.10 The relative abundance of less common radiolarian families and counting groups at DSDP Site 281.

S=spumellarians, N=nassellarians.
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Although sites 280 and 281 are relatively close to each other (Figure 3.1) the radiolarian
assemblages are distinctly different, possibly indicating different oceanographic
conditions. Crouch and Hollis (1996) concluded that the depositional setting of Site 281
in the early late Eocene was shallower and closer to terrigenous influx than the setting of
Site 280 in the early Oligocene, which is interpreted as pelagic. Support for a shallower
setting at Site 281 comes from its large spicule and detrital clast content, and the high
abundance of Spongodiscidae (Casey, 1993). Compared to the early late Eocene
assemblage of Site 277, where radiolarian abundance and diversity are very low, with
several samples containing less than ~100 specimens, Site 281 contains more
spongodiscids (~20% vs. ~7% on average), plagiacanthids (~6% vs. ~1% on average),
and litheliids (~25% vs. ~8% on average). Site 277 contains more undetermined
nassellarians and spumellarians than Site 281, which is linked to preservation, but also
more lophocyrtids (~10% vs. 5% on average) and lychnocaniids (~5% vs. 0.05%) than
Site 281. The genus Lychnocanium is completely absent at Site 281.

6.1.1.4 DSDP Site 283

The radiolarian assemblages examined from this site comprise 100 counting groups,
which include 16 families and 52 genera. A total of 82 taxa were identified to species
level (Appendix A, Appendix B Table 5). Radiolarian assemblages are very diverse and
taxic richness ranges between 59 and 81 taxa per sample. Fisher o Diversity Index is high
with 10-13, as well as Simpson Evenness Index ranging between 0.75-0.89.

Spumellarians account for 59-87% of the assemblage (Figure 6.11).
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Figure 6.11 General features of radiolarian assemblages at DSDP Site 283: taxic richness, Fisher a Diversity Index,
Simpson Evenness Index, relative abundance (%) of spumellarians (grey) and nassellarians (white).

The most common families and counting groups are the Litheliidae (~33% average, 23—
38%), undetermined spumellarians (~17%, 10-26%), Actinommidae (~10%, 5-19%),
Eucyrtidiidae (~6%, 2-11%) and Trissocyclidae (~6%, 2—-11%) (Figure 6.12).
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Figure 6.12 The relative abundance of the most abundant radiolarian families and counting groups at DSDP Site 283.
S=spumellarians, N=nassellarians.

Less common families and counting groups are the Lophocyrtiidae (~5% average, 3-8%),
Spongodiscidae (~5%, 2-8%), Plagiacanthidae (~4%, 2-8%), undetermined nassellarians
(~3.8%, 0.2-7.6%), Pterocorythidae (~2%, 0.2-8.37%), Sponguridae (~1.3%, 0.5-2.4%),
Acropyramididae (~1.3%, 0.5-2.2%) and Lychnocaniidae (~1%, 0.2-3.3%) (Figure 6.13).
Avrtostrobiidae (~0.5%, 0.5-2.2%), Cannobotryidae (~0.5%, 0.1-1.2%) and Phacodiscidae
(~0.5, 0.2-1.1%) Amphipyndacidae (~0.02%, 0-0.04%) and Sethophormididae (0.02%,
0-0.07%) are all very rare (Appendix B Table 5).

Theocyrtis tuberosa is very abundant in the youngest sample (Appendix B Table 5). The
acme of this species might be correlated to the LECO at Site 277. Several taxa appear
earlier at Site 283 (late middle to early late Eocene) than at Site 277 (middle late Eocene).
These include the following taxa that occur in the upper middle Eocene (e.g. Axoprunum
bispiculum, Amphicentria sp. 1 sensu Suzuki, Ceratocyrtis spp., Lithomelissa ehrenbergi,
L. cf. haeckeli, L. sphaerocephalis, L. tricornis, Pseudodictyophimus gracilipes gr.,

Tripodiscinus clavipes, Siphocampe nodosaria, Spirocyrtis joides, Aspis sp. A sensu
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Hollis, Clathrocyclas universa, Eurystomoskevos petrushevskaae, Lychnocanium
waiareka, Aphetocyrtis gnomabax) or lower upper Eocene (Spirocyrtis greeni,
Eurystomoskevos cauleti, Lophocyrtis jacchia hapsis, Lamprocyclas particollis) at Site
283.
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Figure 6.13 The relative abundance of less common radiolarian families and counting groups at DSDP Site 283.
S=spumellarians, N=nassellarians.

6.1.1.5 ODP Site 1172

The radiolarian assemblages examined at this site comprise 147 counting groups after
updating the taxonomic list of Suzuki et al. (2009) to bring them in line with a broader
taxonomic approach used in this thesis (Appendix A, Appendix B Table 6). These groups
include 14 families, 71 genera and 140 species. Taxic richness ranges between 39 and 61
taxa per sample. Spumellarians dominate Site 1172 assemblages throughout the middle
Eocene to lower Oligocene (~82%). Fisher a Diversity and Simpson Evenness indexes
are very high throughout the succession, ranging between ~10-20 and 0.82-0.96,
respectively. Similar to Site 277, Fisher a Diversity and Simpson Evenness decrease in

the lower Oligocene (Figure 6.14, Appendix B Table 6).
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Figure 6.14 General features of radiolarian assemblages at ODP Site 1172, Hole A (Cores 1172A-48X to -38X) and
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The Litheliidae is the most abundant family ranging between 8-43% and comprising
about 20% of the total radiolarian fauna on average in the middle Eocene, 35% in the
upper Eocene, and 25% in the lower Oligocene (Figure 6.15). Unclassified Spumellaria
and Actinommidae, each with ~18% on average, range between 8-51% and 8-38%,
respectively. Spongodiscidae are the fourth most abundant group with on average 17%
(ranging between 5-30%) (Figure 6.15). Less common families and counting groups are
the Lophocyrtiidae (~3.7% average, 0.6-14%), undetermined nassellarians (~3.6%, 0.5—

10%), Phacodiscidae (~3.6%, 0-11.5%), Eucyrtidiidae (~2.5%, 0.6-14%) and
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Lychnocaniidae (~2.2%, 0-12%) (Figure 6.16). Cannobotryidae have their abundance
peak in the lower interval (~1.7%, 0-14%), similarly to the Trissocyclidae (~1.4%
average, 0-8%) (Figure 6.16). Plagiacanthidae and Acropyramididae are more frequent in
the upper part of the interval with ~1% (0-4.7%) and 0.6% average (0-3.6%),
respectively. Sponguridae are rare throughout the interval with ~1.4% (0.2-3%).
Pterocorythidae are basically absent in most of the Eocene (~0.3% average, 0-4.7%) and
Artostrobiidae are present with ~0.3% on average, ranging between 0 and 2% throughout
the record (Figure 6.16).
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Figure 6.15 The relative abundance of the most abundant radiolarian families and counting groups at ODP Site 1172,
Hole A (Cores 1172A-48X to -38X) and Hole D (Cores 1172D-3D to -1D). S=spumellarians.
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6.1.2 Mid-latitude sites

6.1.2.1 DSDP Site 207

The radiolarian assemblages examined from this site comprise 151 counting groups,
which include 16 families and 67 genera. A total of 120 taxa were identified to species
level (Appendix A, Appendix B Table 7). Taxic richness and diversity are low in the
lower part of the section (319-245.38 mbsf). Taxic richness ranges between 2—20 taxa per
sample and Fisher o Diversity Index between 1.6-8, respectively (Figure 6.17). Simpson
Evenness largely mirrors the low diversity with values between 0.5 and 0.8. Except for
two samples (259.04-247.26 mbsf), radiolarian counts were below 100 specimens in this
interval, which contains Cretaceous to lower Eocene sediments. The Cretaceous
radiolarians were not identified; however, at least 20 different morphotypes could be
identified. Five samples did not contain any radiolarians (318.96 mbsf; 293.55 mbsf;
269.60-264 mbsf). The presence of chert nodules may explain the generally low
abundance and poor preservation of radiolarians, as well as the presence of silicified

foraminifera casts.

An abrupt improvement in preservation, diversity and radiolarian abundance is recorded
within Core 207A-21R, at 242.46 mbsf (horizon #1, Figure 6.17). Except for a short
interval in the upper Heretaungan (216.40-208.46 mbsf, Core 207A-19R to -18R)
(interval #2), where there is a decline in diversity and taxic richness, good preservation
persists and diversity and abundance remain high until Core 207A-12R (152 mbsf,
horizon 3#). Between horizon #1 and #3, taxic richness ranges between 34 and 69. Fisher
o Diversity Index and Simpson Evenness are high and range between 13-23 and 0.86—

0.93, respectively.

In Core 207A-12R (horizon #3), radiolarian abundance and diversity drop rapidly and
radiolarians disappear. Chert nodules are present in Core 207A-11R just before the
unconformity. The presence of Hantkenina spp. (H. E. G. Morgans, pers. comm. 2016) in
Core 207A-11R indicates warm conditions right before the unconformity.

Oxygen (8'80) and carbon (3*3C) stable isotope data for two benthic foraminifer species
(Cibicides praemundulus and Nuttalides truempyi) are shown in Figure 6.17 (Appendix
C). The &0 values for both species show a trend towards more positive values

throughout the studied interval and correlate well with each other (correlation coefficient
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R=0.66). The interval between 276.51-247.26 mbsf (Core 207A-25R to -22R) has the
lowest 880 value of ~ -0.86 t0 -0.63%o for C. praemundulus and ~ -0.97 to -0.73%o for N.
truempyi, respectively. According to the age model this interval covers 53.48-49.08 Ma
and is identified as the early Eocene climatic optimum (EECO) (Figure 6.17). The lowest
5180 value of -1.05%o for N. truempyi is measured at 279 mbsf, which is not included in
the EECO interval here. The long-term cooling trend culminates in the highest §'80
values in Core 207A-11R (143.65 mbsf) with ~0.8%o for C. praemundulus and ~0.6%o for
N. truempyi, respectively. This cooling trend is steeper in the upper Heretaungan (interval

#2), and coincides with a decrease in radiolarian diversity (Figure 6.17).
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Figure 6.17. General features of radiolarian assemblages at DSDP Site 207 Hole A, including taxic richness, Fisher o
Diversity Index, Simpson Evenness Index, relative abundance (%) of spumellarians (grey) and nassellarians (white),
and §%80 and §'°C isotope values of two benthic foraminifer species (Cibicides praemundulus and Nuttalides truempyi).
Two distinct horizons (dashed lines labelled #1 and #3) and one interval (blue shading labelled #2) can be recognized
where obvious assemblage and preservation changes occur. Census size for all examined samples is colour-coded and
shown to the right of the core log. EECO=Early Eocene Climatic Optimum; “not det.” marks a sample with Cretaceous
radiolarians, which were not identified.

The 5'3C values show an offset between the two species ranging between 0.04 and 0.93%o
(Figure 6.17) but both datasets correlate well with each other (R=0.78). The offset

increases towards the top of the section. The reason for the offset is not known at this
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stage. From 287-264 mbsf, the general trend of 8'3C is towards higher values, with
maxima of 1.46%o for C. praemundulus and 1.22%. for N. truempyi. Thereafter, the
values decrease. Within 219.47-207.52 mbsf (interval #2), the decreasing trend is steeper
and the lowermost 82C values of ~0.25% for N. truempyi and 0.82%. for C.
praemundulus are found at 207.52 mbsf and 212 mbsf, respectively. From the minima,
the 8*3C values increase again towards the top of the section, however, they exhibit
another interval of lower values in Cores 207A-16R and -15R (189.4-171.51 mbsf).

The radiolarian-rich interval from the middle lower Eocene to middle Eocene (242.46—
152 mbsf; Heretaungan to Bortonian) has slightly more abundant nassellarians than
spumellarians and range from ~40-68% (average ~54%) (Figure 6.17). The most
abundant families and counting groups are the undetermined spumellarians (~21%
average, range 14-35%), the Lychnocaniidae (~13.8%, ~6-37%), the Trissocyclidae
(~8%, ~3-16%), the Eucyrtidiidae (~8%, ~3-16%), the Spongodiscidae (~8%, ~2—-18%),
the Artostrobiidae (~7%, ~0.2-23%), the Cannobotryidae (7%, ~2-12%), the
Actinommidae (~6%, ~0.6-24%) (Figure 6.18) and the Lophocyrtiidae (~4%, ~0.8-9%)
(Figure 6.19).

The remaining ~15% of the radiolarian assemblages are represented by the Sponguridae
(~3.7% average, ~0.3-9.6%), Litheliidae (~2.7%, ~0.4-6.8%) (Figure 6.18) undetermined
Nassellaria (~2%, 0-3%), Plagiacanthidae (~1.7%, 0-1.7%), Phacodiscidae (~1.4%, 0—
4.1%) and Pterocorythidae (~1.3%, 0-8.8%) (Figure 6.19). Sponguridae are very
abundant from 259.04-247.26 mbsf (~27-68%) (Figure 6.19). Very rarely present are
Sethophormididae (~0.2% average), Acropyramididae (~0.2%) and Amphipyndacidae
(~0.08%) (Appendix B Table 7).

Several early to middle Eocene species that are absent from Site 277 are present at this
site: Podocyrtis? pupa, P.? aphorma, P. acalles, Lophocyrtis semipolita, L. jacchia
jacchia, L. sp. A, L. cf. dumitricai, L. nomas, Dictyopodium oxylophus, Rhopalocanium
spp., Pterocanium spp., Lychnocanium aff. grande, L. sp. A, L. turgidum, L. trichopus, L.
satelles, Lithochyrtis spp., Dictyophimus pocillum, D. craticula, Thyrsocyrtis rhizodon,
Theocotyle spp., Theocorys spp., Phormocyrtis ligulata, Lamptonium cf. pennatum,
Ewingella? sp., Eusyringium lagena, Calocycloma cf. L. pennatum, Theocampe

mongolfieri, T. amphora, Tripilidium sp. A, Giraffospyris didiceros, Dorcadospyris
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argisca, Histiastrum quadribrachiatus quadribrachiatus, Tripodictya sp., Lithocyclia
ocellus, Flustrella spp., Zealithapium anoectum.
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Figure 6.18 The relative abundance of the most abundant radiolarian families and counting groups at DSDP Site 207
Hole A. Census size for all examined samples is colour-coded and shown to the right of the core log. S=spumellarians,
N=nassellarians.
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6.1.2.2 DSDP Site 206

The radiolarian assemblages examined from this site comprise 143 counting groups,
which include 16 families and 66 genera. A total of 121 taxa were identified to species
level (Appendix A, Appendix B Table 8). In the Paleocene to lower Eocene section (728—
687.51 mbsf, Core 206C-21R to -19R), abundance, preservation and diversity is low. One
sample (706.39 mbsf) was barren of radiolarians, the other samples yielded between 1
and 24 taxa. The Fisher o Diversity Index ranges between 0.4—6 and Simpson Evenness
between 0.1-0.76 (Figure 6.20). From 672 to 613.75 mbsf (Core 206C-18R to -15R),
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radiolarians are diverse, well preserved and abundant. Taxic richness ranges between 49
and 76 taxa (average 61), Fisher a Diversity Index ranges between 15 and 27 (average 21)
and Simpson Evenness is high between 0.88 and 0.96 (average 0.91) (Figure 6.20). A
sudden drop in diversity and abundance occurs at the top of the section in Sample 206C-
15R-2, 20 cm (613.70 mbsf) directly below the unconformity (Kulhanek and Morgans,
2013). The middle Eocene section at Site 206 is thinner than at Site 207, and seems to

cover only parts of the Bortonian stage.
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Figure 6.20 General features of radiolarian assemblages at DSDP Site 206 Hole C: taxic richness, Fisher o Diversity
Index, Simpson Evenness Index, relative abundance (%) of spumellarians and nassellarians. Census size for all
examined samples is colour-coded and shown to the right of the core log.

In the radiolarian-rich interval of the middle Eocene (Bortonian) spumellarians (~52%
average, 39-58%) and nassellarians (~48%, 41-60%) occur in similar abundances (Figure
6.20). The most abundant counting groups are the undetermined spumellarians (~21%

average, 11-31%), the Spongodiscidae (~14%, 7-20%), the Lychnocaniidae (~11%, 4—
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25%), the Eucyrtidiidae (~10%, 4-16%), the Litheliidae (~7%, 3-11%), Trissocyclidae
(~6%, 3-11%) and Lophocyrtiidae (~5%, 1-10%) (Figure 6.21). Represented with ~3%
on average are the Actinommidae (1-6%), the Pterocorythidae (0-12%), the
Phacodiscidae (1-9%), the Cannobotryidae (0-9%), the Plagiacanthidae (0.2—9%) and the
Artostrobiidae (0.2-5%). Sponguridae (0.7-4%) and undetermined Nassellaria (0-4%)
account for ~2% of the assemblages (Figure 6.22). Acropyramididae are present with
~0.5% average (0-1.3%) (Figure 6.22), Sethophormididae and Amphipyndacidae are
very rare (Appendix B Table 8).

Several middle Eocene taxa are only found at Site 206: Lithocyclia aristotelis,
Artophormis aff. dominasinensis, Phormocyrtis proxima, Theocorys anapographa, T.
anapographa Var. A, Theocotylissa ficus, Thyrsocyrtis cf. triacantha, Thyrsocyrtis sp. A
and D, Sethochytris triconiscus and Pterocorythidae? indet. sp. A (Appendix B Table 8).
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Figure 6.21 The relative abundance of the most abundant radiolarian families and counting groups at DSDP Site 206
Hole C. Only samples with a census size of >300 are plotted. Census size for all examined samples is colour-coded and
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Figure 6.22 The relative abundance of less common radiolarian families and counting groups at DSDP Site 206 Hole C.
Census size for all examined samples is colour-coded and shown to the right of the core log. Only samples with a
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6.1.2.3 DSDP Site 592

The radiolarian assemblages examined from this site comprise 64 counting groups, which
include 14 families and 33 genera. A total of 50 taxa were identified to species level
(Appendix A, Appendix B Table 9). Three samples (379.70 mbsf, 363.50 mbsf and
353.90 mbsf) contain scarce radiolarians (8, 34 and 3 specimens, respectively). A short,
radiolarian-rich interval is observed at 374.60-364.07 mbsf and in one sample at 344.30
mbsf, with taxic richness ranging between 23-45 taxa per sample (Figure 6.23). Fisher a
Diversity and Simpson Evenness closely resemble the trend in taxic richness, ranging
between 5.4-13.85 and 0.59-0.89, respectively. The fauna in the rich interval has slightly
more abundant nassellarians (~55% average, 16—75%) than spumellarians (~45%, 24—
83%) (Figure 6.23).

135



Chapter 6: Radiolarian paleoecology and paleobiogeography

__ DSDP Site ?92
3|5 |a88
g ol Zz . §
T |5 |2R0 L Taxic e Fishera k.
Elm|® 3‘{\‘: % Richness Diversity % Spumellaria 8 O (%0 V-PDB)
DI NAoa
83|z reo] 0 500 4 8 1216 0 100 16 12 08 04 0 -04 -08
S N S Y O O AT D ol FO D | Lol 1+ ol o |
) e
18 35X 3 &
4 Q9 |.E&
(=]
330 1 2| 3| o EOT -
-0 36X -,

4 0@
340 \

37X —

P 4

] \ [
350 % §

] « 238X p:

1 o/ .
360 | by ;

4 o -
370 LECO

4 \ )
380 | -

late Eocene
Ar
¢ |
(=}
x
1]

N

o
I:

il

- .
i PrOM? -ﬂ
4 downcore
0 - » G. angiporoides planktic |, '
. . angiporoides planktic
censlis Sizes e el ¢ & O.umbonatus benthic 1 0 13 1 2 3
— >300 —<100 o Simpson % Nassellaria o Fine fraction 8'°C (%o V-PDB)

Evenness
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Stable oxygen and carbon isotopes for the bulk fine fraction and the two foraminifer
species Globigerina angiporoides (planktic) and Oridorsalis umbonatus (benthic), the
latter two derived from Murphy and Kennett (1986) are plotted in Figure 6.23 (Appendix
C). In the bottom Core 592-41X (387.20-385.70 mbsf), bulk 80 values decrease from
0.45 t0 -0.15%o. This part of the core is ~37 Ma old and it might suggest the presence of
the PrOM event immediately below the base of the cored section (Core 592-41X was the
lowermost core collected at this site). A second decrease in 580 values is present
between Core 592-41X (379.71 mbsf) and Core 592-40X (374.61 mbsf). Within Core
592-40 X and the bottom of Core 592-39X (374.61-365.01 mbsf), the bulk &80 values
range between -0.29 and -0.52%o. This interval yielded high radiolarian abundance and
diversity. The foraminifer 50 values do not show this pronounced decrease, and the
values in this interval are lighter than deeper in the section. The age model for this site
suggests an age of 36.4-35.9 Ma for this interval, which corresponds to the LECO present
at Site 277. After the LECO, both planktic and benthic §'®0 increase from ~364 mbsf
towards the top of Core 592-38X with the highest value of 0.26%o at 353.91 mbsf. The

Eocene-Oligocene transition is evident in the 880 values of Core 592-36X as a rapid
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increase in the isotopic ratio. The 83C values of all three measurements show a positive
trend from Core 592-41X towards the middle of Core 592-38X, before decreasing up core
towards the Eocene-Oligocene transition (Core 592-36X), and then increasing again
during the Oligocene. The initial increase in the late Eocene seems to be steeper for the
benthic and planktic values than for the values of the fine fraction throughout the LECO.
After a baseline shift at 374.60-373.73 mbsf, the §*3C values of the fine fraction are

stable throughout this interval.

The most abundant family is the Lychnocaniidae, a group dominated by L. amphitrite,
with on average ~32% (Figure 6.24). The second and third most abundant groups are
undetermined spumellarians (~27% average, 15-62%) and Actinommidae (~8%, 5-14%).
Trissocyclidae are also abundant (~7%, 1-32%), followed by Lophocyrtiidae (~7%, 1-
12%) and Eucyrtidiidae (~5% average, 0.6-9%) (Figure 6.24).
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Figure 6.24 The relative abundance of the most abundant radiolarian families and counting groups at DSDP Site 592.
Census size for all examined samples is colour-coded and shown to the right of the core log. S=spumellarians,
N=nassellarians.
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Litheliidae (~3.5% average), Spongodiscidae (~3%) and Phacodiscidae (~2%) are less
abundant than at other sites. Undefined nassellarians (~2.8%), Pterocorythidae (~1.1%),
Artostrobiidae (~1%), are rare (Figure 6.25). Acropyramididae (~0.6%), Plagiacanthidae
(~0.5%) (Figure 6.25), Sponguridae and Cannobotryidae are very rare. Amphipyndacidae

and Sethophormididae are absent.

The assemblage in the radiolarian-rich interval resembles the one observed at Site 277
during the LECO. L. amphitrite is abundant and the Plagiacanthidae and Larcopyle spp.
are very rare in this interval at both sites. Compared to Site 277, Site 592 has more
abundant Lophocyrtis? sp. B and Thyrsocyrtis cf. norrisi. The latter species is absent at
Site 277, where instead T. pinguisicoides is present, which looks similar, however lacks
feet. Therefore, it seems that the LECO identified at Site 277 can be traced to Site 592. At
both sites, the nannofossil species C. reticulatum has its HO directly above the event at
35.92 Ma.

__ DSDP Site 592
B I |n DLn
S O |wHHuw N
E £ 2%% eg\ & R e»@ e Q,@@ 6@
I el NINj e 2 P & K & g L
o ARV e ) 6‘%0 e @ (:\‘6‘ & &
o |®|Z e o &F S S ® S 6\@" Qx’b &
380: “p — §° 2 & @ & & P
'Ollg 00\, o\Q o\ o\© o\ o\ OOV o\©
] B 0 160 100 40 120404040 4
340 - S T | T . (P I [ I B B
] 37X| _
350 ~ .
39_"38X_
il Qe
360 | & o —
18| .| |x
S| < 39X =
4 @
370 1 = — LECO
40X| =
1 .
380 e -
41X
390 -

census sizes
— >300 — <100

Figure 6.25 The relative abundance of less common radiolarian families and counting groups at DSDP Site 592. Census
size for all examined samples is colour-coded and shown to the right of the core log. S=spumellarians, N=nassellarians.
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6.1.2.4 ODP Site 1123

The radiolarian assemblages examined from this site comprise 124 counting groups,
which include 16 families and 64 genera. A total of 103 taxa were identified to species
level (Appendix A, Appendix B Table 10). Taxic richness is very high with 41-73 taxa
per sample (Figure 6.26). Diversity and evenness of the assemblages are high. Fisher o
Diversity Index ranges between 11-24 and Simpson Evenness between 0.52-0.95. The
lower values for taxic richness and diversity indices occur in the uppermost four samples.
The radiolarian faunal assemblage is dominated by spumellarians (~56% average, 39—
89%) (Figure 6.26).
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Figure 6.26 General features of radiolarian assemblages at ODP Site 1123 Hole C: taxic richness, Fisher o Diversity
Index, Simpson Evenness Index, relative abundance (%) of spumellarians (grey) and nassellarians (white).

The most abundant counting groups are the undetermined spumellarians (~32% average,
11-68%) and the Actinommidae (~11%, 2-19%) (Figure 6.27). The most abundant

nassellarians are the Lophocyrtiidae (~10%, 2-19%), followed by the Trissocyclidae
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(~9%, 3-16%) and the Lychnocaniidae (~6%, 0.2-25%) (Figure 6.27). Eucyrtidiidae and
Litheliidae are ~5% in average and range between 0.2-9% and 0.8-9%, respectively.
Spongodiscidae account for ~4% (0.5-8%), Pterocorythidae for ~3% (0.9-16%),
Artostrobiidae for ~3% (0.5-7%) and Plagiacanthidae for ~2% (0.2—-6%). Undetermined
Nassellaria (0-9%), Acropyramididae (0.2-3%) and Sponguridae (0-3%) account for
~1% on average (Figure 6.28). The remaining Phacodiscidae, Cannobotryidae,

Sethophormididae and Amphipyndacidae are very rare (<1% on average) (Appendix B).
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Figure 6.27 The relative abundance of the most abundant radiolarian families and counting groups at ODP Site 1123
Hole C. S=spumellarians, N=nassellarians.

The radiolarian assemblage resembles the late Eocene to early Oligocene assemblages of
Site 277. However, several taxa are present that are absent at Site 277: Saturnalis
circularis, Zealithapium oamaru, Lithocyclia sp., Rhopalodictyum californicum,
Tristylospyris triceros, Theocampe mongolfieri, T. pirum, Thyrsocyrtis cf. norrisi,
Verutotholus edwardsi, Lychnocanium alma, L. waitaki, L. turgidum, Lophocyrtis aspera

Form B, L. hadra, L. millowi, Pterosyringium hamata and Cryptocarpium azyx. Site 1123
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shows the same trend in the early Oligocene as Site 277: a decrease in diversity and an

increase in the abundance of spumellarians and actinommids.
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Figure 6.28 The relative abundance of less common radiolarian families and counting groups at ODP Site 1123 Hole C.
S=spumellarians, N=nassellarians.

Site 1123 has a more diverse assemblage than Site 592 with many taxa not present in the
late Eocene (Runangan) interval at Site 592: Amphisphaera spinulosa, Saturnalis
circularis, Zealithapium oamaru, Flustrella sp. H, Spongopyle osculosa, Amphymenium
splendiarmatum, Rhopalodictyum californicum, Spongurus bilobatus, Larcopyle
labyrinthusa, L. polyacantha gr., Archipilium macropus, Ceratocyrtis spp., Lithomelissa
gelasinus, Lophophaena spp., Pseudodictyophimus gracilipes gr., Tripodiscinus clavipes,
Siphocampe amygdala, S. nodosaria, S. quadrata, Spirocyrtis joides, Theocampe
mongolfieri, Eurystomoskevos petrushevskaae, Eusyringium fistuligerum, Verutotholus
edwardsi, Dictyophimus spp., Lychnocanium waitaki, Pteropilium aff. contiguum,
Aphetocyrtis gnomabax, A. rossi, Lophocyrtis aspera Form B, Cryptocarpium azyx,

Cryptocarpium spp., Lamprocyclas particollis, Velicucullus spp. and Amphipternis clava.

Several taxa might be reworked at Site 1123, as they usually occur earlier at other sites:

Amphipternis clava, Podocyrtis sp., Phormocyrtis ligulata, Buryella granulata, B.

141



Chapter 6: Radiolarian paleoecology and paleobiogeography

tetradica, Dictyomitra multicostata and Mita regina. Stichocorys delmontensis is a
Miocene species and occurs in very rare numbers in the three uppermost samples
(594.90-590.90 mbsf). It might have been downworked by drilling contamination as the
Marshall Unconformity is located at ~587.20 mbsf.

6.2 Biogeographic affinity

The radiolarian assemblages at all nine sites include 134 species, species groups or genera
that can be assigned to one of three biogeographic categories: high-latitude (48),
cosmopolitan (49), and low-latitude (37) (Appendix A, Table A.1). Biogeographic
affinities remain poorly known for the remaining 108 taxa assigned to species or genus
level. Not included in this number are taxa that are assigned to family or order level only
(17). Biogeographic affinities remain also unknown for ~100 taxa at ODP Site 1172
reported by Suzuki et al. (2009). Within the high-latitude group, six taxa are bipolar
(Artostrobus annulatus, Axoprunum bispiculum, Ceratocyrtis spp., Cycladophora cosma
cosma, Pseudodictyophimus gracilipes gr. and Spongopyle osculosa), whereas 42 taxa are

inferred to be endemic to the Southern Ocean.

In the following section, a cumulative biogeographic affinity plot will be presented for
each site for samples with a radiolarian census of >100 specimens. Along with that
diagram, the cumulative relative abundance of high-latitude groups (Larcopyle spp.,
Lithomelissa spp., Lophocyrtiidae, Eucyrtidiidae, other high-latitude Nassellaria and other
high-latitude Spumellaria) and low-latitude groups (Spumellaria, Eucyrtidiidae,

Pterocorythidae, Lophocyrtiidae and other low-latitude Nassellaria), if present, is shown.

6.2.1 High-latitude sites

6.2.1.1 DSDP Site 277

At Site 277, taxa with high-latitude affinities are present with ~10% relative abundance in
the lower Eocene (Waipawan stage) (Figure 6.29), but consist of only one species
(Buryella granulata). Both cosmopolitan and low-latitude taxa make up ~15% of the
assemblage each. During the Mangaorapan stage (~50 Ma), the low-latitude group is
dominant with up to 89%. This interval can be assigned to the early Eocene climatic
optimum (EECO); high-latitude taxa are absent. Spumellarians (Amphicraspedum

prolixum gr., Amphicraspedum prolixum s.s., Middourium regulare and Monobrachium
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irregulare) are the main components of the low-latitude group in the lower Eocene. The

only low-latitude nassellarian species is Phormocyrtis striata striata (Figure 6.29).
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The MECO is characterized by the presence of high-latitude taxa (~10% of the
assemblage, mainly Larcopyle spp., Lophocyrtis jacchia hapsis, L. longiventer), but also
the appearance of low-latitude species Amphicraspedum murrayanum and A. prolixum gr.
(up to ~5%) (Figure 6.29). Cosmopolitan taxa increase in abundance to ~30%.
Lophocyrtis jacchia hapsis is considered to be a high-latitude variant of L. jacchia jacchia
and has a short stratigraphic range in the middle to late Eocene in the Southern Ocean

(Sanfilippo and Caulet, 1998). In this study, this taxon has a common appearance only
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during the MECO and in the upper Eocene at Site 277. At the start of the upper Eocene
(254.50-239 mbsf), high-latitude taxa comprise between ~7-16% of the assemblage
(dominated by L. longiventer, and trace amounts of Lithomelissa tricornis, Aphetocyrtis
gnomabax, L. aspera, Eucyrtidium spinosum, Larcopyle hayesi, Pseudodictyophimus
gracilipes gr. and Spongopyle osculosa). Cosmopolitan taxa account for on average
~30%. During the lower half of the PrOM event (237.50-235.50 mbsf), radiolarian
assemblages are badly preserved and radiolarians are scarce. From 228.50-217.70 mbsf,
high-latitude taxa comprise between 2-17% (Figure 6.29). The Lophocyrtiidae (L.
longiventer, L. aspera Form A, L. jacchia hapsis, Aphetocyrtis gnomabax, A. rossi) are
the most abundant component ranging between 1.8-17%. In the middle of the PrOM
event (~226.1 mbsf), radiolarian abundance and diversity suddenly increases. At this
point, Larcopyle spp. and Lithomelissa spp. increase in abundance to ~0.7-2.6% and 1.3—
1.5%, respectively. High-latitude Eucyrtidiidae and other high-latitude Nassellaria are
only present in trace abundances, while high-latitude Spumellaria range between 0.5-
2.5%.

During the LECO, high-latitude taxa decrease to ~5% at Site 277 and only trace
occurrences of Lithomelissa spp., Larcopyle spp. and high-latitude Eucyrtidium spp. are
noted (Figure 6.29). High-latitude lophocyrtids are mainly L. longiventer and L. aspera
Form A. The LECO however coincides with the abundant occurrence of the low-latitude
taxon Thyrsocyrtis pinguisicoides (up to 10%) and the trace occurrence of A. prolixum gr.
Cosmopolitan taxa are dominated by Lychnocanium spp., but general diversity also
decreases within the LECO (Appendix B Table 1). After this event, high-latitude taxa
increase to up to ~18% in the upper Eocene Core 277-22R (197.82 mbsf) with the
reappearance of all high-latitude taxa and an overall diversification (Figure 6.29). The
high-latitude Lophocyrtiidae (Aphetocyrtis gnomabax, A. rossi, Clinorhabdus anantomus,
Lophocyrtis aspera Form A, L. jacchia hapsis, L. longiventer) make up the major
component of the high-latitude group (2.5-10.8%). Larcopyle spp. (L. hayesi, L.
polyacantha) are present with 0.7-3.1%, Lithomelissa spp. (L. ehrenbergi, L. gelasinus,
L.? sakaii, L. sphaerocephalis, L. tricornis) account for 1.9-3.1% and high-latitude
Eucyrtidiidae (Aspis sp. A, Cycladophora spp., Eucyrtidium antiqguum, E. mariae, E.
spinosum, Eurystomoskevos cauleti, E. petrushevskaae) for 0.1-1.7%. Other high-latitude
nassellarians (Amphicentria sp. 1, Ceratocyrtis spp., Pseudodictyophimus gracilipes gr.,
Artostrobus annulatus, A. cf. pretabulatus, Dictyophimus? archipilium, D. aff.
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archipilium, Lamprocyclas particollis) comprise 1.6-3.9% and Spumellaria (Spongopyle
osculosa) 0.3-2.2%. During the lower Oligocene (162.2-134.50 mbsf), diversity declines
and all high-latitude groups decrease in abundance (Figure 6.29). The cosmopolitan group
increases in abundance to up to 64% until ~144 mbsf, with Lithelius minor gr. the
dominant species. Above 144 mbsf, Lithelius minor gr. decreases in abundance and high-
latitude actinommids (Axoprunum bispiculum and A.? irregularis) dominate the
assemblage with 78% and make up ~97% of the high-latitude assemblage (the remaining
~3% is L. longiventer).

6.2.1.2 DSDP Site 280

DSDP Site 280 contains the highest constant portion of high-latitude taxa of all
investigated sites, ranging between 31 and 35% in the lower Oligocene (Figure 6.30).
Cosmopolitan taxa are present with on average ~21%. Only a trace occurrence of the low-
latitude species Amphicraspedum prolixum gr. is present. The high-latitude assemblage of
this site contains together with Site 281 the highest abundances of Larcopyle spp. (L.
hayesi, L. frakesi, L. polyacantha, L. labyrinthusa, L. cf. pylomaticus) and Lithomelissa
spp. (L. challengerae, L. ehrenbergi, L. gelasinus, L. robusta, L.? sakaii, L.
sphaerocephalis, L. tricornis), ranging between ~5-13% and ~7-11%, respectively
(Figure 6.30). High-latitude Lophocyrtiidae (Aphetocyrtis gnomabax, A. rossi,
Lophocyrtis longiventer) are present with ~2.7-7.5% and Eucyrtidiidae (Aspis sp. A,
Cycladophora humerus, C. cosma cosma, Eucyrtidium antiquum, Eurystomoskevos
cauleti, E. petrushevskaae) with ~2—7.2% (Figure 6.30). Other high-latitude Nassellaria
(Antarctissa cylindrica, A. robusta, Ceratocyrtis spp., Pseudodictyophimus galeatus, P.
gracilipes gr., Dictyophimus? archipilium, Lamprocyclas particollis) comprise on
average ~3% and other Spumellaria (Spongopyle osculosa) ~0.1-1.5%. Several high-
latitude taxa that are present in the lower Oligocene at Slte 280 are absent at Site 277,
including Cycladophora cosma cosma, C. humerus, Lithomelissa challengerae, Larcopyle
frakesi, L. labyrinthusa, L. cf. pylomaticus, Lithomelissa sakaii, L. robusta,

Pseudodictyophimus galeatus and Antarctissa spp.
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Figure 6.30 Cumulative biogeographic affinity assignment for DSDP Site 280 Hole A, showing all groups (left) and
high-latitude groups (right). TLL=trace amount of low-latitude species A. prolixum gr.

6.2.1.3 DSDP Site 281

The assemblage at this site contains the most abundant high-latitude assemblage from the
late Eocene of all investigated sites. The high-latitude group ranges between 13-34%; the
cosmopolitan group is less abundant with 11-19%. Low-latitude taxa are absent (Figure
6.31). Several high-latitude taxa that are present in the upper Eocene at this site are absent
at Site 277, including Larcopyle cf. pylomaticus, Cycladophora humerus, and
Eucyrtidium nishimurae. Larcopyle spp. (L. hayesi, L. polyacantha, L. cf. pylomaticus)
and Lithomelissa spp. (L. ehrenbergi, L. gelasinus, L. sphaerocephalis, L. tricornis) are
the most abundant groups ranging between ~3.3-12% and ~0.5-12.8% (Figure 6.31),
respectively. High-latitude Lophocyrtiidae (Aphetocyrtis gnomabax, Clinorhabdus
anantomus, Lophocyrtis aspera Form A, L. longiventer) account for ~3.3-6.9% and
Eucyrtidiidae  (Cycladophora  spp., Eucyrtidium  nishimurae, E. spinosum,

Eurystomoskevos cauleti, E. petrushevskaae) are present with ~0.7-7%. Other high-
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latitude Nassellaria (Amphicentria sp. 1, Pseudodictyophimus gracilipes gr.,
Dictyophimus aff. archipilium, Lamprocyclas particollis), and Spumellaria (Spongopyle

osculosa) are present in trace to rare abundances (Figure 6.31).
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Figure 6.31 Cumulative biogeographic affinity assignment for DSDP Site 281, showing all groups (left) and high-
latitude groups (right).

6.2.1.4 DSDP Site 283

At Site 283, high-latitude taxa are present from the uppermost middle Eocene and range
between ~6 and 23% (Figure 6.32). Larcopyle spp. (L. hayesi, L. polyacantha) are present
with ~0.6-3%, Lithomelissa spp. (L. ehrenbergi, L. gelasinus, L. robusta, L.
sphaerocephalis, L. tricornis) with ~0.9-5%, high-latitude Lophocyrtiidae (Aphetocyrtis
gnomabax, A. rossi, Clinorhabdus anantomus, Lophocyrtis aspera Form A, L. jacchia
hapsis, L. longiventer) with ~2—7.5% and high-latitude Eucyrtidiidae (Aspis sp. A,
Cycladophora spp., Eucyrtidium nishimurae, E. spinosum, Eurystomoskevos
petrushevskaae, E. cauleti) with ~0.8-6.7%. Other high-latitude Nassellaria
(Amphicentria sp. 1, Ceratocyrtis spp., Pseudodictyophimus gracilipes gr., Artostrobus
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annulatus, Dictyophimus? archipilium, Dictyophimus? aff. archipilium and Lamprocyclas
particollis) and Spumellaria (Axoprunum bispiculum, Spongopyle osculosa) account for
~0.5-2.4% and ~0.3-2%, respectively. The cosmopolitan group is more abundant than
the high-latitude group ranging between 32 and 48% (Figure 6.32) and dominated by
Lithelius minor gr. (21-41%). Low-latitude taxa (Thyrsocyrtis pinguisicoides and
Theocyrtis tuberosa) are present in trace amounts in the lower part of the record.
However, the uppermost sample contains ~7% T. tuberosa (Figure 6.32). Tentatively, this
relatively high abundance of the low-latitude species can be correlated to the LECO at
Site 277, but it is at odds with the existing age models (~36.7 Ma for site 283 vs. ~36 Ma
for Site 277).
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Figure 6.32 Cumulative biogeographic affinity assignment for DSDP Site 283, showing all groups (left) and high-
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other).
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6.2.1.5 ODP Site 1172

At Site 1172, high-latitude taxa are present in the middle and upper Eocene, although in
varying abundance between ~0.6 and 9% of the assemblage (Figure 6.33), while the
highest abundance of high-latitude taxa at Site 1172 is recorded in the Oligocene (~11—
17%). In the Eocene, cosmopolitan taxa are far more abundant ranging between 16 and
52%. The MECO interval at this site (Core 1172A-45X; Bijl et al., 2010) corresponds to a
relative minimum in high-latitude taxa, which is part of an interval of decreased
abundance of high-latitude taxa from 430 to 410 mbsf (Figure 6.33). High-latitude
Larcopyle spp. is only present in the Oligocene at this site. Eucyrtidium nishimurae, E.
spinosum, E. antiqguum and Eurystomoskevos petrushevskaae comprise the high-latitude
Eucyrtidiidae. The high-latitude Lophocyrtiidae contain Lophocyrtis longiventer and
Aphetocyrtis rossi in the middle to upper Eocene and only Clinorhabdus robusta is the
Oligocene interval. The only high-latitude spumellarian species in the middle and upper
Eocene is Spongopyle osculosa, which is absent in the Oligocene interval. The most
abundant high-latitude component of the Oligocene is A.? irregularis, similarly to Site
277. Except for very rare Theocampe mongolfieri in the middle Eocene (Figure 6.33),

none of the low-latitude taxa found at the other sites are present at Site 1172.
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Figure 6.33 Cumulative biogeographic affinity assignment for ODP Site 1172 Hole A (Cores 1172A-48X to -38X) and
Hole D (Cores 1172D-3D to -1D), showing all groups (left) and high-latitude groups (right). MECO=middle Eocene
climatic optimum after Bijl et al. (2010).

6.2.2 Mid-latitude sites

6.2.2.1 DSDP Site 207

High-latitude taxa are rare at this site in the lower to middle Eocene (<2%) (Figure 6.34).
The high-latitude groups are Larcopyle spp. (Larcopyle hayesi, L. polyacantha), ranging
between 0-0.5%, Lithomelissa spp. (L. ehrenbergi, L. sphaerocephalis, L. tricornis),
ranging between 0-0.6%, Lophocyrtiidae (Aphetocyrtis gnomabax, Lophocyrtis aspera

Form A, L. longiventer and L. jacchia hapsis), ranging between 0-0.9% and
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Eurystomoskevos cauleti and Ceratocyrtis spp., ranging between 0-0.2% and 0-1.1%,

respectively.
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Low-latitude taxa are very abundant (~26-67%) in the EECO (upper Mangaorapan stage,
259.04-247.26 mbsf) (Figure 6.34). The dominant group in the EECO, similar to what
was observed at Site 277, are the spumellarians with Amphicraspedum murrayanum, A.
prolixum gr. and A. prolixum s.s. ranging between ~23-67%. A few other species also
occur, with very rare abundances: Podocyrtis papalis, Phormocyrtis striata striata and
Theocorys spp. During the lower Eocene and middle Eocene, low-latitude taxa occur in
lower abundances and make up 1.5-15% of the assemblage (Figure 6.34). The main low-
latitude taxa are spumellarians (Amphicraspedum spp., Middourium regulare,
Monobrachium irregulare, Histiastrum quadribrachiatus quadribrachiatus, Lithocyclia
ocellus) with a maximum of ~9%, Eucyrtiidae (Dictyopodium aff. oxylophus,

Phormocyrtis striata striata, Theocorys spp., Theocotyle nigriniae and Thyrsocyrtis
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rhizodon) with up to ~3%, Pterocorythidae (Podocyrtis spp.) with a maximum of 4.5%,
other Nassellaria (Theocampe mongolfieri, Lithochytris vespertilio, Giraffospyris
didiceros and Dorcadospyris argisca) with up to 5%, and trace amounts of Lophocyrtis
jacchia jacchia (Figure 6.34). During the middle Eocene (upper Heretaungan, 219.47—
208.46 mbsf), a short interval (horizon #2) with a pronounced decrease in radiolarian
diversity is accompanied also by a decrease in low-latitude taxa to ~6% (Figure 6.34).
Thereafter, low-latitude taxa show a short increase again at the top of Core 207A-18R
(207.52 mbsf). However, the overall trend for the remaining middle Eocene is a steady
decrease in abundance to ~1.5% at 152 mbsf (Core 207A-12R). The cosmopolitan taxa
increase in abundance throughout the studied interval from a minimum of 6% in the
EECO to ~54% in the upper middle Eocene.

6.2.2.2 DSDP Site 206

High-latitude taxa are present in the middle Eocene (Bortonian stage) interval at Site 206,
ranging between ~2 and 9% (Figure 6.35). Within the topmost ~50 cm of the interval (at
~614 mbsf), there is a strong fluctuation of the abundances between 3 and 9%, probably
due to a small sampling distance (~10-30 c¢cm) and proximity to an unconformity at
~613.70 mbsf. The main high-latitude taxa are Larcopyle spp. (Larcopyle hayesi and L.
polyacantha) ranging between 0.2-3.8%, Lophocyrtiidae (Aphetocyrtis gnomabax,
Lophocyrtis aspera, L. jacchia hapsis and L. longiventer), ranging between 0.5-2.8% and
Eucyrtidiidae (Eucyrtidium nishimurae, Eurystomoskevos petrushevskaae and Aspis sp.
A), ranging between 0-2.7%. Lithomelissa spp. (Lithomelissa ehrenbergi, L.
sphaerocephalis), Ceratocyrtis spp., and Spongopyle osculosa occur only in trace

amounts (<1%).

Low-latitude taxa are about as abundant as high-latitude taxa at this site, ranging between
4-9% (Figure 6.35). The main low-latitude taxa are Spumellaria (Amphicraspedum
prolixum gr. and Lithocyclia spp.), ranging between 0.5-5.6%, and other Nassellaria
(Sethochytris triconiscus, Lithochytris vespertilio, Theocampe mongolfieri, Theocampe
pirum, Giraffospyris didiceros and Dorcadospyris argisca) ranging between 0.7-4.7%.
Eucyrtidiidae (Phormocyrtis striata striata, Dictyopodium aff. oxylophus, Theocorys spp.
and Thyrsocyrtis spp.) are rare with 0-1.4%. Cosmopolitan taxa are present throughout
the interval, with abundances ranging between 26-43% (Figure 6.35).
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Figure 6.35 Cumulative biogeographic affinity assignment for DSDP Site 206 Hole C, showing all groups (left); high-
latitude groups (middle) and low-latitude groups (right).

6.2.2.3 DSDP Site 592

The LECO at this site contains a mix of taxa having both high- and low-latitude affinity,
with their abundances ranging between ~1-6% and ~3-5.5%, respectively (Figure 6.36).
The high-latitude group is dominated by lophocyrtids, (L. longiventer, L. aspera Form A
and L. jacchia hapsis) ranging between 0-5.1%. The high-latitude group contains also
trace amounts of Larcopyle hayesi, Lithomelissa spp. (Lithomelissa ehrenbergi, L.
sphaerocephalis) and Eucyrtidium spinosum. The low-latitude group is dominated by
eucyrtiids (Thyrsocyrtis cf. norrisi and T. pinguisicoides) ranging between 0-4.2% and
other nassellaria (Theocampe pirum, Dorcadospyris argisca and Tristylospyris triceros),
ranging between 0.6-3.3%. Amphicraspedum prolixum gr. is present in trace amounts.
The cosmopolitan group varies between 28-58% (Figure 6.36). The sample from Core

153



Chapter 6: Radiolarian paleoecology and paleobiogeography

592-37X (344.30 mbsf) contains ~3% high-latitude, ~18% cosmopolitan and is barren of

low-latitude taxa.
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Figure 6.36 Cumulative biogeographic affinity assignment for DSDP Site 592, showing all groups (left); high-latitude
groups (middle) and low-latitude groups (right). LECO=late Eocene climatic optimum.

6.2.2.4 ODP Site 1123

ODP Site 1123 contains more abundant high-latitude than low-latitude taxa in the late
Eocene to early Oligocene (Figure 6.37) with high-latitude taxa increasing in abundance
between 625.86 and 610.10 mbsf (~3 to 23%), and decreasing throughout the lower
Oligocene to ~6-15% (599.74-590.90 mbsf). The main high-latitude taxa are
lophocyrtids (Aphetocyrtis gnomabax, A. rossi, Lophocyrtis aspera Form A, L. jacchia
hapsis and L. longiventer) which make up ~1.3-6.6% of the assemblage, Eucyrtidiidae
(Aspis sp. A, Eucyrtidium antiquum, E. mariae, E. spinosum and Eurystomoskevos
petrushevskaae; 0-7.3% of the assemblage), and other nassellarians (Amphicentria sp. A,
Ceratocyrtis spp., Pseudodictyophimus gracilipes gr., Artostrobus cf. pretabulatus,
Dictyophimus? archipilium and Lamprocyclas particollis; 0-6% of the assemblage)
(Figure 6.37). Larcopyle spp. (L. hayesi, L. labyrinthusa, L. polyacantha) and
Lithomelissa spp. (L. ehrenbergi, L. gelasinus, L. sphaerocephalis) are only small

components of the high-latitude group comprising ~0-2.3% and ~0-4.2% of the high-
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latitude assemblage, respectively. Other high-latitude spumellarians (Axoprunum

bispiculum, A.? irregularis, Sphaeropyle tetrapila and Spongopyle osculosa) are also a

minor component (~0-2.3%).
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Figure 6.37 Cumulative biogeographic affinity assignment for ODP Site 1123 Hole C, showing all groups (left); high-

latitude groups (middle) and low-latitude groups (right).

Low-latitude taxa are more abundant in the late Eocene until 610.10 mbsf, ranging
between ~1.3-7% with a maximum at 624.86 mbsf (Figure 6.37). From 610.10 to 590.90

mbsf, the abundance varies between ~0.6-2% in the early Oligocene. Low-latitude

Nassellaria comprise 0.4-3.9% and include Theocampe mongolfieri, T. pirum and

Tristylospyris triceros. Low-latitude Eucyrtidiidae (Thyrsocyrtis cf. norrisi and T.

pinguisicoides) are only present in the late Eocene with an abundance of 0.58-3.3%.

Low-latitude spumellarians (0—1.7%) are represented dominantly by Amphicraspedum
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prolixum gr. and a trace amount of Lithocyclia sp. Pterocorythids (Cryptocarpium azyx
and Theocyrtis tuberosa) are very rare (0.2-0.7%). Cosmopolitan taxa are present with

abundances ranging between ~18-40% (Figure 6.37).

6.3 Comparison between sites

As outlined in the summary of Chapter 4, radiolarian abundance is strongly correlated to
preservation. In this context, radiolarian diversity is also linked to preservation and
abundance. In total, radiolarians were categorized into 259 counting groups. Of those, 213
taxa were assigned to species or subspecies level (Appendix A). Twenty-nine are
undifferentiated genera, 17 are undifferentiated families, or undifferentiated Spumellaria
or Nassellaria.

In the early Eocene, radiolarians are poorly preserved at Site 277 and radiolarian
abundance (Figure 4.1) and taxic richness (Figure 6.38) are very low, respectively.
During the middle Eocene, preservation is moderate and taxic richness is low. Only
during the MECO (middle Eocene climatic optimum, ~40 Ma), taxic richness is moderate
to high (Figure 6.38). At Site 1172, the radiolarian record is well preserved and diverse in
the middle Eocene (~43-38 Ma) (Figures 6.14 and 6.38). At Site 283, a latest middle
Eocene record (~38 Ma) is present with a high diversity, but taxic richness is slightly
higher at this site in the late Eocene (~38-37 Ma) (Figure 6.38). Site 277 has the highest
taxic richness in the late Eocene (~37-34 Ma), but during the LECO (late Eocene climatic
optimum, ~36 Ma), diversity decreases (Figure 6.38). The late Eocene assemblages of
Site 281 (~38-36.5 Ma) and Site 1172 (~38-36 Ma, Figure 6.38) exhibit lower taxic
richness compared to Site 277. In the early Oligocene of Site 277 (~33-32 Ma), taxic
richness decreases steadily (Figure 6.38). The Oligocene assemblages of sites 280
(~33.9-32.5 Ma) and 1172 (~28-26.6 Ma) are more diverse compared to Site 277, but

they also show a decreases in diversity throughout the Oligocene (Figure 6.38).

At mid-latitude Site 207, radiolarians are poorly preserved in the older part of the early
Eocene (~56-49 Ma, Figure 6.17) and taxic richness is very low (Figure 6.38), similar to
Site 277. In contrast to Site 277, the late early to middle Eocene record (~49-42 Ma) of
Site 207 and the middle Eocene record of Site 206 (~42-40.6 Ma) comprise very diverse
radiolarian assemblages (Figure 6.38). The late Eocene assemblage at Site 592 is only
diverse during the LECO (~36 Ma, Figure 6.38). Site 1123 contains a well preserved and
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diverse assemblage in the latest Eocene (~35-34 Ma) and a slightly less diverse one in the

earliest Oligocene (~33 Ma, Figure 6.38).

As expected, high-latitude taxa are more abundant at high-latitude sites than at mid-
latitude sites (Figure 6.39 and Table 6.1). The highest amount of this group (dominated
by Axoprunum? irregularis) is present at Site 277 in the early Oligocene (~32 Ma, Figure
5.29). A constant abundance of high-latitude taxa is only present at sites 280, 281 and 283
during the late Eocene and early Oligocene (Figure 6.39). The southernmost sites 280 and
281 are also the only sites where high-latitude taxa are more abundant than cosmopolitan
ones (Table 6.1). At sites 277 and 1172, high-latitude taxa increase from the middle

Eocene towards the late Eocene and early Oligocene (Figure 6.39 and Table 6.1).

Table 6.1 Overview of relative abundance (%) of the high-latitude (HL), cosmopolitan and low-latitude (LL) groups,
averaged over specific time slices at high-latitude sites 280, 281, 1172, 283 and 277. Additionally, as shown in the
graphs for each site in Chapter 6.2.1, the high- and low-Ilatitude groups are separated into 6 and 5 subgroups,
respectively. EECO=early Eocene climatic optimum; MECO=middle Eocene climatic optimum; PrOM=Priabonian
oxygen isotope maximum; LECO=late Eocene climatic optimum.

Site | Site . .
280 281 Site 1172 Site 283 Site 277
S| s s
© © © « ©

o) 0 p= = © = = o o b

@ 9l 5§ © 9| 9 g/ 2 5§ o g o 2

& b Q b & & ? L S a _1 & &
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HL Eucyrtiidae 49 | 26 | 06 15 36 68 01 02 07
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Low-latitude taxa are present at Site 277 during the EECO, MECO (dominated by
Amphicraspedum spp.) and the LECO (mainly Thyrsocyrtis pinguisicoides) (Table 6.1
and Figure 6.39). In the remaining late Eocene and earliest Oligocene, low-latitude taxa
are only very rare. Low-latitude taxa are absent at Site 281 and only very rare at Site 280
(Figure 6.39). At Site 283, the low-latitude species Theocyrtis tuberosa is common at
~36.7 Ma. At Site 1172, low-latitude species Theocampe mongolfieri has sporadic very

rare occurrences in the middle Eocene.

High-latitude species are less abundant at mid-Ilatitude sites (Table 6.2 and Figure 6.39).
They are very rare at Site 207 during the late early to middle Eocene. Few high-latitude
taxa are present in the late middle Eocene at Site 206 and during the LECO at Site 592
(Table 6.2 and Figure 6.39). High-latitude species are more abundant than low-latitude
species at Site 1123 during the late Eocene to early Oligocene (Table 6.2 and Figure
6.39). Low-latitude species (dominated by Amphicraspedum spp.) are abundant in the
EECO at Site 207, and common in the remaining early to middle Eocene at that site
(Table 6.2 and Figure 6.39). Low-latitude species are slightly more abundant than high-
latitude species at sites 206 and 592 during the late middle Eocene and the LECO,
respectively. They are absent at Site 592 in the latest Eocene (~35 Ma, Table 6.2 and
Figure 6.39).
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Table 6.2 Overview of relative abundance (%) of the high-latitude (HL), cosmopolitan and low-latitude (LL) groups,
averaged over specific time slices at mid-latitude sites 1123, 592, 207 and 206. Additionally, as shown in the graphs for
each site in Chapter 6.2.2, the high- and low-latitude groups are separated into 6 and 5 subgroups, respectively.
EECO=early Eocene climatic optimum; LECO=late Eocene climatic optimum.

Site 1123 Site 207 Site 592 Site 206
35-34Ma ~33Ma | EECO 49-42Ma | LECO 35Ma 42-40.6 Ma

;/;’Ofggh"a“t”de 106 8.7 0 0.7 315 31 45
Larcopyle spp. 0.8 0.5 0.1 0.55 0.2 12
Lithomelissa spp. 13 11 0.1 0.1 0.2
HL Lophocyrtiidae 3.6 2.6 0.2 24 2.8 1.9
HL Eucyrtiidae 2.9 14 0.01 0.06 1.1
Other HL Nassellaria 15 1.0 0.3 0.08
Other HL Spumellaria 0.5 21 0.08
;/;’Oclfsm"po"ta” 24.0 159 | 94 30.9 42 179 36.4
;Ar’o'g‘é""a“t“de 2.8 12 | 471 6.75 43 0 5.1
LL Spumellaria 0.5 45.15 3.3 0.1 2.0
LL Eucyrtidiidae 0.7 0.8 1.0 2.6 0.7
LL Pterocorythidae 0.03 0.3 1.15 0.6 1.6

LL Lophocyrtiidae 0.08

Other LL Nassellaria 15 0.9 1.7 2.2
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7 Discussion

7.1Biostratigraphy, age control and correlation between sites

7.1.1 Correlation of sites and application of radiolarian zonations

High-latitude DSDP sites 277, 280, 281 and 283 and ODP Site 1172 have been correlated
using the southern high-latitude radiolarian zonation. The low-latitude zonation of
Kamikuri et al. (2012a) could not be used at any of these sites (see Chapter 5.1). Even for
DSDP sites 206 and 207, which are the most northerly sites studied, low-latitude marker
species are absent or too rare and sporadic in occurrence to be useful for biostratigraphy
(see Chapter 5.2).

Due to a condensed upper Eocene section and the absence or scarcity of marker species at
DSDP Site 592, it was not possible to correlate assemblages with confidence to either the
low-latitude or the high-latitude zonation. Tentative assignment to RP14sy and RP18-
19, is based on nannofossil and foraminifer stratigraphy. In contrast, stratigraphic
markers present at ODP Site 1123 allow correlation to both low- and high-latitude zones
(RP14-15sH, RP191. to RP20LL).

7.1.2 Evaluation of radiolarian zonation

This study has refined knowledge of the age ranges of radiolarian species in the
Southwest Pacific, which allows improvements to be made to the existing radiolarian
zonation (Figures 3.11, 5.9). The merits of specific datums are discussed below and new
datums are proposed. Diachrony between sites and intervals with poor radiolarian

recovery were the main issues and often caused large age uncertainties (Figure 7.1).

The identification of the bases of zones RP6sy to RP9sy was difficult in this study
because radiolarian abundance was very low and preservation was poor in sections

studied. Furthermore, marker species were very rare and sporadic in occurrence.

Zone RP6sn and RP7sH. The respective datums for the bases of these zones (LOs of
Buryella pentadica and Phormocyrtis striata exquisita) are not present in the Paleocene
interval studied at DSDP sites 277 and 207.
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Zone RP8sH. The base of this zone coincides with the P-E boundary (~56 Ma). The
datum for the base of the zone (LO of Podocyrtis papalis) is recorded at Site 277, but is
delayed at this site (~54.2 Ma) and Site 207 (~49.9 Ma) because lower Eocene
assemblages are sparse or very poorly preserved at both sites. The only other species that
has an LO at the base of RP8sH at these sites is Amphicraspedum prolixum s.s.; this event

is at the same level as the LO of P. papalis at both sites (Figure 7.1).

Zone RP9sH. The marker for the base of RP9sy (~54 Ma), the HO of Lychnocanium
auxillum, is only identified at Site 277 (~53.8 Ma), but the age uncertainty is large due to
a hiatus from 53.3-50.5 Ma (Figure 7.1). At Site 207, the LOs of L. bellum and
Theocampe urceolus are used as secondary datums for the base and middle of this zone.
Other marker species that are used to define the base of the zone at Mead Stream (Hollis
et al. 2005) are not present at Site 207. The HO of Buryella tetradica is used to
approximate the top of RP9sH at Site 207, but cannot be used at Site 277 because the HO

is below a hiatus.

Zone RP10sH. The marker for the base of RP10sH (~49.7 Ma, 47.98 Ma in low latitudes),
the LO of Theocampe mongolfieri, is absent from Site 277 and the species is restricted to
an isolated occurrence (~47.4 Ma) at Site 207. The secondary marker for the base of this
zone, the HO of Podocyrtis aphorma, occurs at Site 207 at 47.7 Ma. T. mongolfieri is
very rare in the studied sections and hard to identify when not well preserved. P. aphorma
is predominantly a low-latitude species with a restricted range in higher latitudes, so not a
suitable marker here. In contrast, Artobotrys auriculaleporis is common at sites 277 and
207 and easy to identify. It occurs at ~50.1 Ma at Site 277 and at ~49 Ma at Site 207, but
earlier, in mid-RP9sH (~52.5 Ma), at Mead Stream (C. Hollis, pers. comm. 2016) (Figure
7.1). This species may be a useful mid-RP9sy datum, but poor sediment recovery, very
sparse radiolarians in underlying samples at sites 277 and 207 and a hiatus at Site 277
(~53.3-50.5 Ma), makes it impossible to constrain the age of the datum (Figure 7.1). The
HO of Amphicraspedum prolixum s.s. and Phormocyrtis striata striata are in lower
RP10sH (~48.8 Ma) at Mead Stream. The HO of A. prolixum s.s is earlier at Site 277
(~49.8 Ma) and later at ~45.6 Ma at Site 207 (Figure 7.1). As this is a low-latitude
species, it might have disappeared at high-latitude sites earlier than at mid-latitude sites.
However, its HO at Site 277 might be also biased by the presence of a hiatus from ~47.7

to 42.6 Ma and very poor preservation in the interval spanning ~2 Ma before the hiatus.
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The HO of P. striata striata is at ~48.9 Ma at Site 277 and at the top of RP11sy at Site
207 (~42.8 Ma). At Site 206 its HO is at ~40.6 Ma, close to its HO in low latitudes
(~40.65 Ma) (Figure 7.1). As this is also interpreted to be a warm water species, it is
likely it disappeared earlier at high latitudes.

Zone RP11sH. The marker of the base of RP11sy (~45.2 Ma), the LO of Eusyringium
lagena, is used at Site 207, the only site where RP11sy was identified. Sites 207 and 1172
are the only sites where Porangan sediments were recovered, but E. lagena was absent
from Site 1172. It is a useful datum that appears to have a delayed LO in the Southwest
Pacific (Mead Stream, ~45.2 Ma; Site 207, ~44 Ma) compared to low latitudes (~46.2
Ma) (Figure 7.1). The LOs of Artobotrys titanothericeraos, Dictyophimus craticula and
possibly Podocyrtis? pupa are at the base of RP11sH at this site.

Zone RP12sH. The marker for the base of RP12sH, the LO of Eusyringium fistuligerum,
has also a diachronous LO between low (~44.46 Ma) and mid-latitudes (Mead Stream,
~42.6 Ma). At sites 207 and 206, the younger age is in good agreement with the age
model (Figure 7.1). At high-latitude sites 277 and 1172, the species has a later first
appearance (~40.4 Ma and ~40.1 Ma, respectively). However, this species has a sporadic
distribution at these sites, being restricted to two samples at Site 277 and one sample at
Site 1172. Nevertheless, a pattern similar to E. lagena is observed with a later LO in
higher latitudes (Figure 7.1). Lophocyrtis longiventer appears to be a better marker
species with its LO consistently at the base of RP12sy at Site 277 and Mead Stream,
while also present at mid-latitude sites 206 and 207 (Figure 7.1). Its LO is at ~42.8 Ma at
Mead Stream (C. Hollis, pers. comm. 2016) and at ~41.8 Ma at Site 277. The LO at the
latter site is likely due to very sparse radiolarian occurrence and a hiatus from 47.73-42.6
Ma. Although the species is recorded earlier at Site 1172 (Suzuki et al., 2009), it is
possible that these earlier records are in fact L. dumitricai, a very similar species. In low
latitudes, the HO of E. lagena is at ~42.6 Ma (mid-RP14..), at sites 206 and 207 it is at
~41.8 Ma and ~42 Ma, respectively, which is a good match (Figure 7.1). At Site 207 the
HO of this species is directly below an interval of low radiolarian abundance prior to the
Marshall Unconformity. The low-latitude age estimate for the HO of Zealithapium
anoectum (~42.5 Ma) is in agreement with the timing of the event at mid-latitude Site 207
(~42.6 Ma), but it is not a useful marker species as it only had a patchy occurrence at this
site. The LO of Eucyrtidium nishimurae is at ~41.3 Ma (mid-RP12sn) at Site 1172 and
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slightly earlier at ~41.8 Ma at Site 206 (Figure 7.1). This species is absent from Site 277,
but this might be due to a scarcity of radiolarians and poor preservation through the
interval corresponding to the range of this species. The LO of Cryptocarpium ornatum at
Site 206 (~41.2 Ma) is close to its low-latitude LO at ~41.3 Ma. At Site 277 it appears
later at ~39.8 Ma, because radiolarians are rare and poorly preserved in this interval. The
species does not occur at Site 1172. The HO of Artobotrys biaurita (~40.5 Ma) is not a
useful datum in this study. It has a HO at ~40.7 Ma at Site 206, which immediately
precedes the Marshall Unconformity, and at ~42 Ma at Site 207 where it is directly below
an interval of low radiolarian abundance prior to the Marshall Unconformity. It ranges
slightly longer at Site 1172 (~40.1 Ma) (Figure 7.1), but it is the only high-latitude site
where it is documented. It has an isolated occurrence at Site 592 (late Eocene), which
might be due to reworking, and at Site 1123. Reworking of several species has been
documented for the latter site in this study as well as by the Shipboard Scientific Party
(1999).

Zone RP13sH. The marker of the base of RP13sy, the LO of Zealithapium mitra, is used
to define the zone at sites 206, 207 and 277. The species is absent from Site 1172.
However, the event is diachronous between low (~42.3 Ma) and mid-latitudes (~39.2
Ma). At Site 206, it is dated to ~41.6 Ma. The species has an isolated occurrence at ~42.8
Ma at Site 207 (Figure 7.1). This interval is truncated by the Marshall Unconformity at
sites 206 and 207. The LO is later at Site 277 (~40.4 Ma), which is similar to the LO at
Mead Stream (~39.2 Ma). Sediments at Site 277 contain only rare radiolarians within this

Zone.

Zone RP14sH. The marker for the base of RP14sH, the LO of Eucyrtidium spinosum, is
present at sites 277, 281, 283, 1172, and 1123. The species only has an isolated
occurrence at Site 592 and therefore the high-latitude zonation cannot be applied at this
site. At Site 1123, the LO of E. spinosum is at ~35.3 Ma and thus substantially later than
at other sites, which may reflect the influence of a warmer water mass at this site (see
below). The HO of E. nishimurae is a mid-RP14sy event (~36.7 Ma), which is in general
agreement with Site 1172 (~36.2 Ma). However, the species is absent from Site 277. The
event is used for developing the age-models for sites 281 and 283. Another event within
RP14su, the HO of Lychnocanium amphitrite, is known to be diachronous between low
and high latitudes. It is dated at ~35.9 Ma at Site 277 as well as Site 592. It disappears
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earlier (~36.8 Ma) at Site 1172 (Figure 7.1). The estimated age of the event at Site 1123 is
equivalent to the low-latitude age (~33.9 Ma) (Figure 7.1). This supports the idea that Site
1123 was influenced by low-latitude currents. It is notable that this species is very
abundant in the LECO at sites 277 and 592, which is consistent with a warm-water
affinity. In general, it is far less common at high-latitude sites 283 and 1172. It is a similar
case for the HO of Cryptocarpium ornatum, which is earlier at high-latitude sites (~35.9
Ma at Site 277; ~36 Ma at Site 592; absent at Site 1172) than at low-latitude sites (~33.9
Ma) (Figure 7.1). This event is dated at 33.9 Ma at Site 1123 and is used together with the
HO of Theocampe mongolfieri and L. amphitrite to define the top of RP19, at this site
(Figure 7.1). The only reliable occurrence of Spongatractus pachystylus is at Site 206,
where its HO is at ~41.6 Ma, considerably earlier than in low latitudes (37.75 Ma) (Figure
7.1). The HO of L. bellum (~35.4 Ma in low latitudes) is at ~35.9 Ma at Site 277 at the
same time as the HO of L. amphitrite. L. bellum has an isolated occurrence at ~35 Ma at
Site 592 after the HO of L. amphitrite and at ~34.7 Ma at Site 1123 before the HO of L.
amphitrite. HO of L. bellum is at ~36.2 Ma at Site 1172 after the HO of L. amphitrite
(Figure 7.1) directly below an interval of condensed sedimentation. The LO of L. bellum
is a relatively reliable datum across all latitudes. The crossover of L. amphitrite and L.

bellum might be due to misidentification.

Zone RP15sH. The marker for the base of RP15sH, the LO of Eucyrtidium antiquum, is
used at sites 277, 280 and 1123. It is present at Site 1172 with an isolated occurrence at
~36.5 Ma, which may be due to downworking. The LO is earlier at sites 277 (~34.5 Ma)
and 1123 (~34.6 Ma), close to the Runangan-Whaingaroan boundary (Figure 7.1). This is
very similar to the age estimate for the South Atlantic (33.9 Ma; Funakawa and Nishi,
2005). A secondary datum, the LO of Axoprunum? irregularis proves to be unreliable at
the investigated sites. It is only applicable at Site 1123, where it occurs at ~33.5 Ma. At
Site 277, the LO is later at ~32.4 Ma and this species is absent in the early Oligocene of
Site 280. The equivalent zone to RP15sH in low latitudes is RP20... The LO of Theocyrtis
tuberosa occurs in lower RP20.. (~32.8 Ma), but it is found earlier at Site 1123 (~33.5
Ma). The concentration of events at Site 1123 at the top of the interval might be due to
the overlying Marshall Unconformity at ~33 Ma (Figure 7.1). T. tuberosa is very rare in
the late Eocene and early Oligocene at Site 277 (~37 to 32.4 Ma) and is common in the
late Eocene at Site 283 (~37.5 to 36.70 Ma). This species is known to have had isolated
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occurrences in the southern Atlantic and southern Indian oceans in the late Eocene
(Takemura 1992; Takemura and Ling 1997).

Except for a short section of Zone RP17sH at Site 1172, none of zones RP16sH to Zone

RP18sH were recovered at the studied sites.
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Figure 7.1 Fence diagram in time domain showing the correlation of radiolarian datums between investigated DSDP and ODP sites, Mead Stream and ages of datums in low latitudes. Low-latitude radiolarian zonation (RPLL) and Southern Hemisphere radiolarian zonation
(RPsw) on the left. Key: radiolarian events used for correlation as described in Chapter 3.6.
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7.2 General features of radiolarian assemblages and siliceous sediments

The nature of radiolarian occurrence and preservation varies greatly between the different
sites from mid to high latitudes. In Chapter 4, it was shown that radiolarian preservation
is linked to radiolarian abundance. However, several other questions linking the
occurrence/preservation of radiolarians to the nature of the sediment at different sites and

latitudes will be discussed in this section.

7.2.1 Where and when are siliceous sediments frequent and is there a difference
between middle and high latitudes?
In addition to the sites studied in this thesis, the age-depth plots and radiolarian
abundances of Mead Stream (Hollis et al., 2005), ODP Leg 113 Site 689 (South Atlantic,
pers. comm. S. Bohaty, 2014) and IODP Leg 320 Site U1331 (Expedition 320/321
Scientists, 2010) (Figure 7.2) are used for comparison. In Figure 7.3, all sites and their
age-depth plots and resulting sedimentation rates are plotted and arranged according to
their paleolatitude at ~40 Ma, with radiolarian abundance, diatom and chert presence also

shown.

Sea"surface‘tempera'ture (SST, °C) -~ -

I .
0 10 20 30 38

Figure 7.2 Paleoceanographic reconstruction superimposed on modelled SSTs for the early Eocene (4480 ppm CO3-
equivalent) (Huber and Caballero, 2011) showing the location of three reference sites: ODP Leg 113 Site 689, Mead
Stream and IODP Leg 320/321 Site U1331; (C. Hollis, pers. comm. 2016).
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Four groups based on radiolarian abundance and D/R ratio can be distinguished. Group 1
has common to high radiolarian abundance from the middle Eocene to the early
Oligocene at high-latitude sites 1172, 689, 280 and 281. Diatoms are more abundant than
radiolarians through this interval at all four locations. Group 2 is also characterized by
high radiolarian abundance from late Eocene to early Oligocene, but diatoms are only a
small component of the siliceous assemblage. Only two samples, one at Site 283 and one
at Site 1123 have a D/R ratio of >1. In the previous section (Chapter 7.1), Site 1123 is
inferred to have been influenced by a warm water mass as indicated by the occurrence
low-latitude species. However, here this site is grouped with two high-latitude sites.
Therefore, it seems that Site 1123 was in a transitional zone during the late Eocene and
Oligocene, influences by both a low-latitude water mass from the north and cooler water
mass from the south. The short radiolarian-rich, diatom-poor interval of Site 592 is also

included in Group 2.

The high siliceous content of Groups 1 and 2 is in agreement to other studies, that showed
biosiliceous sedimentation began to be widespread at or near the base of the late Eocene
in the Southern Ocean (Lazarus and Caulet, 1993; Lazarus et al., 2008). The dominance
of diatoms at Site 1172 in the middle Eocene (Shipboard Scientific Party, 2001) may be

related to local upwelling in this coastal setting.
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Figure 7.3 Sedimentation rates for the studied intervals of DSDP sites 277, 280, 281, 283, 592, 207, 206, ODP sites
1172 and 1123 and three additional sites for comparison (Mead Stream, ODP Site 689 and I0ODP Site U1331).
Superimposed on age-depth plots are radiolarian abundance, the presence of chert layers/nodules (red/orange bands)
and diatom occurrence (D/R ratio, green asterisks). Four groups can be identified based on high D/R ratio at high-
latitude sites (Group 1), high radiolarian abundance and low D/R ratio at mid- to high latitude sites (Group 2), high
radiolarian abundance and low D/R ratio at mid-latitude sites in the middle Eocene (Group 3) and high radiolarian
abundance and low D/R ratio in the early Eocene (Group 4). Plots are arranged from top (low latitudes) to bottom (high
latitudes) based on the location of the site at ~40 Ma (paleolatitude in brackets). EECO=early Eocene climatic optimum,
MECO=middle Eocene climatic optimum, PrOM=Priabonian oxygen isotope maximum, LECO=late Eocene climatic
optimum.
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The distinguishing feature of Group 3 is the abundance of radiolarians in early to middle
Eocene sediments of equatorial Pacific Site U1331 and mid-latitude sites 207 and 206. In
general, radiolarians are abundant and dominate the siliceous assemblage in the early and
middle Eocene, whereas diatoms are only a minor component. A peak in diatom
abundance towards the end of the middle Eocene at Site U1331 was interpreted to be
related to a cooling event and associated with a carbonate accumulation event (Kamikuri
et al., 2013). The increase in radiolarian abundance in the middle Eocene was interpreted
to be related to cooling of tropical surface water masses (Kamikuri et al., 2013). The high
radiolarian abundance at mid-latitude sites 206 and 207 might also be related to post-
EECO cooling. An alternative explanation may be that southward flow of northern warm
water masses during the early and middle Eocene enhanced radiolarian and diatom
productivity in the otherwise oligotrophic waters on Lord Howe Rise. The latter
explanation is also reconcilable with the short appearance of radiolarian-rich sediments at
Site 592 that occurs only during the LECO. Group 4 is characterised by high radiolarian
abundance and low D/R ratio of lowermost Eocene sediments at Mead Stream and Site
277. This increase in radiolarian abundance was related to cooling conditions after the
Paleocene-Eocene thermal maximum and before the early Eocene climatic optimum,

which resulted in a decrease of radiolarian diversity and abundance (Hollis, 2006).

The findings from this study are in agreement with general global trends in marine
biosiliceous sediment deposition throughout the Cenozoic: radiolarian-dominated
siliceous sediments prior to the Eocene-Oligocene boundary and diatom-dominated
sediments from the Oligocene (Renaudie, 2016). However, the study also shows that
diatoms dominate high-latitude Southwest Pacific siliceous assemblages from the earliest
late Eocene. Earlier peaks in diatom abundance, as in the middle Eocene at Site 1172,

may be due to localised upwelling.

7.2.2 Effect of diagenesis

The occurrence of chert nodules and chert layers at the studied sites and comparison sites
are shown in Figure 7.3. Chert nodules occur throughout the upper Palaeocene-middle
Eocene at Site 277 (Figure 7.3), with a transition between chert-bearing nannofossil chalk
and overlying nannofossil ooze at 246 mbsf (lower upper Eocene, Figure 4.1) (Kennett et
al., 1975). As discussed in Pascher et al. (2015), one explanation for the sudden increase

in radiolarian abundance and diversity in the upper Eocene at Site 277 could be that these
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trends are an artefact of biogenic opal diagenesis. The presence of chert in combination
with the generally poorer preservation of radiolarians in the lower Paleogene interval
indicates some degree of diagenesis, which is also reflected in the range-through taxic
richness analysis (Figure 6.4). However, the first major radiolarian turnover event occurs
20m above the lithological transition from chert-bearing nannofossil chalk to nannofossil
oozes, which implies that the event represents a real increase in radiolarian and diatom
abundance and not an artefact of diagenesis. Furthermore, the observed diversity and
abundance decrease during the LECO, and the increase in diversity and abundance
thereafter are not related to lithological changes. This indicates that these changes are real

features of the assemblage and related to environmental changes.

Chert nodules and layers are also present in the lower Eocene at Site 207. The transition
from chert-bearing foram-rich nanno ooze to siliceous fossil-rich foram-bearing nanno
ooze, occurs in Core 207A-21R at ~246 mbsf. The abrupt increase in radiolarian
abundance and diversity and the occurrence of diatoms is observed ~3m above the
transition and coincides with an improvement in radiolarian preservation. It is likely that
this abrupt improvement in preservation and appearance of siliceous microfossils is an
artefact of diagenesis. Chert layers occur also at tropical Site U1331 during the EECO
and ~2 Ma later, but radiolarian abundance is high throughout the record (Figure 7.3)
(Expedition 320/321 Scientists, 2010). A sudden increase in radiolarian mass
accumulation rate at ~46 Ma was not considered to be an artefact of diagenesis, but
instead a response to a cooling event (Kamikuri et al., 2013). At Mead Stream, chert-
bearing limestone is present in the earliest Eocene and radiolarians have an abundance
peak in that interval, which was related to cooler oceanographic conditions following the
PETM (Hollis et al., 2005). During the EECO, radiolarian abundance is low and chert is
absent (Hollis et al., 2005), which is in contrast to sites 207, 277 and U1331, where chert

seems to be a feature of warm intervals.

7.3 Radiolarian paleobiogeography

7.3.1 Application of method
In this thesis, radiolarian paleobiogeography has been used as a guide for paleo-water
mass changes in the Eocene to early Oligocene throughout the Southwest Pacific. In total,

134 of 259 radiolarian counting groups have been assigned to either high-latitude,
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cosmopolitan or low-latitude affinity (Appendix A and E, data on enclosed CD).
Paleobiogeographic affinities have been assigned to species in previous studies in order to
reconstruct frontal systems in the Southern Ocean (Lazarus and Caulet, 1993), track the
movement of the Antarctic Polar Front (AAPF) (Funakawa and Nishi, 2008) or identify
warming and cooling events and paleoceanographic changes in the equatorial Pacific
(Funakawa et al., 2006a; Kamikuri et al., 2013). Some of the paleobiogeographic
assignments made by Lazarus and Caulet (1993) have been amended based on new
evidence collected during the present study. The present study also improves on the
approach of Funakawa et al. (2006a), Funakawa and Nishi (2008) and Kamikuri et al.
(2013) as these authors used only ~10-12 species in their interpretations of environmental
change and only used presence/absence data, rather than relative abundance, when
assigning biogeographic affinities.

This study thus provides the first comprehensive assignment of biogeographic affinities
based on relative abundance data of species from multiple ocean drilling sites and
onshore sections. Due to time constraints, not all species could be assigned to a

biogeographic group.

7.3.2 General trends through time and across the transect

Based on the relative abundance of low- and high-latitude taxa, radiolarian assemblages
were categorized into four groups considered to be representative of the following water
masses: warm subtropical, cool subtropical (warm temperate), cool subtropical (cool
temperate), and subantarctic (Figure 7.4). Radiolarian assemblages were grouped
according to the relative abundance of high-latitude (HL) and low-latitude (LL) taxa. A
warm subtropical assemblage is characterised by the dominance of LL and cosmopolitan
taxa and <0.5% HL taxa; a cool subtropical (warm temperate) assemblage consists of
more abundant LL than HL taxa; a cool subtropical (cool temperate) assemblage consists
of more abundant HL than LL taxa; a subantarctic assemblage is characterised by the

dominance of HL taxa over cosmopolitan taxa and the absence of LL taxa.

During the EECO, the radiolarian assemblages recovered from sites 277 and 207 have the
highest percentage of low-latitude taxa found in this study (Figure 7.4). However, the
assemblage composition is very distinct and dominated by Amphicraspedum spp., which

is likely an artefact of poor radiolarian recovery and preservation. Radiolarian
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assemblages from Mead Stream (C. Hollis, pers. comm. 2016) have a slightly higher
diversity and include low-latitude genera such as Bekoma, Lamptonium, Theocorys,
Theocotyle and Podocyrtis, while not being as diverse as the tropical assemblage at
eastern central Pacific Site U1331 (Kamikuri et al., 2013). For this reason, the
assemblages of Mead Stream, Site 207 and Site 277 are referred to as warm subtropical.
In contrast to the assemblage interpretation of Kamikuri et al. (2013) (Figure 7.4), the
low-latitude group at Site U1331 is less abundant during the EECO than thereafter.
Kamikuri et al. (2013) assigned Stylosphaera coronata coronata (=Amphisphaera
coronata in this study) to the low-latitude group, whereas in this thesis (and Pascher et al.,
2015) this species was assigned to the cosmopolitan group. Furthermore, the EECO
interval at this site also suffered from poor preservation due to silica dissolution and the
overall diversity was relatively low compared to the middle Eocene (Kamikuri et al.,
2013).

In the early and middle Eocene, high-latitude taxa (e.g. Larcopyle polyacantha, L. hayesi,
Ceratocyrtis spp., Lithomelissa spp., Lophocyrtis longiventer) are very rare at sites 277
and 207, and also very rare at Mead Stream and low-latitude Site U1331 (Figure 7.4). At
Site 207 and Mead Stream, low-latitude taxa (e.g. Amphicraspedum spp., Histiastrum
quadribrachiatus quadribrachiatus, Theocorys spp., Lophocyrtis jacchia jacchia,
Podocyrtis spp.) show a decrease throughout the middle Eocene, but high-latitude taxa do
not increase and remain very rare (Figure 7.4). Only sites 206 and 592 have a noticeable
high-latitude component, but low-latitude taxa remain more abundant. This assemblage is
referred to as cool subtropical (warm temperate) and is only present at mid-latitude sites.
The long-term cooling trend that started after the EECO is not observed at Site U1331 as
the low-latitude group shows an overall consistent abundance through the middle Eocene
(Figure 7.4).
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Figure 7.4 previous page, Biogeographic affinity of radiolarian assemblages along a transect from high to low latitudes.
Results from this thesis as in Figure 6.38 plus three additional sites: High-latitude ODP Site 689 (Funakawa and Nishi,
2005), mid-latitude Mead Stream (C. Hollis, pers. comm. 2016) and low-latitude IODP Site U1331 (Kamikuri et al.,
2013). The biogeographic affinities for the latter three sites were assigned to taxa as identified in this thesis plus
additional low-latitude genera (Lamptonium, Thyrsocyrtis, Podocyrtis, Bekoma and Lithocyclia). For sites U1331 and
689, the biogeographic assignments of Kamikuri et al. (2013) and Funakawa and Nishi (2008), respectively, are
indicated with a black dashed line.

High-latitude taxa are more abundant at high-latitude sites than at mid- and low-latitude
sites, except at Site 1123 where there are more abundant high-latitude than low-latitude
taxa. They were present from at least the middle Eocene (~43 Ma) at high-latitude sites
277, 283, 1172, but also at mid-latitude Site 206 and from at least ~38 Ma at the
southernmost sites 281 and 689. The assemblage with more abundant high-latitude than
low-latitude taxa is referred to as cool subtropical (cool temperate) and is mainly found at
high-latitude sites during the middle to late Eocene and early Oligocene. Although the
interval of peak warmth of the MECO may not be preserved at Site 277, the radiolarian
assemblages at sites 277 and 1172 lack typical low-latitude species and genera. Taxa with
low-latitude affinities account for only 5% of the total assemblage at Site 277 and consist

of Amphicraspedum murrayanum and A. prolixum gr.

From the earliest late Eocene (~38 Ma) many high-latitude taxa that are present at sites
281 and 283 appear later at Site 277 in the middle of the PrOM event (~37 Ma, Figure
6.29) where the appearance is accompanied by a sudden increase in abundance, diversity
and preservation. This is interpreted as the expansion of high-latitude water masses across
the Campbell Plateau during this short-lived cooling event rather than the response to
gradual, long-term cooling (Pascher et al., 2015). Funakawa and Nishi (2008) reported a
marked increase in radiolarian taxa with Antarctic faunal affinities at ODP Site 689
(Maud Rise, southern Atlantic) in the earliest late Eocene (~38.6-36.9 Ma; Chron C17)
(Figure 7.4), which they interpreted to signify the northward expansion of the Antarctic
Polar Front. New calibration to GTS2012 (S. Bohaty, pers. comm. 2014) and the
assignment of species to the high-latitude group revealed no increase in high-latitude taxa
at that time (Figure 7.4). The large discrepancy is due to Amphisphaera aff. spinulosa,
which was treated as a high-latitude species by Funakawa and Nishi (2008), whereas

Amphisphaera spinulosa is assigned to the cosmopolitan group here (Appendix E).

During the LECO (~36 Ma), a decrease in high-latitude taxa and general diversity and
abundance was observed at Site 277 (Figures 6.29, 6.38 and 7.4). Low-latitude species
Thyrsocyrtis pinguisicoides has an abundance peak of ~10% (Figure 6.29). The LECO
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was also recovered at Site 592, and at that site, low-latitude taxa are on average slightly
more abundant than high-latitude taxa (Figure 7.4). After the LECO, the radiolarian
assemblage at Site 277 shows an increase in high-latitude taxa diversity and abundance
towards the Eocene-Oligocene boundary (Figure 6.29), which is also observed at sites
1123 and 689 (Figures 6.37 and 7.4).

During the early Oligocene radiolarian assemblages recovered at sites 277, 1123 and 689
(Funakawa and Nishi, 2008) show a decrease in high-latitude taxa, whereas Site 280 does
not (Figure 7.4). At ~32 Ma, high-latitude taxa increase in abundance at Site 277 and at
~31 Ma at Site 689, with both assemblages being dominated by Axoprunum? Irregularis
(Figure 6.29). At Site 689, the interval from ~31-29 Ma is characterised by poor
preservation and a decrease in diversity (Funakawa and Nishi, 2008). A subantarctic
radiolarian assemblages is inferred from the dominance of high-latitude taxa over
cosmopolitan taxa and the absence of low-latitude taxa and was established in the late
Eocene at the southernmost Site 281 and in the early Oligocene at sites 277, 280, 1172
and 689 (Figure 7.4).

7.3.3 Evolution of oceanic fronts: geochemical proxies vs. radiolarians
All oceanographic features described in this and the following section are ‘proto’
features, that are understood to be analogous to but not necessarily identical to the

modern features of the same name.

The evolution of oceanic fronts in the Southwest Pacific has been reconstructed for the
Paleogene, updating the earlier reconstructions provided by Nelson and Cooke (2001),
based on temperature reconstructions from an integration of geochemical proxies for sea
surface temperature (SST) (Figure 7.5) and radiolarian assemblages (Figure 7.6). Based
on geochemical proxies (TEXgs, Mg/Ca ratios, Hollis et al., 2012; 2015; Littler et al.,
2016), the Tropical Convergence (TC) may have reached as far south as ~55° during the
PETM and EECO explaining the fully tropical surface water conditions (~28-35°C) in
the southern Southwest Pacific (sites 1172 and 277). Warm subtropical conditions (~23—
27°C) prevailed in the Southwest Pacific for most of the Eocene suggesting that the TC
moved further north and instead an associated Tasman Front (TF) may have been at as far
as ~57°S. Cool subtropical conditions (~15-22°C) were present in the late Paleocene and

late Eocene, indicating that the TF retracted to the north and instead a proto-Subtropical
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Front was established (STF) (Figure 7.5). Overall, the reconstructed oceanic fronts, if
present, may have been much more contracted compared to today (Figure 7.5). An
Antarctic Polar Front (AAPF) was suggested to have existed since ~30 Ma (Scher et al.,
2015).

In contrast to the geochemical proxy-based reconstruction, radiolarian assemblages
indicate that the Southwest Pacific did not experience tropical conditions during the
Eocene. Warm subtropical water masses may have reached to ~55°S during the EECO
(Figure 7.6). During middle Eocene, cool subtropical conditions prevailed in the region
with warm temperate assemblages at the northern sites and cool temperate assemblages at
the southern sites. This is in agreement with the reconstructions of cool-subtropical
surface water masses (15-20°C) for the mid- to high-latitude Southwest Pacific by Nelson
and Cooke (2001). From the late Eocene, a STF may have developed and separated cool
subtropical water masses in the north from cold subantarctic water masses in the south.
Subantarctic radiolarian assemblages existed since the late Eocene at the southernmost
sites 280 and 281 (paleolatitude ~61°S). The STF subsequently shifted northwards in the
late Eocene and early Oligocene and a Subantarctic Front (SAF) may have developed in
the early Oligocene. The presence of an AAPF from ~30 Ma onwards (Scher et al., 2015)

cannot be confirmed with radiolarians.
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Figure 7.5 The Paleogene evolution of Southwest Pacific Ocean fronts (after Nelson and Cooke, 2001) using TEXss and
Mg/Ca derived temperatures (Hollis et al., 2012; Hollis et al., 2015; Littler et al., 2016); Paleolatitudes for each site are
calculated at 5 Ma increments using www.paleolatitude.org (van Hinsbergen et al., 2015), except for Mead Stream and
Mid-Waipara, for which the paleolatitudes were derived using the paleoceanographic reconstructions as outlined in
chapter 3.7. Abbreviations: MW = Mid-Waipara, Mead = Mead Stream, TC=Tropical Convergence, TF=Tropical Front,
STF=Subtropical Front, AAPF=Antarctic Polar Front. Modified from Hollis et al. (2016).

The differences in oceanic features using geochemical proxies and radiolarian
assemblages may be due to the seasonal bias of geochemical proxies towards warm
summer temperatures, problems in the paleo-calibration of TEXsgs values or the alteration
of Mg/Ca during diagenesis (Hollis et al., 2012). Radiolarians in turn may represent
average annual sea surface temperature conditions. In support of the radiolarian
assemblage reconstructions, nannofossil assemblages also indicate warm to cool

subtropical conditions in the Eocene Southwest Pacific (C. Shepherd, pers. comm. 2016).
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Figure 7.6 Reconstruction of oceanic fronts and water masses (after Nelson and Cooke, 2001) for the Southwest Pacific
from the early Eocene to late Oligocene based on the relative abundance of high-Ilatitude (HL), cosmopolitan and low-
latitude (LL) taxa as shown in Figure 7.4. Paleolatitudes are calculated at 5 Ma increments for each site using
www.paleolatitude.org (van Hinsbergen et al., 2015), except for Mead Stream and Mid-Waipara, for which the
paleolatitudes were derived using the paleoceanographic reconstructions as outlined in chapter 3.7. Abbreviations: MW
= Mid-Waipara, Mead = Mead Stream, TF=Tropical Front, STF=Subtropical Front, SAF=Subantarctic Front,
AAPF=Antarctic Polar Front.

7.3.4 Paleoceanographic reconstructions

In this section the reconstructions presented in Figures 7.4 and 7.6 are used to infer

paleoceanographic conditions in six time slices.

7.3.4.1 Early Eocene climatic optimum (~53-49 Ma)

The Southwest Pacific was under the influence of warm subtropical water masses
delivered from the East Australian Current (EAC) (Figure 7.7). Radiolarian assemblages
are very distinct at sites 277 and 207 from those at Mead Stream and low-latitude Site
U1331. Although the relative abundance of low-latitude taxa at sites 277 and 207 is
greater (high abundance of Amphicraspedum spp.) than at Mead Stream and Site U1331,
the diversity of low-latitude species is significantly lower. Thus, it cannot be inferred that

temperatures were higher in the Southwest Pacific compared to low-latitudes. Radiolarian
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abundance is in general low during the EECO in the Southwest Pacific compared to low
latitudes (Kamikuri et al., 2013). The Tasman Front (TF) may have extended as far south

as ~55°S, concomitant with contraction of the Ross Gyre.
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Figure 7.7 Biogeographic affinities and paleoceanographic reconstruction for the EECO (~53-49 Ma). Biogeographic
affinity pies show % only of the biogeographic constrained portions of the assemblage.
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7.3.4.2 Middle Eocene (~47-40 Ma)

During the middle Eocene, high-latitude taxa increase in abundance and diversity in the
Southwest Pacific, indicating cooler conditions and a greater influence of Ross Gyre
(Figure 7.8). The TF moved towards the north and the influence of the EAC weakened.
Low-latitude taxa are more abundant at mid-latitude sites 206 and 207, indicating warm
temperate conditions on Lord Howe Rise, compared to cool temperate conditions in the
southern Southwest Pacific. Radiolarians are abundance at Lord Howe Rise sites 206 and
207 and at Site 1172. Diatoms are also common at these sites at this time, indicating areas

of local upwelling along continental margins.
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Figure 7.8 Biogeographic affinities and paleoceanographic reconstruction for the middle Eocene (~47-40 Ma). Slightly
different time slices apply for each site: Site 1172 (~43-40 Ma), Site 277 (MECO, ~40 Ma), Site 207 (~47-42 Ma), Site
206 (~42-41 Ma), U1331 (~47-40 Ma), Mead Stream (~46-43 Ma). Biogeographic affinity pies show % only of the
biogeographic constrained portions of the assemblage. For key refer to Figure 7.7.
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7.3.4.3 Late middle to early late Eocene/PrOM event (~38-37 Ma)

During the PrOM event, the abundance of high-latitude taxa increased in the Southwest
Pacific (Figure 7.9). This increase is seen at the onset of the event at Site 1172 and in the
middle of the event (~37 Ma) at Site 277, where an increase in overall radiolarian
diversity and abundance is observed. During this time, radiolarians were also abundant at
sites 283 and 281 with the largest component of high-latitude taxa at Site 281. The region
might have experienced an intensification of the Ross Gyre that delivered nutrient-rich
water masses from the south, extending the area of high productivity onto the Campbell

Plateau and initiating the Subtropical Front.
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Figure 7.9 Biogeographic affinities and paleoceanographic reconstruction for the late middle to early late Eocene/PrOM
(~38-37 Ma). Biogeographic affinity pies show % only of the biogeographic constrained portions of the assemblage.
For key refer to Figure 7.7; modified after Pascher et al. (2015).

Whether this event was caused by a drop in atmospheric CO> concentrations or was
related to the opening of the Tasmanian Gateway, which may have been open to shallow
surface circulation as early as ~50 Ma (Bijl et al., 2013), has yet to be determined.
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7.3.4.4 Late Eocene climatic optimum (~36 Ma)

Radiolarian diversity decreased abruptly within the LECO at Site 277, and was
accompanied by a decrease in high-latitude taxa and diatoms. Low-latitude taxa appeared
at sites 277 and 283, and to a slightly greater extent at mid-latitude Site 592 (Figure 7.10).
A late Eocene hiatus at Site 281 implies an increase in the strength of the Antarctic Slope
Current (ASC) across the Tasmanian Gateway. The changes might have been associated
with an increase in the strength of the EAC and a decrease in the strength of the Ross
Gyre, explaining the drop in diversity and abundance at Site 277. Surface water masses
were cool subtropical, with a warm temperate northern region across Site 592 and a cool

temperate region in the south.

1?0" 180° -1160"
D LEco (~36 Ma) |
I AT
L .50°
Lo

\
120° 140° 160°180°-160° -140° -120°

Figure 7.10 Biogeographic affinities and paleoceanographic reconstruction for the late Eocene climatic optimum (~36
Ma). Site 283 is tentatively included here although an older age was inferred (~36.7 Ma). Biogeographic affinity pies
show % only of the biogeographic constrained portions of the assemblage. For key refer to Figure 7.7; modified after
Pascher et al. (2015).
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No evidence is found to support the presence of a large cyclonic gyre (Tasman Current)
as proposed by Huber et al. (2004) and Bijl et al. (2010). This current was inferred to
have delivered southern sourced surface water to the wider Southwest Pacific in the
Eocene. Instead, the data suggest that Site 277 was positioned at the northernmost limit of
the Ross Gyre and that sites 277 and 283 were the southernmost sites of influence of
warm water delivered by the EAC (Pascher et al., 2015).

7.3.4.5 Latest Eocene—earliest Oligocene (~35-32 Ma)

During this interval, the region experienced a second cooling interval associated with an
increase in siliceous plankton abundance and the reappearance of many high-latitude
radiolarian taxa (Figure 7.11). The cooling in the latest Eocene led to the expansion of
Ross Gyre to encroach on Campbell Plateau and on Site 1123 east of New Zealand. At
the same time, Site 1123 was under the influence of warm waters originating from the
EAC. The area of non-deposition widened across the Tasmanian Gateway over sites 281,
283 and 1172, perhaps reflecting strengthening of northward- and westward-flowing
bottom currents. The abundance of radiolarians and diatoms at Site 280 during the earliest
Oligocene suggests a region of high primary productivity. Intensified upwelling may have
been caused by the ASC in conjunction with deepening in this sub-basin.
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Figure 7.11 Biogeographic affinities and paleoceanographic reconstruction for the latest Eocene to earliest Oligocene
(~35-32 Ma). Slightly different time slices apply for each site: Site 1172 (~35-34 Ma), Site 277 (~35.3-32.4 Ma), Site
280 (34-32.5 Ma), Site 1123 (35.4-33.3 Ma). Biogeographic affinity pies show % only of the biogeographic
constrained portions of the assemblage. For key refer to Figure 7.7; modified after Pascher et al. (2015).
7.3.4.6 Early Oligocene (~32-27 Ma)
In the early Oligocene, radiolarian abundance and diversity declined and diatoms became
scarce in the region (Figure 7.12). The Tasmanian Gateway became fully open at ~30 Ma
(Carter et al., 2004) and its northward tectonic migration brought it in line with the
westerly wind belt (Scher et al., 2015). As a result the ACC developed and the zone of
non-deposition extended over Site 280 in the late Oligocene when this site moved into the
direct pathway of the ACC. The radiolarian assemblages at sites 1172 and 277 became
very distinct and typical for cold conditions. The general low diversity and scarcity of
diatoms suggests the establishment of a cold-water, nutrient depleted environment,
similar to the modern subantarctic setting (Hollis and Neil, 2005). The development of
the ACC restricted the northward extent of the Ross Gyre and helped to establish the
Subantarctic Front on the southern margin of the Campbell Plateau. The non-deposition at
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Site 1123 is attributed to the development of the Deep Western Boundary Current to the
east of the Campbell Plateau and Chatman Rise, and is inferred to have intiated alongside
the establishment of the ACC (Carter et al. 2004).
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Figure 7.12 Biogeographic affinities and paleoceanographic reconstruction for the early Oligocene (~32-27 Ma).
Slightly different time slices apply for each site: Site 1172 (~28-26.6 Ma), Site 277 (~31.9 Ma). Biogeographic affinity
pies show % only of the biogeographic constrained portions of the assemblage. For key refer to Figure 7.7; modified
after Pascher et al. (2015).
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8 Conclusion

8.1 Key findings

The long-term cooling trend from the ‘greenhouse’ early Eocene to late Eocene was
punctuated by several large-scale climatic perturbations that culminated in a shift to an
‘icchouse’ climate at the Eocene-Oligocene transition. Radiolarian assemblages from
high-latitude sites (DSDP sites 277, 280, 281, 283, ODP Site 1172) to mid-latitude sites
(DSDP sites 206, 207, 592, ODP Site 1123) were examined to investigate the relative
influence of low- and high-latitude water masses in the Southwest Pacific during the

Eocene.
The key findings of this study are:

e Radiolarian-bearing sediments have been recovered from all sites, extending from
the upper Paleocene to Oligocene (Teurian to Whaingaroan).

e All sites have been successfully correlated to the Southern Hemisphere radiolarian
zonation, from the late Paleocene to Oligocene (RP6sH to RP17sH).

e Two alternative datums are proposed for zone boundaries: LO of Artobotrys
auriculaleporis for the base of RP10sy; LO of Lophocyrtis longiventer for the
base of RP12gh.

e Radiolarian occurrence, preservation and diatom occurrence varies greatly with
latitude and through time. In general, high-latitude sites have abundant diatoms
while radiolarian-rich sediments are mainly recovered from the late Eocene to
early Oligocene. Mid-latitude sites have rare diatoms, and radiolarian-rich
sediments are recovered mainly from the middle Eocene. The localised abundance
of diatoms in the middle Eocene at Site 1172 (paleolatitude ~56°S) suggests
coastal upwelling around the South Tasman Rise at this time maybe driven by
strong polar easterlies.

e Stable oxygen and carbon isotope measurement of foraminifer tests from DSDP
sites 277, 207 and 592 have been used to identify the following events: The EECO
optimum and post-EECO cooling (Site 207), MECO (Site 277), PrOM event (Site
277), LECO (sites 277 and 592) and the Eocene-Oligocene transition (Site 277).
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192

Radiolarian paleobiogeography has been successfully used as a guide for paleo-
water mass changes from the early Eocene to early Oligocene. In total, 134 of 259
radiolarian counting groups have been assigned to either high-latitude,
cosmopolitan or low-latitude affinity. Mid-latitude sites 206 and 207 exhibit the
largest number of low-latitude genera of all studied sites. However, many species
of typically low-latitude genera such as Podocyrtis, Thyrsocyrtis, Lamptonium,
Theocorys and Theocotyle are absent in the Southwest Pacific.

The aim of this thesis, to investigate if trends in species turnover and geographic
distribution of Paleogene radiolarians are consistent with geochemical evidence
for extreme high-latitude warmth during the Eocene, has been achieved. In
contrast to geochemical proxies (TEXss, UX 37 and Mg/Ca), that indicate tropical
conditions at high-latitude sites during the warmest intervals within the Eocene,
radiolarian assemblages do not indicate tropical conditions at any time during the
Eocene. Instead, radiolarian assemblages indicate that warm subtropical water
masses may have extended to ~55°S during the EECO. It is likely that the proto-
Tasman Front expanded southward to the high-latitude sites at this time, which
would bring warm but not fully tropical surface waters into the region. Cool
subtropical conditions prevailed at other times during the Eocene.

The evolution of oceanic fronts was reconstructed for six different time slices
from early Eocene to early Oligocene. The oscillation between cool and warm
subtropical conditions is interpreted to have resulted from variations in the
strength of the warm proto-East Australian Current and cool proto-Ross Gyre.
During the late middle to early late Eocene/PrOM event (~38-37 Ma), an
expansion of proto-Ross Gyre led to proliferation of radiolarian assemblages,
increase in diversity and abundance of high-latitude taxa offshore of Wilkes Land
(sites 281, 283), Tasman Rise (Site 1172) and the Campbell Plateau (Site 277).
During the LECO (~36 Ma), radiolarian diversity and abundance of high-latitude
taxa decrease on the Campbell Plateau (Site 277) and few low-latitude taxa appear
in in the mid- to high-latitude sites of the Tasman Sea and Campbell Plateau (sites
277, 283 and 592).

A second cooling interval from the latest Eocene to earliest Oligocene (~35-32
Ma) resulted in the reappearance of many high-latitude taxa, diversification and

increase in radiolarian abundance. At that time, Site 1123 (paleolatitude ~48°S)
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was the southernmost site with few low-latitude taxa, suggesting that the proto-
East Australian Current had reduced influence in the region relative to the early
and middle Eocene.

e A consequence of the development of the ACC in the early Oligocene (~33 Ma)
was wide-spread non-deposition in the Southwest Pacific. Furthermore, the ACC
restricted the northward flow of proto-Ross Gyre over the Campbell Plateau. This
resulted in a nutrient-depleted environment over Campbell Plateau, and an overall

reduction in diversity, similar to the modern subantarctic setting.

Finally, this thesis provides valuable contributions to the fields of Paleogene radiolarian

micropaleontology, biostratigraphy and paleoceanography.

8.2 Future work

Despite an incomplete core recovery of early drilling campaigns largely limiting the
ability to resolve orbital-scale changes in the early to middle Eocene sediments in the
Southwest Pacific, this study has identified that this region contains a critical archive for
resolving Paleogene climatic and oceanography changes. For 2017/2018, the International
Ocean Discovery Program (IODP) has scheduled several drilling campaigns in the
Southwest Pacific and the Ross Sea. Specifically, IODP Expedition 371 ‘Tasman Frontier
Subduction Initiation and Paleogene Climate’ will recover Eocene sediments from the
Lord Howe Rise and Tasman Sea. This thesis provides the base for assessing paleo-water
mass changes in the Southwest Pacific during the Eocene and may turn out to be a
valuable reference for this upcoming expedition, and for helping to identify locations for
additional geological drilling. Furthermore, this thesis contributes a comprehensive
taxonomic review of Eocene radiolarian taxa and is intended to be a useful reference for
future radiolarian studies. With the additional of future drilling in this region, there
remains considerable scope in the future regarding categorizing radiolarian species into
biogeographic affinity groups based on their relative abundance at low-, mid- and high-

latitude sites.

Following publications (to be submitted to peer-reviewed journals) will likely result from

this thesis:

e Paleobiogeography of Southwest Pacific radiolarians, including the full taxonomic

notes
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e Integrated biostratigraphy (radiolarians, nannofossils, foraminifers) of Lord Howe
Rise DSDP Site 207 and Site 277 on the Campbell Plateau
e Late Eocene climatic optimum at DSDP sites 277 and 592
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Subclass RADIOLARIA MUller 1858
Suborder POLYCYSTINA Ehrenberg 1838, emend. Riedel
1967a

Order SPUMELLARIA Ehrenberg 1875

Family ACTINOMMIDAE Haeckel 1887, emend. Riedel 1967a

Actinommidae n.sp. A sensu Hollis [Plate 1, fig. 1]
Actinommidae n.sp. A, Hollis et al. 1997, p. 45, pl. 1, fig. 18-109.

Medium-sized actinommid with slightly irregular spheroidal cortical shell. Pores
numerous, closely spaced, circular in regular hexagonal frames. Eight evenly spaced,
slender, bladed radial spines. One or two medullary shells.

Genus AMPHISPHAERA Haeckel, emend. Petrushevskaya 1975

The genus name is applied in the sense of Petrusheskaya (1975). See Hollis (1997) for
further discussion.

Amphisphaera coronata group (Ehrenberg), New Group [Plate 1, fig. 2]

Stylosphaera coronata Ehrenberg 1873, p. 258; 1875, pl. 25, fig. 4; Ogane et al. 2009, pl.
12, fig. 1a-d; Suzuki et al. 2009, p. 244, pl. 1, fig. 13a-b.

Stylosphaera radiosa Ehrenberg 1875, pl. 24, fig. 5.

Ellipsostylus anisoxyphos Clark and Campbell 1942, p. 32, pl. 5, fig. 7, 11.

Lithatractus hederae Clark and Campbell 1942, p. 33, pl. 5, fig. 3.

Lithatractus pterosphaerus Clark and Campbell 1942, p. 33, pl. 5, fig. 33.

Stylosphaera coronata coronata (Ehrenberg), Sanfilippo and Riedel 1973, p. 520, pl. 1,
fig. 13-17, pl. 25, fig. 4; Nishimura 1992, p. 329, pl. 1, fig. 2, pl. 11, fig. 9; Sanfilippo
and Blome 2001, p. 217.

Stylosphaera coronata laevis (Ehrenberg), Sanfilippo and Riedel 1973, p. 520, pl. 1, fig.
19, pl. 25, fig. 5-6.

Stylosphaera coronata sabaca (Ehrenberg), Sanfilippo and Riedel 1973, p. 521, pl. 1, fig.
18, pl. 25, fig. 57-8.

Amphisphaera spp. gr. D. Hollis 1991, p. 71, pl. 3, fig. 20; 1993, p. 319.

Amphisphaera coronata Ehrenberg s.I., Hollis 1997, p. 35, pl. 2, fig. 14-17; Hollis et al.
1997, p. 42.

Stylosphaera gigantea (Haeckel), Suzuki et al. 2009, p. 244, pl. 1, fig. 9.

Stylosphaera ex. gr. radiosa Ehrenberg, Suzuki et al. 2009, p. 244, pl. 1, fig. 8.

This species group includes all members of the genus with a subspherical to ellipsoidal
outer shell and opposing polar spines of unequal length. Sanfilippo and Riedel (1973)
distinguished A. coronata s.s. by the shorter polar spine having an arrow-shaped
termination. Reillustration of the type specimen (Ogane et al., 2009) indicates that the
species may be even more narrowly defined: the shorter polar spine has distinct ridges
and increases in width prior to the arrow-like termination. The morphotype Sanfilippo
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and Riedel (1973) consider typical S. coronata compares well with Lithatractus hederae
Clark and Campbell. Many of the other bipolar spumellarians described by Clark and
Campbell (1942) are included in A. coronata group here. However, these narrow
definitions do not reflect how the name has been applied in the past (e.g. Nishimura 1992;
Suzuki et al., 2009) and so a broad definition of the species group that accommodates a
wide range of variation was used. A. macrosphaera is distinguished by a spherical outer
shell and the shorter spine being no longer than the width of the outer shell. A. spinulosa
is distinguished by having at least one additional spine outside the polar plane. Suzuki et
al.’s (2009) Stylosphaera gigantea and Stylosphaera ex. gr. radiosa are included in the
concept of A. coronata group here.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Amphisphaera macrosphaera (Nishimura)

Druppatractus sp., Dumitrica 1973, p. 787, pl. 12, fig. 3.

Stylosphaera coronata (Ehrenberg), Nishimura 1987, p. 729, pl.1, fig. 1-2.

Amphisphaera radiosa (Ehrenberg), Hollis 1991, p. 71, pl. 3, fig. 16-19; 1993, p. 319, pl.
1, fig. 6; Strong et al. 1995, p. 208; Crouch and Hollis 1996, p. 26; (non Ehrenberg,
1854b).

Stylosphaera coronata macrosphaera Nishimura 1992, p. 325, pl. 1, fig. 3, 4; pl. 11, fig.

1.

Amphisphaera macrosphaera (Nishimura), Hollis 1997, p. 34, pl. 2, fig. 1-2; Hollis et al.
1997, p. 43.

Distinguished by its spherical outer shell and very short polar spines.

Amphisphaera radiosa (Ehrenberg) [Plate 1, fig. 3a, b]

Stylosphaera radiosa Ehrenberg, 1854a, p. 246; 1875, pl. 24, fig. 5; Ogane et al. 2009, pl.
12, fig. 3a-4e (non Abelmann 1990).

Ellipsoxiphus? sp., Hollis et al. 1997, pl. 1, fig. 3-4.

This distinctive species is characterised by a strongly ellipsoidal outline, thickened outer
shell and two polar spines of unequal length, the shorter spine being as long as the
thickness of the outer shell.

Amphisphaera aff. radiosa (Ehrenberg) = Stylosphaera radiosa sensu Abelmann

[Plate 1, fig. 4a, b]

Stylosphaera radiosa Ehrenberg, Abelmann 1990, p. 692, pl. 2, fig. 4a, b, c, 7; (?) Caulet
1991, p. 539 (non Ehrenberg 1854).

Amphisphaera radiosa (Ehrenberg), Hollis et al., 1997, p. 43, pl. 1, fig. 5-6 (non Crouch
and Hollis 1996, p. 26, = A. macrosphaera).

?  Amphisphaera radiosa (Ehrenberg), Petrushevskaya 1975, p. 570, pl. 2, fig. 18-20.

The species ascribed to S. radiosa by Abelmann (1990) bears little resemblance to the
type specimen reillustrated by Ogane et al. (2009). Abelmann (1990) suggests that A.
radiosa has a more spherical shell than A. coronata but this is clearly not the case. A.
radiosa s.s. has a more ellipsoidal shell than A. coronata and is further distinguished by a
thicker outer shell and more smoothly tapering polar spines, the shorter one of which is
no longer than the thickness of the outer shell. The species referred to A. aff radiosa here
has a relatively small but thickened outer shell, which is subspheroidal, and one very
short polar spine. Additional short spines or thorns may be present. This species compares
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well with the species reported by Petrushevskaya (1975) but is only tentatively synomised
with the species described by Abelmann (1990) in which the shorter spine varies in
length. The Late Oligocene FAD of this species at ODP Sites 689 and 690 is used to
define the base of Abelmann’s (1990) Stylophaera radiosa zone. The wider utility of this
zone is questionable as A. aff. radiosa first appears in the late Eocene at DSDP Site 277.

Amphisphaera spinulosa (Ehrenberg) = A. goruna (Sanfilippo and Riedel) [Plate 1,

fig. 5]

Stylosphaera spinulosa Ehrenberg 1873, p. 259; 1875, pl. 25, fig. 8; Caulet 1991, p. 539;
Ogane et al. 2009, pl. 12, 6a-f (erroneously recorded as Stylosphaera liostylus).

Druppatractus cf. coronatus (Squinabol), Dumitrica 1973, p. 787, pl. 6, fig. 4,6; pl. 12,
fig. 11.

Stylosphaera goruna Sanfilippo and Riedel 1973, p. 521, pl. 1, fig. 20-22; pl. 25, fig. 9,
10 (? fig. 11); Nishimura 1987, p. 729, pl. 1, fig. 3; Nishimura 1992, p. 329, pl. 1, fig.
1; pl. 11, fig. 8; Sanfilippo and Blome 2001, p. 219.

Amphisphaera spinulosa (Ehrenberg), Petrushevskaya 1975, p. 570, pl. 15, fig. 8; Hollis
1991, p. 69, pl. 3, fig. 11-15; 1993, p. 318, pl. 1, fig. 5.

Amphisphaera goruna (Sanfilippo and Riedel). Strong et al. 1995, p. 208, fig. 8G, 9A;
Hollis 1997, p. 34, pl. 2, fig. 10, 11; Hollis et al. 1997, p. 42.

With the reillustration of Ehrenberg’s type specimen of this species (Ogane et al. 2009)
there can be little doubt the A. goruna is a junior synonym of A. spinulosa. The
discontinuous range observed at Mead Stream (Strong et al. 1995; Hollis 1997) and
possibly other regions may be a response to climatic changes, with the species appearing
to show a preference for the cooler conditions of the Paleocene and the late Middle
Eocene to Oligocene. BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Amphisphaera? megapora (Ehrenberg) [Plate 1, fig. 6]

Cenosphaera megapora Ehrenberg 1873, p. 218, 1875, pl. 3, fig. 1; Ogane et al. 2009, pl.
3, fig. 1a-c.

Amphisphaera aff. spinulosa (Ehrenberg), Crouch and Hollis 1996, p. 26; Hollis et al.
1997, p. 43, pl. 1, fig. 1,2.

?  Amphisphaera spinulosa (Ehrenberg) group. Petrushevskaya 1975 (in part), p. 570.

Distinguished from A. spinulosa by a spherical cortical shell and the absence of distinct
polar spines. All radial spines are of similar length. As A. spinulosa was not encountered
in Site 281 material (Crouch and Hollis 1996) it seems likely that the form recorded from
the Eocene of DSDP Site 280 by Petrushevskaya (1975) is A. megapora.

Genus ANOMALACANTHA Loeblich & Tappan 1961

Anomalacantha dentata (Mast) [Plate 1, fig. 7]

Heteracantha dentata Mast 1910 p. 159, pl. 37, fig. 47,

Anomalacantha dentata (Mast), Benson 1966, p. 170, pl. 5, fig. 10-11.

Anomalocantha dentata [sic] (Mast), Petrushevskaya and Kozlova 1979, fig. 219, 427.

Cladococcus eocenica (Petrushevskaya and Kozlova 1979), Suzuki et al. 2009, p. 244, pl.
2, fig. 9.

Genus STYLOSPHAERA Ehrenberg, emend. Petrushevskaya 1975
198



Appendix A: Taxonomic Notes

Stylosphaera minor Clark and Campbell group [Plate 1, fig. 8]

Stylosphaera minor Clark and Campbell 1942, p. 27, pl. 5, fig. 1, 2, 2a, 12;
Petrushevskaya 1975, p. 569; Caulet 1986, p. 853; 1991, p. 539; Strong et al. 1995, p.
209; Shilov 1995, p. 124, pl. 3, fig. 2.

Amphisphaera minor (Clark and Campbell), Sanfilippo and Riedel 1973, p. 486, pl. 1, fig.
1-5; pl. 22, fig. 4; Chen 1975, p. 452, pl. 3, fig. 1; Westberg-Smith and Riedel 1984,
p. 486.

Axoprunum minor (Clark and Cambell), Suzuki et al. 2009, p. 241, pl. 4, fig. 5a-6c.

Included in this complex are forms with a moderately large spherical, outer shell with
numerous small circular pores, slender conical (rarely bladed) polar spines. Suzuki et al.
(2009) observe the presence of equatorial beams and on this basis transfer the species to
Axoprunum. These structures are not evident in the specimens referred to S. minor here.
Similar specimens that have equatorial beams characteristic of Axoprunum are placed in
A. pierinae gr. here.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus ZEALITHAPIUM O’Connor 1999a

Zealithapium anoectum (Riedel and Sanfilippo) [Plate 1, fig. 9]

Lithapium anoectum Riedel and Sanfilippo 1970, p. 520, pl. 4, fig. 4-5; Riedel and
Sanfilippo 1973, p. 739; Palmer 1987, p. 356; Takemura 1992, p. 742, pl. 7, fig. 1.

Zealithapium anoectum (Riedel and Sanfilippo), Nigrini et al. 2006, p. 56.

This species evolved from Z. plegmacantha and is the ancestor of Z. mitra (Sanfilippo
and Riedel 1973).
BIOGEOGRAPHIC AFFINITY: Cosmopolitan

Zealithapium mitra (Ehrenberg) [Plate 1, fig. 10]

Cornutella mitra Ehrenberg, 1873, p. 221; 1875, pl. 2, fig. 8.

Lithapium mitra (Ehrenberg), Riedel and Sanfilippo 1970, p. 520, pl. 4, fig. 6, 7;
Sanfilippo and Riedel 1973, p. 516; Palmer 1987, p. 356; Takemura 1992 (cf.), p.
742, pl. 7, fig. 2.; Hollis et al. 1997, p. 45, pl. 1, fig. 20.

Zealithapium mitra (Ehrenberg), O’Connor 1999a, p. 5-6, pl. 9, fig. 47; Moore and
Kamikuri 2012, p. 13, pl. 10, fig. 5.

non Zealithapium mitra (Ehrenberg), Funakawa et al. 2006b, p. 44, pl. 17, fig. 5.

Distinguished by its single cortical shell in the shape of an inflated cone, narrowing
slightly at the open end. Meshwork is coarse with thorns arising from junctions of pore
frames. Only specimens with a simple horn are included. The specimens figured by
Funakawa et al. (2006b) have the characteristic ‘cockscomb-like’ apical horn of Aspis sp.
A of Hollis (2002). However, it is likely that true Z. mitra is present at both ODP Leg
199and at nearby IODP Site U1331 (Moore and Kamikuri 2012), being reported as
abundant at both sites.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Zealithapium oamaru O’Connor [Plate 1, fig. 11]
Zealithapium oamaru O’Connor 1999a, p. 5, pl. 2, fig. 6-11, pl. 5, fig. 29-32.
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Subfamily SATURNALINAE Deflandre 1953
Genus AXOPRUNUM Haeckel

Axoprunum bispiculum (Popofsky) [Plate 1, fig. 12]

Stylacontarium bispiculum Popofsky 1912, p. 91, pl. 2, fig. 2; Chen 1975, p. 454, pl. 21,
fig. 1-2.

Axoprunum bispiculum (Popofsky), Takemura 1992, p. 741, pl. 1, fig. 1-2; Hollis et al.
1997, p. 43. pl. 1, fig. 14; Takemura and Ling 1997, p. 111; Kamikuri et al. 2006, p.
7; (non Suzuki et al. 2009).

Distinguished from A. pierinae by a larger, almost spherical cortical shell and shorter
polar spines, which often diverge slightly from main axis. Intermediate forms occur in the
early Oligocene.

BIOGEOGRAPHIC AFFINITY: High latitude.

Axoprunum pierinae (Clark and Campbell) group, New Group [Plate 1, fig. 13, 14]

Lithatractus pierinae Clark and Campbell 1942, p. 34, pl. 5, fig. 25.

Sylatractus pictus Mamedov 1969, p. 99, pl. 2, fig. 4-4a.

Axoprunum pierinae (Clark and Campbell), Sanfilippo and Riedel 1973, p. 488, pl. 1, fig.
6-12, pl. 23, fig. 3; Petrushevskaya 1975, p. 571; Caulet 1991, p. 537; Takemura.
1992, p. 742, pl. 6, fig. 3-6; Nishimura 1992, p. 329; Strong et al. 1995, p. 208, fig.
10c; Crouch and Hollis 1996, p. 26; Hollis et al. 1997, p. 44, pl. 1, fig. 7-13;
Takemura and Ling, 1997, pl. 1, fig. 1.

Axoprunum liostylum (Ehrenberg), Petrushevskaya and Kozlova 1972, p. 521, pl. 10, fig.
3; Petrushevskaya 1975, p. 571, pl. 2, fig. 22; Crouch and Hollis 1996, p. 26.

Axoprunum bispiculum (Popofsky), Suzuki et al. 2009, p. 241, pl. 1, fig. 3a-b.

Axoprunum venustum (Borisenko), Suzuki et al. 2009, p. 241, pl. 1, fig. 1, 2.

?  Axoprunum euterpe (Haeckel), Caulet 1986, p. 852.

non Stylosphaera liostylus Ehrenberg 1875, pl. 25, fig. 2; Ogane et al. 2009, pl. 12, fig.

6a-f.

Ellipsoidal cortical shell with 2 conical polar spines, usually of unequal length; typically
slender but may be thickened throughout or medially. One or two medullary shells
supported by 2 strong polar beams and 4 evenly spaced equatorial beams. It is uncertain if
this species group comprises a single polymorphic species or several distinct species.
Variations in cortical shell thickness and size, polar spine thickness and shape, and shape
of outer medullary shell may have some ecological significance. Morphotypes with
thicker polar spines appear to be restricted to southern high latitude locations (e.g.
Takemura 1992, pl. 6, fig. 3-4; Hollis et al., pl. 1, fig. 7; Takemura and Ling 1997, pl. 1,
fig. 1; Suzuki et al., 2009, pl. 1, fig. 1), whereas morphotypes with medially inflated polar
spines appear to have a bipolar distribution (e.g. Mamedov 1969, pl. 2, fig. 4-4a; Kozlova
1999, pl. 33, fig. 10, pl. 38, fig. 2; Suzuki et al. 2009, pl. 1, fig. 2). At Site 277, however,
there appears to be a gradation between these specimens with thickened spines,
specimens that conform with the type species and specimens with near-spherical cortical
shells (Hollis et al. 1997, pl. 1, fig. 9). For this reason, this range of morphotypes is
combined into a single species group here. This group accommodates the forms ascribed
to A. liostylum by Petrushevskaya (1975) and probably several of the species ascribed to
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Axoprunum by Petrushevskaya and Kozlova (1972). Ehrenberg's species bears little
resemblance to the genus and instead may well be a synonym for Amphisphaera
spinulosa. No figure is available for A. euterpe but Haeckel's (1887, p. 135) description
conforms with A. pierinae. A. venustum and A. aff. venustum of Suzuki et al. (2009) are
included in the concept of A. pierinae.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Axoprunum? irregularis Takemura [Plate 1, fig. 15]

Actinomma medusa (Ehrenberg) gr., Petrushevskaya 1975 (in part), p. 568, pl. 2, fig. 6-8.

?  Amphisphaera sp. Chen 1975, pl. 6, fig. 1.

Axoprunum? irregularis Takemura 1992, p. 742, pl. 3, fig. 8-11; Hollis et al. 1997, p. 44,
pl. 1, fig. 15; Takemura and Ling, 1997, pl. 1, fig. 2.

Axoprunum irregularis Takemura, Apel et al. 2002, p. 17, pl. 1, fig. 15-16.

Irregular-shaped, almost polygonal cortical shell with two slender, conical polar spines,
usually set askew to main axis. Two medullary shells are supported by more than 6 radial
bars. Lacks diagnostic features of the genus (ellipsoidal cortical shell, 6 symmetrically
arranged internal beams) but provisionally retained in Axoprunum because of a possible
phylogenetic link with A. bispiculum (see Takemura 1992).

BIOGEOGRAPHIC AFFINITY: High latitude.

Genus SATURNALIS Haeckel 1881, emend. Nigrini 1967

Saturnalis circularis Haeckel [Plate 1, fig. 16]

Saturnalis circularis Haeckel 1887, p. 131; Nigrini 1967, p. 24, pl. 1, fig. 9; Chen 1975,
p. 454, pl. 24, fig. 2.

Genus SPONGATRACTUS (Ehrenberg)

Spongatractus pachystylus (Ehrenberg) [Plate 1, fig. 17]

Spongosphaera pachystyla Ehrenberg, 1873, p. 256; 1875, pl. 26, fig.3.

Spongatractus pachystylus (Ehrenberg), Sanfilippo and Riedel, 1973, p. 519, pl. 2, figs.4-
6; pl. 25, fig. 3, Kamikuri et al. 2012b, p. 4.

Thick-walled ellipsoidal shell covered with spongy meshwork, with two robust, bladed

polar spines.

BIOGEOGRAPHIC AFFINITY: Low latitude (Note: One specimen in a picked sample
for DSDP Site 277 (29-277-25, CC) was not included in the faunal affinity calculation).

Family PHACODISCIDAE Haeckel 1881

Genus HELIODISCUS Haeckel emend. O'Connor 1999b
= Astrophacus Haeckel (see O'Connor, 1999b)

Heliodiscus inca Clark and Campbell [Plate 2, fig. 1]
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Heliodiscus inca Clark and Campbell 1942, p. 38, pl. 3, fig. 17; Hollis et al. 1997, p. 45,
pl. 1, fig. 25, 26.

Heliodiscus hexasteriscus Clark and Campbell 1942 (in part), pl. 3, fig. 15.

Astrophacus inca (Clark and Campbell), Caulet 1986, p. 851; 1991, p. 537.

Lenticular cortical shell with 6-10 moderately long, bladed marginal spines. Surface of
cortical shell roughened by raised sepaloid points or thorns at junctions between well-
developed hexagonal pore frames. Distinguished from H. linckiaformis and H.
hexasteriscus s.s. by much longer spines.

Genus HELIOSTYLUS Haeckel 1881

Heliostylus spp. [Plate 2, fig. 2]
Heliostylus spp. Sanfilippo and Riedel 1973, p. 522, pl. 8, fig. 1-7, pl. 26, fig. 10-12, pl.
27, fig. 1.

This generic name was applied following Sanfilippo and Riedel (1973) to all phacodiscids
with two opposite bars connecting the cortical and outer medullary shells. In general, the
specimens are very large.

Genus PERIPHAENA Ehrenberg 1873

Periphaena decora Ehrenberg [Plate 2, fig. 3]

Periphaena decora Ehrenberg, 1873, p. 246; 1875, pl. 28, fig. 6; Sanfilippo and Riedel
1973, p. 523, pl. 8, fig. 8-10; pl. 27, fig. 2-5; Caulet 1986, p. 853; Palmer 1987, p.
356; Caulet 1991, p. 538; Takemura 1992, p. 743, pl. 6, fig. 8; Strong et al. 1995, p.
209, fig. 10j; Crouch and Hollis 1996, p. 26; Hollis et al. 1997, p. 46, pl. 1, fig. 21-
24; Scient.Party ODP 171B, 1998; Funakawa et al. 2006b, p. 42, pl. 15, fig. 5-6;
Kamikuri et al. 2012b, p. 4.

Heliodiscus pertsus [sic] Haeckel, Suzuki et al. 2009, p. 246, pl. 3, fig. 10.

Lenticular cortical shell with a marginal girdle of varying width, with or without marginal
spines. Surface of cortical shell smooth, with numerous small pores. Heliodiscus pertsus
of Suzuki et al. (2009) conforms to this concept of P. decora.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Periphaena heliastericus (Clark and Campbell) [Plate 2, fig. 4]

Heliodiscus heliastericus Clark and Campbell, p. 39, pl. 3, fig. 10, 11.

Periphaena heliasteriscus [sic] (Clark and Campbell), Sanfilippo and Riedel 1973, p.
523, pl. 9, fig. 1-6; pl. 27, fig. 8, 9; Caulet 1986, p. 853; 1991, p. 538; Caulet 1991, p.
538; Takemura 1992, p. 743, pl. 4, fig. 13; Strong et al. 1995, p. 209, fig. 10h;
Crouch and Hollis 1996, p. 26.

Periphaena heliastericus (Clark and Campbell), Hollis et al. 1997, p. 46.

Heliodiscus perplexus Clark and Campbell, Suzuki et al. 2009, pl. 3, fig. 11.

Distinguished from P. decora by absence of marginal girdle. Usually has marginal spines.
Heliodiscus perplexus of Suzuki et al. (2009) conforms to this concept of P. heliastericus.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.
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Periphaena? duplus (Kozlova) [Plate 2, fig. 5]
Phacodiscus duplus Kozlova and Gorbovetz 1966, p. 69, pl. 11, fig. 2; Hollis et al. 1997,
p. 46, pl. 2, fig. 1-5.

Inflated lenticular test with rounded margin. Surface smooth with closely-spaced irregular
rounded pores. Internal meshwork usually dense. A small spherical shell evident in the
centre of some specimens, otherwise interior dense, due to secondary infilling. Rare
forms with marginal spines or a hyaline girdle are provisionally included.

Family SPONGODISCIDAE Haeckel 1862, emend. Riedel
1967a

Genus FLUSTRELLA Ehrenberg 1838

Flustrella charlestonensis (Clark and Campbell) [Plate 2, fig. 6]

Porodiscus charlestonensis Clark and Campbell 1945, p. 23, pl. 3, fig. 11-16; Suzuki et
al. 2009, p. 252, pl. 13, fig. 9-12.

Stylotrochus charlestonensis (Clark and Campbell), Sanfilippo and Riedel 1973, p. 525,
pl. 13, fig. 9-14; pl. 30, fig. 7-10.

Flustrella sp. B, Suzuki et al., 2009, p. 252, pl. 15, fig. 1a-6b.

This species name was applied to all discoidal forms composed of well-defined, closely
spaced concentric rings, with or without short marginal spines.

Flustrella sp. H sensu Suzuki [Plate 2, fig. 7]
Flustrella sp. H, Suzuki et al., 2009, p. 253, pl. 15, fig. 7a-8b.

This morphotype closely resembles Flustrella charlestonensis, except that it bears a
pylom. 1t might be a variant of F. charlestonensis as they co-occur in assemblages of Site
207.

Genus LITHOCYCLIA Ehrenberg 1847

Lithocyclia spp. [Plate 2, fig. 8]

The specimens found at Site 1123 and 206 are incomplete, the distal part of the spongy
disc is missing, so it cannot be determined whether they belong to L. ocellus or L.
aristotelis.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Lithocyclia aristotelis [Plate 2, fig. 9]

Astromma aristotelis Ehrenberg, 1847, p. 55, fig. 10; 1873, p. 217; 1875, pl. 30, fig. 3, 4

Astractinium aristotelis (Ehrenberg) group, Petrushevskaya and Kozlova 1972, p. 524, pl.
17, fig. 1

Lithocyclia aristotelis (Ehrenberg), Riedel and Sanfilippo 1970, p. 522, pl. 13, fig. 1,2
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Lithocyclis aristotelis (Ehrenberg) group, Riedel and Sanfilippo 1971, p. 1588, pl. 3A,
figs. 4, 5; 1973, p. 739; 1978, p. 70, pl. 6, fig. 6; 1986, pl. 2, figs. 23, 24; Moore
1971, p. 737, pl. 4, figs. 4, 5; Sanfilippo and Riedel 1973, p. 523; 1974, p. 1022;
Dinkelman 1973, p. 768; Johnson 1974, p. 545, pl. 5, figs. 13, 14; 1976, p. 435; 1978,
p. 781; Nigrini 1974, p. 1065, pl. 2A, fig. 7; Holdsworth 1975, p. 528; Ling 1975, p.
725, pl. 3, figs. 7, 8; Renz 1984, p. 459; Sanfilippo et al. 1985, p. 653, fig. 7.2a-2c
(partim); Nigrini and Sanfilippo 2000, p. 73; Funakawa et al. 2006b, p. 41, pl. 14, fig.
3-4; Moore and Kamikuri 2012, p. 8, pl. 5, fig. 6, 9.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Lithocyclia ocellus Ehrenberg group [Plate 2, fig. 10]

Lithocyclia ocellus Ehrenberg 1854b, pl. 36, fig. 30; 1873, p. 240; Petrushevskaya and
Kozlova, 1972, p. 523, pl. 15, figs. 1, 2.

Lithocyclia ocellus Ehrenberg group, Riedel and Sanfilippo 1970, p. 522, pl. 5, fig. 1-2;
Sanfilippo and Riedel 1973, p. 523, pl. 10, fig. 1-2; Funakawa et al. 2006b, p. 42, pl.
15, fig. 1; Nigrini et al. 2006, p. 42; Moore and Kamikuri 2012, p. 8, pl. 6, fig. 2.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Genus PERICHLAMYDIUM Ehrenberg 1847

Perichlamydium limbatum Ehrenberg [Plate 2, fig. 11]

Perichlamydium limbatum Ehrenberg 1847, p.43; 1854b, pl 22, fig 20; Haeckel, 1887, p.
514; Petrushevskaya, 1975, p. 575, pl. 6, fig. 11; pl. 39, figs. 1-4; Kruglikova 1977,
pl 110, fig. 15.

Genus PLECTODISCUS Kozlova 1972

Plectodiscus circularis (Clark and Campbell) [Plate 2, fig. 12]

Porodiscus circularis Clark and Campbell 1945, p. 42, pl. 11, fig. 2, 6, 10.

Plectodiscus circularis (Clark and Campbell), Petrushevskaya and Kozlova 1972, p. 526,
pl. 19, fig. 9-12; Hollis 2002, p. 288, pl. 2, fig. 20-22.

Xiphospira circularis (Clark and Campbell), Sanfilippo and Riedel 1973, p. 526, pl. 14,
fig. 5-12; pl. 31, fig. 4-7; Nishimura 1992, p. 329, pl. 12, fig. 9.

Circodiscus circularis (Clark and Campbell), Suzuki et al. 2009, p. 254, pl. 16, fig. 12-
13b.

Circodiscus sp. A and C, Suzuki et al. 2009, p. 254, pl. 17, fig. 1a-9.

The broad definition of this species follows Sanfilippo and Riedel (1973). Circodiscus sp.
A and C of Suzuki et al. (2009) conform to this concept of P. circularis.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus RHOPALODICTYUM Clark and Campbell 1942

Rhopalodictyum californicum [Plate 2, fig. 13]
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Rhopalodictyum californicum Clark and Campbell 1942, p. 49, pl. 1, fig. 13; Funakawa et
al. 2006b, p. 45, pl. 17, fig. 10.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus SPONGODISCUS Ehrenberg 1854a

Spongodiscus communis Clark and Campbell

Spongodiscus communis Clark and Campbell 1942, p. 47, pl. 2, fig. 1, 11, 13 ,14; Suzuki
et al. 2009, p. 252, pl. 13, fig. 9-12.

Spongodiscus americanus Kozlova & Gorbovets 1966, p. 88, pl. 14, fig. 1-2; Sanfilippo
and Riedel 1973, p. 524, pl. 11, fig. 9-13; pl. 27, fig. 1; pl. 28, fig. 9; Caulet 1991, p.
539; Nishimura 1992, p. 329.

Large discoidal test with weak concentric layers; may bear a marginal notch.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Spongodiscus craticulatus (Stohr) [Plate 2, fig. 14]
Spongodiscus craticulatus (Stohr), Petrushevskaya 1975, pl. 5, fig. 9-10.
Ommatodiscus sp. A Suzuki et al 2009, pl. 14, fig. 6-11.

Spongodiscus cruciferus (Clark and Campbell) [Plate 2, fig. 15]

Spongasteriscus (Spongasteriscinus) cruciferus Clark and Campbell 1942, p. 50, pl. 1,
fig. 1-6, 8, 10, 11, 16-18; Sanfilippo and Riedel 1973, p. 524, pl. 11, fig. 14-17; pl 28,
fig. 10, 11; Riedel and Sanfilippo 1973, p. 740; Sanfilippo and Riedel 1974, p. 1024;
Caulet 1991, p. 539; Crouch and Hollis 1996, p. 26; Hollis et al., 1997, O’Connor
19994, p. 36, pl. 10, fig. 20; p. 50; Suzuki et al. 2009, p. 252, pl. 14, fig. 1a-5b.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Spongodiscus festivus (Clark and Campbell) [Plate 2, fig. 16]

Stylotrochus festivus Clark and Campbell 1942, p. 48, pl. 2, fig. 5-8; Suzuki et al. 2009, p.
251, pl. 13, fig. 4-7.

Stylotrochus nitidus Sanfilippo and Riedel 1973, p. 525, pl. 13, fig. 9-14, pl. 30, fig. 7-10;
Caulet 1991, p. 539; Nishimura 1992, p. 329.

This species is distinguished by having numerous cylindrical spines radiating from the
margin. Forms with an internal meshwork that ranges from densely spongy (S. festivus
s.s.) to being arranged in closely-spaced concentric rings (S. nitidus s.s) are included here.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Spongodiscus rhabdostylus (Ehrenberg) [Plate 2, fig. 17]

Spongosphaera rhabdostyla Ehrenberg 1873, p. 256; 1875, pl. 26, fig. 1-2.

Stylotrochus rhabdostylus (Ehrenberg), Haeckel 1887, p. 584.

Spongodiscus rhabdostylus (Ehrenberg), Sanfilippo and Riedel 1973, p. 525, pl. 13, fig.
1-3, pl. 30, fig. 1-2; Caulet 1991, p. 539; Hollis 1997, p. 51, pl. 10, fig. 6-8.

Spongodiscus rhabdostyla (Ehrenberg), Suzuki et al. 2009, p. 251, pl. 13, fig. 1-3.
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Lenticular test with irregular spongy meshwork and usually four robust conical radial
spines. In contrast to Sanfilippo and Riedel (1973) but in line with Suzuki et al. (2009),
forms with up to 10 radial spines are included here.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus SPONGOPYLE Dreyer 1889

Spongopyle osculosa Dreyer [Plate 2, fig. 18]

Spongopyle osculosa Dreyer, 1889, p. 42, pl. 6, fig. 99, 100; Riedel 1958, p. 226, pl. 1,
fig. 12; Ling 1975, p. 725, pl. 4, fig. 6; Abelmann 1990, p. 693, pl. 3, fig. 11; Apel et
al. 2002, p. 21; Expedition IODP 306, 2006.

Spongodiscus osculosus (Dreyer), Chen 1975, p. 455, pl. 24, fig. 4; Caulet 1991, p. 539;
Hollis et al. 1997, p. 50; Suzuki et al. 2009, p. 251, pl. 12, fig. 12-14.

Spongodiscus resurgens Ehrenberg osculosa (Dreyer), Petrushevskaya 1975, p. 574, pl. 5,
fig. 11; pl. 36, fig. 1-4.

Spongodiscus sp. D Suzuki et al. 2009, p. 252, pl. 12, fig. 10-11.

Spongodiscus osculosa (Dreyer), Suzuki et al. 2009, p. 251, pl. 12, fig. 12-14.

All forms with a circular to oval outline, covered with a spongy meshwork, no internal
structure visible and a pylome or notch on the rim are included here. Spongodiscus sp. D
of Suzuki et al. (2009) also conforms to this concept of S. osculosa.

BIOGEOGRAPHIC AFFINITY: High latitude.

Genus SPONGOSTAURUS Haeckel 1881

Spongostaurus sp. [Plate 2, fig. 19]
?  Flustrella sp. G Suzuki et al. 2009, p. 253, pl. 14, fig. 12, 13.

Discoidal form with 4 strong, bladed radial spines on the margin. The encountered
specimen is covered with spongy meshwork, unlike Suzuki’s specimen, that is clearly
showing rings.

Genus STYLODICTYA Ehrenberg 1847, emend. Petrushevskaya and Kozlova 1972

Stylodictya spp. [Plate 2, fig. 20]

Due to time constraints and often incomplete specimens, this genus has not been
differentiated to the level of species. All specimens included in the genus here are clearly
identified based on the rosette shape of the first ring and the presense of four main radial
beams that extend out from the test margin as short spines.

Genus TRIPODICTYA Haeckel 1881
Tripodictya sp. [Plate 2, fig. 21]

The morphotype encountered in this study has concentric rings and three radial spines,
emerging from the margin of the disc at equal angles.
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Family SPONGURIDAE Haeckel 1862, sensu Petrushevskaya
1975

Genus AMPHICRASPEDUM Haeckel 1881, sensu Sanfilippo and Riedel 1973

Amphicraspedum murrayanum Haeckel [Plate 3, fig. 1]

Amphicraspedum murrayanum Haeckel 1887, p. 523, pl. 44, fig. 10; Sanfilippo and
Riedel 1973, p. 524, pl. 10, fig. 3-6, pl. 28, fig. 1; Riedel and Sanfilippo 1973, p. 737;
Sanfilippo and Riedel 1974, p. 1000; Nigrini 1974, p. 1065, pl. 3, fig. 2; Westberg-
Smith & Riedel 1984, p. 488; Nishimura 1987, p. 719, pl. 1, fig. 14, 18; O’Connor
1999a, pl. 10, fig. 7; Sanfilippo and Nigrini 1998b, pl. 13.1, fig. 1; Nigrini and
Sanfilippo 2000, pl. 3, fig. 11-13; Kamikuri et al. 2012b, p. 3.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Amphicraspedum prolixum Sanfilippo and Riedel group [Plate 3, fig. 2, 3, 4, 5]

Amphicraspedum prolixum Sanfilippo and Riedel gr. 1973, p. 524, pl. 11, fig. 4-5, pl. 28,
fig.5; Nishimura 1987, p. 719; Westberg-Smith and Riedel 1984, p. 488; Strong et al.
1995, p. 208; Caulet 1991, p. 537; O’Connor 1999a, pl. 8, fig. 3.

Amphicarydiscus gracilis (Lipman), Kozlova 1999 (in part), p. 98, pl. 15, fig. 5.

This species group includes spongurids with elongated cylindrical arms, usually with
longitudinally aligned meshwork, and thickened at the ends; the test may or may not be
inflated medially.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Amphicraspedum prolixum Sanfilippo and Riedel sensu strictu [Plate 3, fig. 6, 7]

? Amphibrachium gracilis Lipman 1972, p. 55, pl. 9, fig. 11-13.

Amphicraspedum prolixum Sanfilippo and Riedel gr. 1973, p. 524, pl. 10, fig. 7-11, pl.
28, fig. 3-4.

Amphicarydiscus gracilis (Lipman), Kozlova 1999 (in part), p. 98, pl. 20, fig. 5
(mislabelled in the caption), pl. 22, fig. 15, pl. 42, fig. 1-2.

Amphicraspedium? prolixum Sanfilippo and Riedel, Kozlova 1999, p. 100, pl. 20, fig. 6,
pl. 22, fig. 16, pl. 42, fig. 2 (also fig. 5).

This species is distinguished from A. prolixum gr. by having long cylindrical arms
(sometimes 500 um in total length) with distinctly linear alignment of the meshwork, with
bulbous or spathulate terminations. In his description of Amphibrachium gracilis, which
is almost certainly the senior synonym of this species, Lipman (1972, p. 655) notes “the
form of the ends of the apophyses varies: spathulate, rounded, tapered or blunt, thereby
one end is almost always tapered, whereas the other one is more rounded.” When
spathulate, two short spines often diverge from the distalmost margin’ when blunt a single
spine or cluster of spines extend linearly from the centre of the knob-like termination.
BIOGEOGRAPHIC AFFINITY: Low latitude.

Genus AMPHYMENIUM Haeckel 1881
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Amphymenium splendiarmatum Clark and Campbell [Plate 3, fig. 8, 9]

Amphymenium splendiarmatum Clark and Campbell 1942, p. 46, pl. 1, fig. 12, 14;
Sanfilippo and Riedel 1973, p. 524, pl. 11, fig. 6-8; pl. 28, fig. 6-8; Petrushevskaya
1975, p. 577, pl. 7, fig. 1; pl. 37, fig. 1-3; Caulet 1991, p. 537; O'Connor 1993, p. 40,
pl. 2, fig. 16, 17; Apel et al. 2002, p. 16, pl. 4, fig. 8; Suzuki et al. 2009, p. 253, pl. 6,
fig. 9-12; Kamikuri et al. 2012b, p. 3.

Amphymenium cf. splendiarmatum Clark and Campbell, Hollis 1997, p. 46, pl. 7, fig. 8-
10; Hollis et al. 1997, p. 49, pl. 3, fig. 9.

?  Tessarastrum sp. Caulet 1986, pl. 2, fig. 5.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus HISTIASTRUM Ehrenberg 1847

Histiastrum quadribrachiatus quadribrachiatus (Sanfilippo and Riedel)

[Plate 3, fig. 10, 11]

Stylotrochus quadribrachiatus quadribrachiatus (Sanfilippo and Riedel) 1973, p. 526, pl.
14, fig. 1-2, pl. 31, fig. 1; Weaver and Dinkelman 1978, p. 873; Johnson 1978, p.
784, pl. 1, fig. 10.

Spongaster? ignorabilis (Krasheninnikov), Kozlova 1999, p. 93, pl. 18, fig. 4, pl. 21, fig.
7, pl. 42, fig. 6.

This species resembles A. murrayanum except there are four arms that form a cross,
which may or may not be equally long, and covered in meshwork along the outline. At
the ends spines can emerge.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Genus MIDDOURIUM Kozlova 1999

Middourium regulare (Borissenko) [Plate 3, fig. 12]

Cromyodruppa regulare Borissenko 1958, p. 89, pl. 5, fig. 13, 14.

Spongurus? regularis (Borissenko), Nishimura 1992, p. 328, pl. 2, fig. 11, 12; pl. 12, fig.

4-6.

Prunopyle? sp. Hollis et al. 1997, pl. 2, fig. 11.

Middourium regulare (Borissenko), Kozlova 1999, p. 101, pl. 8, fig. 13; Hollis et al.,
2005; Hollis 2006, p. S84, pl. 1, fig. 11, pl. 3, fig. 9.

Regular ellipsoidal test with well-developed narrow pylome. Outer surface smooth, with
irregular, small, rounded pores, no spines. Internal meshwork may be dense or arranged
in 5-10 concentric layers. Length = 200-250 pum.

Superficially similar to P. titan which is distiguished by a consistently dense internal
meshwork. A similar species from the Eocene of California, Larcopyle occidentalis
(Clark and Campbell), is distinguished by larger size (length >300 um), an egg-shaped
test, dense internal meshwork, and a ragged pylome at the narrow pole. Distinguished
from Monobracchium irregulare by a smooth outline without change in contour.
BIOGEOGRAPHIC AFFINITY: Low latitude, but so far only recorded in the boreal
Paleogene, the North Atlantic and the Southwest Pacific during periods of warmer
climatic condtions.
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Genus MONOBRACHIUM Kozlova 1999

Monobrachium irregulare (Nishimura) [Plate 3, fig. 13]

Prunopyle ovata Kozlova and Gorbovetz, p. 67, pl. 10, fig. 5-8; Hollis et al. 1997, p. 48,
pl. 2, fig. 6-10.

Spongodiscid gen et sp. indet., Sanfilippo and Riedel 1973, pl. 27, fig. 10.

Spongurus? irregularis Nishimura 1992, p. 327, pl. 2, fig. 7-9; pl. 12, fig. 3, 7.

Monobrachium irregulare (Nishimura), Kozlova 1999, p. 102, pl. 7, fig. 3; pl. 43, fig. 8-
9; Hollis et al., 2005; Hollis 2006, p. S84, pl. 1, fig. 12-13.

BIOGEOGRAPHIC AFFINITY: Low latitude, but so far only recorded in the boreal
Paleogene, the North Atlantic and the Southwest Pacific during periods of warmer
climatic condtions.

Genus SPONGURUS Haeckel 1860

Spongurus bilobatus Clark and Campbell [Plate 3, fig. 14, 15]

Spongurus bilobatus Clark and Campbell 1942, p. 36, fig. 7-9. Blueford 1988, p. 252, pl.
6, fig. 9; pl. 7, fig. 1; Shilov 1995, p. 124; Hollis et al. 1997, p. 50, pl. 3, fig. 5-6.;
Suzuki et al. 2009, p. 247, pl. 6, fig. 13-109.

Spongurus illepidus Krasheninnikov, Suzuki et al. 2009, p. 248, pl. 5, fig. 11-16.

S. illepidus of Suzuki et al. (2009) is included in the concept of S. bilobatus.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Family LITHELIIDAE Haeckel 1862

All spumellarians with spherical to ellipsoidal cortical shells, an inner shell structure of
closely spaced spiral or concentric layers, and with or without a pylome are included in
this family.

Genus LARCOPYLE Dreyer 1889, emend. Lazarus et al. 2005

Larcopyle spp.

Spumellarians with an ellipsoidal or flattened ellipsoidal cortical shell (prune-shaped),
usually bearing a pylome at one pole. A spongy, spiral, tightly concentric or pylonid inner
shell structure is connected to the outer shell either directly (last whorl in spiral) or by
randomly distributed radial beams that may form radial spines.

Larcopyle frakesi (Chen) [Plate 4, fig. 1, 2, 3]

Prunopyle frakesi Chen 1975, p. 454, pl. 10, fig. 1-3; Caulet 1991, p. 539; Takemura
1992, p. 742.

Lithocarpium monikae Petrushevskaya 1975, p. 572, pl. 4, fig. 6-10, pl. 30, fig. 1-7.

Cortical shell prune-shaped with small pylome, internal shell spongy.
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BIOGEOGRAPHIC AFFINITY: High latitude.

Larcopyle hayesi (Chen) [Plate 4, fig. 4]

Prunopyle hayesi Chen 1975, p. 454, pl. 9, fig. 3-5; Caulet 1986, p. 853; 1991, p. 539;
Abelmann 1990, p. 693, pl. 3, fig. 14; Takemura 1992, p. 742, pl. 1, fig. 13, 14;
Hollis et al. 1997, p. 48, pl. 2, fig. 12-14; Takemura and Ling, 1997, p. 114.

Ommatodiscus haeckeli Stohr. Petrushevskaya 1975 (in part), p. 572, pl. 3, fig. 9, 12, 13;
pl. 32, fig. 1-8.

Prunopyle cf. decipiens (Stohr), Hollis et al. 1997, p. 47, pl. 2, fig. 18-24.

Larcopyle hayesi (Chen), Lazarus et al. 2005, p. 119, pl. 11, fig. 1-21.

Inflated ellipsoidal outer shell, with a densely spiral or concentric inner shell structure.
Broad pylome is surrounded by short spines. All subspecies of L. hayesi are assigned to
the high-latitude group (Larcopyle hayesi irregularis of Suzuki et al. (2009)).
BIOGEOGRAPHIC AFFINITY: High latitude.

Larcopyle labyrinthusa Lazarus [Plate 4, fig. 5]
Larcopyle labyrinthusa Lazarus et al. 2005, p.111, pl.5, figs. 14-24.

Subspherical whorl-shaped shell, beams connecting the spirals, pylome present with
rather long teeth. Described from middle Miocene of Weddell Sea (Lazarus et al., 2005).
BIOGEOGRAPHIC AFFINITY: High-latitude

Larcopyle occidentalis (Clark and Campbell) [Plate 4, fig. 6a, b]

Prunopyle occidentalis Clark and Campbell 1942, p. 35, pl. 5, fig. 27.

Larcopyle occidentalis (Clark and Campbell), Suzuki et al. 2009, p. 249, pl. 8, fig. 1-3, pl.
9, fig. 1-13.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Larcopyle polyacantha (Campbell and Clark) group [Plate 4, fig. 7, 8]

Ommatodiscus fragilis Stohr, 1880, p. 116, pl. 6, fig. 10.

Larnacantha polyacantha Campbell and Clark 1944a (in part), p. 30, pl. 5, fig. 4-6 (not

fig. 7).

Prunopyle polyacantha (Campbell and Clark) Caulet 1991, p. 539; Crouch and Hollis
1996, p. 26; Hollis et al. 1997, p. 48, pl. 2, fig. 25-27 (also fig. 11).

Prunopyle titan Campbell and Clark 1944a, p. 20, pl. 3, fig. 1-3; Hays 1965, p. 173, pl. 2,
fig. 4; Caulet 1986, p. 853. Abelmann 1990, p. 693, pl. 3, fig. 16.

Lithocarpium polyacantha (Campbell and Clark). Petrushevskaya 1975, p. 572, pl. 3, fig.
6-8 (also fig. 9), pl 29, fig. 6; Abelmann 1990, p. 694, pl. 4, fig. 2; O'Connor 1993, p.
37, pl. 2, fig. 12, 13.

Lithocarpium fragilis (Stohr). Petrushevskaya 1975, p. 572, pl. 4, fig. 2-4.

Prunopyle sp. B gr. Abelmann 1990, p. 693, pl. 4, fig. 3a, b.

Prunopyle fragilis (Stéhr), Crouch and Hollis 1996, p. 26; Hollis et al. 1997, p. 47, pl. 2,
fig. 28-29.

Prunopyle cf. titan Campbell and Clark, Crouch and Hollis 1996, p. 26; Hollis et al. 1997,
p. 49, pl. 2, fig. 31-32.

Larcopyle polyacantha (Campbell and Clark) group, Lazarus et al. 2005, p. 106, pl. 2, fig.
1-17; pl. 3, fig. 1; pl. 4, fig. 1-10.
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Subcylindrical to ellipsoidal cortical shell, usually with clusters of spines at one or both
poles. Inner shell structure composed of weakly increasing single or double spirals;
spongy meshwork may obscure spiral structure. Caps may develop at poles. A pylome is
usually present. All subspecies of Larcopyle polyacantha are included in this group
(including L. polyacantha amplissa of Suzuki et al. 2009).

BIOGEOGRAPHIC AFFINITY: High latitude.

Larcopyle cf. pylomaticus (Riedel) [Plate 4, fig. 9a, b]
Larcopyle pylomaticus (Riedel), Lazarus et al. 2005, p.115, pl.9, fig.1-12.

This species differs from L. pylomaticus by lacking a double spiral with constantly spaced
whorls. The specimens have a thick shell with small pores, a diffuse, spongy inner
structure and, occasionally, a strong pylome with teeth. It differs from the specimens
illustrated by Lazarus et al. (2005) by having a more elliptical shape.

BIGEOGRAPHIC AFFINITY: High latitude.

Genus LITHELIUS Haeckel 1862

Lithelius minor Jérgensen group [Plate 4, fig. 10, 11, 12]

Litheliid gen. gr. A. Petrushevskaya and Kozlova 1972, p. 529, pl. 5, fig. 14, 15.

Lithelius minor Jorgensen, Nigrini and Moore 1979, p. S135, pl. 17, fig. 3, 4a, b.
O'Connor 1993, p. 37, pl. 10, fig. 3, 4; Westberg-Smith et al. 1986, p. 772.

Lithelius minor Jorgensen gr. Hollis, 1997, p. 45. pl. 6, fig. 6-16; Hollis et al., 1997, p. 47.

Ommatodiscus aff. haeckeli Stohr, Hollis et al. 1997, p. 47, pl. 2, fig. 16, 17.

Larcopyle compositus (Mamedov), Suzuki et al. 2009, p. 250, pl. 5, fig. 17, pl. 10, fig. 1-

7.

Larcopyle hayesi hayesi (Chen), Suzuki et al. 2009, p. 250, pl. 10, fig. 8-18.

This group includes all litheliids with densely concentric or spiral internal structures of
varying width and size and that lack a pylome. Larcopyle compositus and Larcopyle
hayesi hayesi of Suzuki et al. (2009), which don’t have the characteristic pylome of
Larcopyle, are included in this group.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus SPHAEROPYLE Dreyer, 1889
Spheroidal test with concentric inner shells and distinct pylome.

Sphaeropyle tetrapila (Hays) = Larcopyle tetrapila / Prunopyle tetrapila [Plate 4, fig.
13]

Prunopyle tetrapila Hays 1965, p. 172, pl. 2, fig. 5; Chen 1975, p. 454, pl. 23, fig. 3-4;
Abelmann 1990, p. 693, pl. 3, fig. 16; Caulet 1991, p. 539; Takemura 1992, p. 742,
pl. 2, fig. 1-2; Hollis et al. 1997, p. 48, pl. 2, fig. 30; Takemura and Ling 1997, p.
114.

Transferred to Sphaeropyle based on the spherical outline of the test.
BIOGEOGRAPHIC AFFINITY: High latitude.
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Order NASSELLARIA Ehrenberg 1875

Family TRISSOCYCLIDAE Haeckel 1881, emend. Goll 1968

Members of this family have not been differentiated, except for the taxa below.
Genus DORCADOSPYRIS Haeckel 1881, emend. Goll 1969

Dorcadospyris argisca (Ehrenberg) [Plate 5, fig. 1]

Petalospyris argiscus Ehrenberg 1873, p. 246; 1875, pl. 22, fig. 1-2; Ogane et al., 2009,
pl. 2, fig. 11, pl. 18, fig. 7a-7e, pl. 39, fig. 8a—8c.

Dorcadospyris argisca (Ehrenberg), Chen 1975, p. 456, pl. 3, fig. 9; de Wever 1981, p.
511, pl. 2, fig. 11; Kamikuri et al. 2012b, p. 3.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Genus GIRAFFOSPYRIS Haeckel 1881, emend. Goll 1969

Giraffospyris didiceros (Ehrenberg) [Plate 5, fig. 2]

Ceratospyris didiceros Ehrenberg 1873, p. 228; 1875, pl. 21, fig. 6.

Giraffospyris didiceros (Ehrenberg), Goll 1969, p. 332, pl. 60, fig. 5-7; Riedel and
Sanfilippo 1970, pl. 5, fig. 5; Chen 1975, p. 456, pl. 3, fig. 4; de Wever 1981, p. 511,
pl. 2, fig. 13.

Dendrospyris didiceros (Ehrenberg), Kamikuri et al. 2012b, p. 3; 2013, fig. 6.7.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Genus TRISTYLOSPYRIS Haeckel 1881

Tristylospyris triceros (Ehrenberg) [Plate 5, fig. 3]

Petalospyris triceros (Ehrenberg), de Wever 1981, p. 511.

Tristylospyris triceros (Ehrenberg). Sanfilippo et al. 1985, p. 665, fig. 10.3a, b. O'Connor
1993, p. 47, pl. 3, fig. 27, 28; Kamikuri et al. 2012b, p. 5; Moore and Kamikuri 2012,
p. 12, pl. 10, fig. 2-4.

BIOGEOGRAPHIC AFFINITY: Low latitude.
The occurrence of this taxon ranges from the middle Eocene to early Oligocene from low
to middle latitudes, for which reason it is assigned to the low-latitude group.

Genus ZYGOCIRCUS Butschli 1882

Zygocircus batschli Haeckel [Plate 5, fig. 4]
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Zygocircus butschli Haeckel, Petrushevskaya and Kozlova 1972, p. 534, pl. 41, fig. 8-11,
Takemura 1992, p. 743, pl. 5, fig. 4; Hollis et al., 1997, pl. 3, fig. 11; Takemura and
Ling, 1997, pl. 1, fig. 4.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Family PLAGIACANTHIDAE Hertwig 1879, emend.
Petrushevskaya, 1971a

Genus AMPHICENTRIA Ehrenberg 1861

Amphicentria sp. 1 sensu Suzuki [Plate 5, fig. 5]
Amphicentria sp. 1, Suzuki et al. 2009, p. 257, pl. 22, fig. 4.

This species is characterized by a large cephalis with a large apical pore.
BIOGEOGRAPHIC AFFINITY:: High latitude.

Genus ANTARCTISSA Petrushevskaya 1967

Antarctissa cylindrica Petrushevskaya [Plate 5, fig. 6]
Antarctissa cylindrica Petrushevskaya 1975, p. 591, pl. 11, fig. 19-20; Caulet 1991, p.
537; Lazarus 1992, p. 797; Takemura 1992, p. 739.

BIOGEOGRAPHIC AFFINITY: High latitude.

Antarctissa robusta Petrushevskaya [Plate 5, fig. 7)
Antarctissa robusta Petrushevskaya 1975, p. 591, pl. 11, fig. 21-22; Abelmann 1990, p.
694; Caulet 1991, p. 537; Lazarus 1992, p. 797; Apel et al. 2002, p. 16, pl. 5, fig. 8.

BIOGEOGRAPHIC AFFINITY: High latitude.

Genus ARCHIPILIUM Haeckel 1881

Archipilium macropus (Haeckel) [Plate 5, fig. 8]

Sethopilium macropus Haeckel 1887 p.1203; pl.97, fig.9.

Archipilium spp. aff. A. macropus (Haeckel), Petrushevskaya and Kozlova 1972, pl. 29,
fig. 14.

Archipilium macropus (Haeckel), Petrushevskaya 1981, p. 249.

Genus CALLIMITRA Haeckel 1881, emend. Goll 1979

Callimitra aff. atavia Goll [Plate 5, fig. 9]
?  Callimitra atavia Goll 1979, p. 338, pl. 5, fig. 1, 5-9, 11. O'Connor 1993, p. 60, pl. 5,
fig. 26, 27; Hollis et al. 1997, pl. 3, fig. 30.
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Differs from C. atavia by having a latticed cephalic structure connecting four branched
spines, rather than a solid perforated cephalis.

Genus CERATOCYRTIS Butschli 1882, sensu Petrushevskaya 1971b

Ceratocyrtis spp. [Plate 5, fig. 10, 11, 12]

This highly variable genus has not been differentiated. The genus is characterised by a
small spherical cephalis with multiple short spines, a thorax that is often spinose in the
upper part and has pores of irregular size and shape. Ceratocyrtis rhabdophora of Suzuki
et al. (2009) is included.

BIOGEOGRAPHIC AFFINITY: High latitude.

Genus CLADOSCENIUM Haeckel 1881

Cladoscenium ancoratum Haeckel [Plate 5, fig. 13]
Cladoscenium ancoratum Haeckel 1887, pl. 53, fig.13.
Cladoscenium ancoratum Haeckel, Abelmann 1992, pl.4, fig. 9.

Genus CORYTHOMELISSA Campbell 1951, sensu Petrushevskaya 1975

Corythomelissa spp. [Plate 5, fig. 14, 15]

Species assigned to this genus have a broadly triangular outline, with a flattened cephalis
bearing an apical horn; short feet extend from the lower thorax, which may or may not be
closed. In the original description of Corythomelissa by Campbell 1951 (also Campbell
1953), based on Lithomelissa corythium Ehrenberg 1975, the genus is described by
having multiple horns, which is is clearly not the case for the species listed below. The
group of species is very diverse in the Eocene but has been little studied. For this reason,
the genus name is conservatively applied in the sense of Petrushevskaya (1975) and
Funakawa (1994, 1995), who described several species from the upper Oligocene to
Miocene.

Corythomelissa adunca (Sanfilippo and Riedel) [Plate 5, fig. 16]

Spongomelissa adunca Sanfilippo and Riedel 1973, pl. 34, fig. 1-3 (partim).

Corythomelissa horrida Petrushevskaya, Takemura 1992, p. 744, pl. 3, fig. 14, Takemura
and Ling 1997, p. 111.

Corythomelissa adunca (Sanfilippo and Riedel), Strong et al. 1995, p. 208, fig. 9b; Hollis
etal., 1997, p. 51.

This species is distinguished from C. cucumella Sanfilippo and Riedel and C. horrida
Petrushevskaya by the thorax being open at the base, although it may terminate in a
thickened peristome with an internal rim. In these other two species, the thorax contracts
distally and terminates in a constricted peristome, which may be closed with a latticed
plate. In the specimen illustrated by Takemura (1992), the thorax is not constricted
distally and instead terminates with a ragged margin. The same species is assumed to
have been recorded by Takemura and Ling (1997). C. adunca bears some resemblance to
Pseudodictyophimus gracilipes but is distinguished by its large hemispherical cephalis,
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comprising 2-3 lobes, and the absence of a well-developed vertical spine, extending
outside the cephalis. If a vertical spine does protrude from the cephalis in C. adunca, it is
surrounded by a short latticed tube. The specimens found in this study do not have
latticed feet and, as such, differ slightly from the specimens illustrated by Sanfilippo and
Riedel (1973).

Genus LITHOMELISSA Ehrenberg 1847

Lithomelissa spp.

Dicyrtid shell, large cephalis, sometimes with one or more horns, thorax bears three
lateral wings, no terminal feet. This grouping includes all members of the genus that
cannot be confidently ascribed to any of the species listed below due to poor or
incomplete preservation. As all of these species have a high-latitude affinity, this
undifferentiated genus is also assigned to the high-latitude group. However, the species
recorded as Lithomelissa sp. 4, 5, F, G, H, | from ODP Site 1172 were not included as
their illustrations were inadequate for comparison with the species listed below.

Lithomelissa challengerae Chen [Plate 6, fig. 1, 2, 3]
Lithomelissa challengerae Chen 1975, p. 457, pl. 8, fig. 3; Caulet 1991, p. 521,523;
Takemura 1992, p. 744, pl. 4, fig. 11-12; Takemura and Ling 1997, p. 113.

BIOGEOGRAPHIC AFFINITY: High latitude.

Lithomelissa ehrenbergi Butschli [Plate 6, fig. 4, 5]

Lithomelissa macroptera Ehrenberg 1875 (in part), pl. 3, fig. 8 (not fig. 9-10).

Lithomelissa ehrenbergi Butschli 1882, p. 519, pl. 33, fig. 21; Haeckel 1887, p. 1204;
Caulet 1991, p. 538, pl. 2, fig. 3; Crouch and Hollis 1996, p. 26; Hollis et al. 1997, p.
51, pl. 3, fig. 17-20; Suzuki et al., 2009, p. 256, pl. 20, fig. 1a-b.

Lithomelissa sp. B aff. L. mitra Bitschli, Chen 1975, p. 458, pl. 8, fig. 4-5.

Lithomelissa haeckeli Bitschli, Suzuki et al. 2009, p. 256, pl. 20, fig. 2.

Characterised by a bulbous, perforated cephalis with well-developed apical, dorsal and
lateral spines (see comments in Caulet 1991, p. 533, and figure in Ehrenberg 1875, pl. 3,
fig. 8). Distinguished from L. haeckeli by having straight or slightly curved dorsal and
lateral spines; spines in L. haeckeli are strongly convex. For this reason, the species
referred to L. haeckeli by Suzuki et al. (2009) is included in L. ehrenbergi here.
BIOGEOGRAPHIC AFFINITY: High latitude.

Lithomelissa gelasinus O'Connor [Plate 6, fig. 6, 7]
Lithomelissa gelasinus O'Connor, 1997, pl. 2, fig. 3-6, pl. 6, fig. 6-9; Hollis et al. 1997, p.
52, pl. 3, fig. 15-16; Kamikuri et al. 2006, p. 8.

Poreless, but dimpled cephalis, irregular pore size on abdomen. Very similar to L.
sphaerocephalis from which it is distinguished by a thorax which is cylindrical rather
than conical and about as wide as the cephalis.
BIOGEOGRAPHIC AFFINITY: High latitude.

Lithomelissa cf. haeckeli Butschli [Plate 6, fig. 8]
cf. Lithomelissa haeckeli Bitschli, 1882, p. 519, pl. 33, fig. 23.
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Lithomelissa cf. haeckeli Bitschli, Hollis et al. 1997, p. 52, pl. 3, fig. 22.
Uncertainly ascribed to L. haeckeli based on the strongly curved lateral spines.

Lithomelissa macroptera Ehrenberg [Plate 6, fig. 9a, b]
Lithomelissa macroptera Ehrenberg 1873, p. 241; 1875, pl. 3, fig. 9-10 (not fig. 8).
non Dictyophimus macropterus (Ehrenberg), Takahashi 1991, p.116; pl.39, fig.8-11.

Haeckel 1887 does not illustrate this species and modern specimens (e.g. Takahashi) do
not appear to conform to Ehrenberg’s description.

Lithomelissa robusta Chen [Plate 6, fig. 10]

Lithomelissa robusta Chen 1975, p. 457, pl. 9, fig. 1, 2; Caulet 1991, p. 538; Funakawa
and Nishi 2005, p. 233.

non Lithomelissa robusta Chen 1975, Hollis et al. 1997, p. 52, pl. 3, fig. 23; Abelmann
1990, p. 695, pl. 5, fig. 2.

Cephalis is markedly smaller than thorax. The specimen of Hollis et al. 1997 is
Lithomelissa ehrenbergi. As pointed out by Funakawa and Nishi (2005), Abelmann’s
specimen differ from the original described specimen by lacking three thoracic wings.
BIOGEOGRAPHIC AFFINITY: High latitude.

Lithomelissa sphaerocephalis Chen [Plate 6, fig. 11]

Lithomelissa sphaerocephalis Chen 1975, p. 457, pl. 8, fig. 1, 2; Caulet 1991, p. 538;
Takemura 1992, p. 744, pl. 4, fig. 8, 9; Crouch and Hollis 1996, p. 26; Hollis et al.
1997, p. 52, pl. 3. Fig. 12-13; Takemura and Ling 1997, p. 113.

Spheroidal cephalis, dimpled, poreless, and bears a short apical spine. Short downward
directed dorsal and lateral spines. Thorax conical, with subcircular to irregular pores,
often covered with spongy meshwork.

BIOGEOGRAPHIC AFFINITY: High latitude.

Lithomelissa tricornis Chen [Plate 6, fig. 12]

Lithomelissa tricornis Chen 1975, p. 458, pl. 8, fig. 6-7; Abelmann 1990, p. 695, pl. 5,
fig. 3; Takemura 1992, p. 744, pl. 2, fig. 11-12; Hollis et al. 1997, p. 53; Takemura
and Ling, 1997, p. 113.

Distinguished from other members of the genus by possessing three apical spines.
BIOGEOGRAPHIC AFFINITY: High latitude.

Lithomelissa? sakaii O’Connor [Plate 6, fig. 13, 14]

Lithomelissa sakaii O’Connor 2000, p. 200, pl.2, fig. 9-15.
Lithomelissa challengerae Chen, Hollis et al. 1997, p. 51, pl. 3, fig. 21.
Robust shell, latticed feet and apical horn, irregular pore size.
BIOGEOGRAPHIC AFFINITY: High latitude.

Genus LOPHOPHAENA Ehrenberg 1847, emend. Petrushevskaya 1971b

216



Appendix A: Taxonomic Notes

Lophophaena spp.

Morphotypes assigned to this genus are nondescript, incomplete two-segmented
plagiacanthids, that have a rather small cephalis with horn and lack the thoracic wings of
Lithomelissa. Typically, very rare.

Lophophaena capito Ehrenberg [Plate 6, fig. 15]

Lophophaena capito Ehrenberg 1873, p. 242; 1875, pl. 8, fig. 6; Petrushevskaya and
Kozlova 1972, p. 535, pl. 33, fig. 20-23; Petrushevskaya 1975, pl. 9, fig. 21 (not from
Leg 29); Crouch and Hollis 1996, p. 26; Apel et al. 2002, p. 18, pl. 6, fig. 6;
Funakawa et al. 2006b, p. 20, pl. 3, fig. 3-4.

This taxon has a large spheroidal cephalis with short horn and a small neck. It is
distinguished from Lithomelissa by the absence of thoracic wings.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Lophophaena radians Ehrenberg [Plate 6, fig. 16]

Lophophaena radians Ehrenberg 1873, p. 243; 1875, pl. 8, fig. 7-9; Funakawa et al.
2006b, p. 20, pl. 3, fig. 5-6.

Lophophaenoma radians (Ehrenberg), Haeckel 1887, p. 1304; Caulet 1991, p. 538.

Lophophaena simplex Funakawa [Plate 6, fig. 17]
Lophophaena simplex Funakawa 1994, p.465-466, pl.8, fig.1a-2c

Genus PSEUDODICTYOPHIMUS Petrushevskaya 1971b

Pseudodictyophimus spp. [Plate 6, fig. 18, 19, 20, 21].

Undifferentiated members of this genus include incomplete or poorly preserved
specimens and morphotypes wih a small cephalis with apical spine, long thoracic wings
and a strong vertical secondary spine.

Pseudodictyophimus galeatus Caulet [Plate 6, fig. 22]
Pseudodictyophimus galeatus Caulet 1991, p. 534, pl. 2, fig. 9-10.

This species differs from Pseudodictyophimus gracilipes gr. by having a thick-walled,
spongy shell.
BIOGEOGRAPHIC AFFINITY: High latitude.

Pseudodictyophimus gracilipes (Bailey) group [Plate 6, fig. 23, 24, 25]

Dictyophimus gracilipes Bailey 1856, p. 4, pl. 1, fig. 8; Abelmann 1990, p. 696, pl. 7, fig.
10.

Pseudodictyophimus gracilipes (Bailey), Petrushevskaya 1971b, p. 93, fig. 47-49; 1975,
p. 592, pl. 11, fig. 17; Caulet 1986, p. 853; Apel et al. 2002, p. 20, pl. 7, fig. 12.

Lithomelissa dupliphysa Caulet, Crouch and Hollis 1996, p. 26.

Petrushevskaya (1971b) described two subspecies of P. gracilipes: P. gracilipes
gracilipes and P. gracilipes tetracanthus. The latter is said to be confined to the tropics
whereas the former is restricted to high latitudes (bipolar). However, the type specimen
appears to bear closest resemblance to P. g. tetracantha despite being described from the
boreal Kamchatka Sea (Bailey 1856). Nevertheless, the specimens encountered in our
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study are consistent with Petrushevskaya’s inference as they most closely resemble the
high latitude morphotype: P. g. gracilipes. This subspecies is distinguised by a lobate
outline, a cephalis that is subcircular in outline, and large irregularly distributed pores. P.
g. tetracantha is distinguished by a subtriangular outline, thin tapering feet, and smaller
regularly distributed pores.

BIOGEOGRAPHIC AFFINITY: High latitude.

Genus TRIPILIDIUM Haeckel 1881

Tripilidium sp. A [Plate 6, fig. 26]

This morphotype is characterised by a relatively large, regular, almost spongy shell which
has many small irregular pores. A small horn, less then half the length of the shell, is also
present. Three strongly bladed divergent feet, which are approximately as long as the
cephalis, arise from the base of the shell. This type can be distinguished from T. longipes
Clark and Campbell in having much smaller irregular pores and an almost spongy shell.
The shell is also larger and has a regular outline. It was found in the early Eocene of Site
207 (Dm-Dh) only. It can be distinguished from the genus Tripodiscinus by having
simple, unbranched feet.

Genus TRIPODISCINUS Haeckel 1887, sensu Petrushevskaya and Kozlova 1979

Tripodiscinus clavipes (Clark and Campbell) [Plate 6, fig. 27]

Tripilidium clavipes Clark and Campbell 1942, p. 64, pl. 9, fig. 29; Abelmann 1990, p.
695, pl. 5, fig. 1; Caulet 1991, p. 539.

Tripodiscinus clavipes (Campbell). Petrushevskaya and Kozlova 1979, p. 115, fig. 302;
Caulet 1986, p. 854; Apel et al. 2002, p. 21, pl. 6, fig. 9.

?  Clathrocanium sp. O'Connor 1993, p. 60, pl. 10, fig. 16.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Family CANNOBOTRYIDAE Haeckel 1881, emend. Riedel
1967a

Genus ARTOBOTRYS Petrushevskaya 1971b
Placed in the Cannobotryidae by Petrushevskaya (1971b).

Artobotrys auriculaleporis (Clark and Campbell) [Plate 7, fig. 1a, b, 2, 3a, b]

Lophophaena auriculaleporis Clark and Campbell 1942, p. 76, pl. 8, fig. 20, 27-29;
Blueford 1988, p. 246, pl. 3, fig. 1-3.

Lophocyrtis biaurita (Ehrenberg), Foreman 1973b (in part), p. 442, pl. 8, fig. 23.

Artobotrys auriculaleporis (Clark and Campbell), Caulet 1991, p. 537; Shilov 1995, p.
127, pl. 4, fig. 4.

Lophocyrtis? auriculaleporis (Clark and Campbell), Strong et al. 1995, p. 208, fig. 10s, t.

Cycladophora auriculaleporis (Clark and Campbell), Hollis et al., 1997, p. 59 pl. 3, fig.

31.
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Artobotrys norvegiensis (Bjerklund and Kellogg), Suzuki et al. 2009, p. 258, pl. 21, fig. 3.

Distinguished from Artobotrys biaurita by a stout thorax with regularly arranged pores, at
least in the central area, and a short peristome that is not flared. The morphotype that
Suzuki et al. (2009) ascribed to A. norvegiensis is included here.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Artobotrys biaurita (Ehrenberg) [Plate 7, fig. 4, 5]

Eucyrtidium biaurita Ehrenberg, 1873, p. 226, 1875, p. 70, pl. 10, fig. 7-8

Lophocyrtis biaurita (Ehrenberg), Foreman 1973b, p. 442, pl. 8, fig. 23-26

Artobotrys biaurita (Ehrenberg), Petrushevskaya and Kozlova 1979, p. 136; Caulet 1991,
p. 537.

Much smaller size and more slender compared to A. auriculaleporis.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Artobotrys titanothericeraos (Clark and Campbell) [Plate 7, fig. 6, 7a, b]

Lophoconus titanothericeraos Clark and Campbell 1942, p. 89, pl. 8, fig. 24-26, 28, 30-

37.

Artobotrys titanothericeraos (Clark and Campbell), Suzuki et al. (2009), p. 259, pl. 21,
fig. 4a-5b.

Artobotrys kryschotofovichi (Lipman 1953), Suzuki et al. 2009, p. 259, pl. 21, fig. 6.

Distinguished from Artobotrys auriculaleporis by having three segments and a well-
defined lumbar stricture. A. kryschotofovichi of Suzuki at al. (2009) is included in the
concept of A. titanothericeraos.

Genus BOTRYOCELLA Haeckel 1881

Botryocella? sp. A, sensu Apel 2002 [Plate 7, fig. 8, 9, 10, 11]
Botryocella? sp. A, Apel et al. 2002, p. 44, pl. 6, fig. 12.

Genus GLYCOBOTRYS Campbell 1951

This genus includes several species that have previously been placed in Botryocella.
Campbell (1951) notes that the type species of Botryocella has a closed thorax and lacks
cephalic tubes. He described Glycobotrys as having cephalic tubules and a fenestrated
(open) thorax. The name was applied to all cannobotryiids with simple tubes extending
from the antecephalic or postcephalic lobe. This definition encompasses the range of
variation exhibited by the type species, Lithobotrys geminata Ehrenberg (1875, pl. 3, fig.
19), and the related species, Lithobotrys nasuta Ehrenberg (1875, pl. 3, fig. 21).

Glycobotrys nasuta (Ehrenberg) group, New Group [Plate 7, fig. 12, 13, 14]

Lithobotrys nasuta Ehrenberg, 1873, p. 237; 1875, pl. 3, fig. 21.

Lithobotrys geminata Ehrenberg, 1875, pl. 3, fig. 19.

Botryopyle dictyocephalus (Haeckel) gr., Riedel and Sanfilippo 1971 (in part), p. 1602,
pl. 2J, fig. 18; pl. 3F, fig. 12; Takemura 1992, p. 743, pl. 3, fig. 7; O'Connor 1993, p.
56, pl. 10, fig. 15; Takemura and Ling, 1997, p. 111.
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Botryocella aff. cribrosa (Ehrenberg) gr., Petrushevskaya and Kozlova 1972, p. 554, pl.
39, fig. 4-6.

Botryocella? appenninica Vinassa de Regny gr. Petrushevskaya 1975, p. 589, pl. 13, fig.
16.

Botryocella cribrosa (Ehrenberg) gr., Caulet 1986, p. 852.

Botryopyle sp. Crouch and Hollis 1996, p. 26.

Botryocella pauciperforata O’Connor 1999a, p. 10, pl. 1, fig. 21a-24; pl. 5, fig. 20a-24.

Glycobotrys geminata (Ehrenberg), Suzuki et al. 2009, p. 258, pl. 18, fig. 1a-b.

non Lithobotrys cribrosa Ehrenberg 1873, p. 237; 1875, pl. 3, fig. 20 (no cephalic tubes).

All morphotypes with a large antecephalic lobe and a postcephalic tube are included in
this group. Thorax may be open or closed. Distinguished from Botryopyle dictyocephalus
by a postcephalic tube at base of cephalis.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Family ARTOSTROBIIDAE Riedel 1967a, emend. Foreman
1973b

Genus BURYELLA Foreman 1973b

Buryella foremanae Petrushevskaya, emend. O’Connor 2001 [Plate 8, fig. 1]

Buryella sp. A Dumitrica 1973, p. 789, pl. 1, fig. 1, pl. 4, fig. 1-4.

Buryella? foremanae Petrushevskaya 1977, p. 16, pl. 3, fig. d,e.

Buryella foremanae Petrushevskaya, Hollis 1993, p. 322, pl. 1, fig. 12; 1997, p. 80, pl. 21,
fig. 6-9; Strong et al., 1995, p. 208, fig. 8K; O’Connor 2001, p. 6, pl. 1, fig. 6-11; pl.
3, fig. 5-15; Hollis 2002, p. 299.

BIOGEOGRAPHIC AFFINITY: Possibly high latitude; so far only known from the
Southwest Pacific Paleocene to early Eocene.

Buryella granulata (Petrushevskaya) [Plate 8, fig. 2]

Lithocampe sp. A Dumitrica 1973, p. 789, pl. 10, fig. 3; pl. 11, fig. 3.

Lithocampe? granulata Petrushevskaya 1977, p. 18, pl. 3, fig. a, b, v.

Stichomitra granulata (Petrushevskaya), Hollis 1991, p. 134, pl. 20, fig. 7-12; 1993, p.
321, pl. 1, fig. 10, 11. Strong et al. 1995, p. 209, fig. 8j.

Buryella granulata (Petrushevskaya), Hollis 1997, p. 80, pl. 21, fig. 1-5; Hollis et al.
1997, p. 57, pl. 5, fig. 6.

BIOGEOGRAPHIC AFFINITY: Possibly high latitude; so far only known from the
Southwest Pacific Paleocene to early Eocene. Reworked specimen at Site 277 and
ODP1123.

Buryella tetradica Foreman [Plate 8, fig. 3]

Buryella tetradica Foreman 1973b, p. 433, pl. 8, fig. 4, 5; pl. 9, fig. 13, 14; Sanfilippo et
al. 1985, p. 668, fig. 14.3a,b; Nishimura 1987, p. 721, pl. 2, fig. 8; 1992, p. 329, pl.
10, fig. 18; Hollis 1993, p. 323; 1997, p. 81, pl. 21, fig. 16-19; 2002, p. 300, pl. 4, fig.
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12-14; Strong et al. 1995, p. 208, fig. 8n, 9q; Hollis et al. 1997, p. 58; O’Connor
2001, p. 11, pl. fig. 14-18, pl. 3, fig. 16-21.
Buryella cf. tetradica Foreman, Dumitrica 1973, p. 790.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan; Note: specimens found in the middle
Eocene (Bortonian stage) at Site 206 and in the late Eocene—early Oligocene at Site 1123
are reworked.

Genus SIPHOCAMPE Haeckel 1881, emend. Nigrini 1977
= Lithomitra Butschli, 1882; Lithomitrella Haeckel, 1887.

Siphocampe nodosaria (Haeckel) [Plate 8, fig. 4]

Lithomitra nodosaria Haeckel 1887, p. 1484, pl. 79. fig. 1; Petrushevskayal967, pl. 83,
figs. 8-9; Kruglikova 1969, pl. 4, fig. 3; Petrushevskaya and Kozlova 1972, pl. 24,
figs. 29-30.

?  Lithomitra embrionalis Vinassa de Regny 1900, pl. 3, fig. 21.

Lithomitra eruca Haeckel. 1887, p. 1485, pl. 79, fig. 3; Petrushevskaya 1971b, pl. 122,
fig. 6; Petrushevskaya and Kozlova 1972, p. 539, pl. 24, figs. 32. 33.

?  Siphocampe annulosa Haeckel 1887, p. 1500, pl. 79, fig. 10; cf. Nakaseko, 1963, p.
195, pl. 4, fig. 8.

Lithomitra lineata (Ehrenberg), Riedel and Sanfillippo 1971 (in part), p. 1600, pl. 1I, fig.
1, 3-7, 9-10 (not 2, 8, 11); pl. 21, fig. 14, 16 (not fig. 15); Foreman 1973b, p. 431, pl.
8, fig. 18-19.

Siphocampe nodosaria (Haeckel), Nigrini 1977, p. 256, pl. 3, fig. 11; Takemura 1992, p.
743, pl. 3, fig. 15; O'Connor 1993, p. 52, pl. 4, fig. 23-24; Takemura and Ling, 1997,
p. 114; Apel et al. 2002, p. 21, pl. 9, fig. 11.

Siphocampe arachnea (Ehrenberg), Abelmann 1990, p. 698, pl. 8, fig. 4a, b; Strong et al.
1995, p. 209.

Siphocampe imbricata (Ehrenberg), Caulet 1991, p. 539, pl. 3, fig. 13; Suzuki et al. 2009,
p. 264, pl. 18, fig. 12a-b.

Siphocampe elegans (Ehrenberg), Suzuki et al. 2009, p. 263, pl. 18, fig. 10.

This species name is applied broadly to all members of the genus with regular
crenulations on the abdomen and longitudinal ridges between pores.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Siphocampe quadrata (Petrushevskaya and Kozlova) [Plate 8, fig. 5]

Lithamphora sacculifera quadrata Petrushevskaya and Kozlova 1972, p. 539, pl. 30, fig.
4-6 (also fig. 1, 2 and PI. 24, fig. 7).

Lithomitra docilis Foreman 1973b, p. 431, pl. 8, fig. 20-22; pl. 9, fig. 3-5; Johnson 1974,
p. 552, pl. 3, fig. 16; Johnson 1978, p. 781; Nishimura 1992, p. 329.

Siphocampe? quadrata (Petrushevskaya and Kozlova), Nigrini 1977, p. 257, pl. 3, fig. 12;
Caulet 1991, p. 539; Takemura 1992, p. 743, pl. 7, fig. 7; Takemura and Ling, 1997,
p. 114; Funakawa et al. 2006b, p. 19, pl. 2, fig. 14-15; Suzuki et al., 2009, p. 264, pl.
18, fig. 9.

Siphocampe? sp. Caulet 1986, pl. 2, fig. 11.

Siphocampe sacculifera (Clark and Campbell), Suzuki et al., 2009, p. 264, pl. 18, fig.

1la-b.
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This species name is assigned to all members of the genus with a smooth outline and
abdominal pores arranged in closely spaced transverse rows, with no longitudinal ridges.
Abdomen is widest medially.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Siphocampe? acephala (Ehrenberg) group [Plate 8, fig. 6, 7, 8]

?  Eucyrtidium elegans Ehrenberg, 1854b, pl. 36, fig. 17; 1875, pl. 11, fig. 12.

?  Eucyrtidium acephalum Ehrenberg, 1875, p. 70, pl. 11, fig. 5.

Lithomitra laevigata Principi 1909, p. 17, pl. 1, fig. 55.

Lithomitra urnula Clark and Campbell 1942, p. 91, pl. 9. fig. 19.

Lithomitra elizabethae Clark and Campbell 1942, p. 92, pl. 9, fig. 18.

Lithocampe minuta Clark and Campbell 1942, p. 93, pl. 9, fig. 17.

Theocampe spp. Johnson 1974, pl. 3, fig. 13-15 (also fig. 11).

Theocampe amphora Haeckel. Chen 1975 (in part), p. 456, pl. 2, fig. 2.

Theocampe minuta (Clark and Campbell), Petrushevskaya 1975, p. 578, pl. 26, figs. 5, 6.

Siphocampe acephala (Ehrenberg). Nigrini 1977, p. 254, pl. 3, fig. 5; Takemura 1992, p.
743, pl. 6, fig. 9; Takemura and Ling, p. 114.

Lithomitrella minuta (Clark and Campbell) Petrushevskaya and Kozlova 1979, p. 154,
fig. 412, 413, 478; Shilov 1995, p. 127, pl. 2, fig. 5; Caulet 1986, p. 853.

Lithomitrella elizabethae (Clark and Campbell), Petrushevskaya and Kozlova 1979, p.
153, fig. 418, 419, 483-486, 540-544; Shilov 1995, p. 127.

Artostrobus elegans (Ehrenberg). Caulet 1986, p. 851.

Lithomitrella acephala (Ehrenberg). Caulet 1986, p. 853.

Siphocampe pachyderma (Ehrenberg). Caulet 1991, p. 539, pl. 3, fig. 12.

Siphocampe missilis O'Connor 1994, p. 340, pl. 1, fig. 7, 9-12. pl. 3, fig. 8-12.

Siphocampe acephala (Ehrenberg) group, Hollis et al. 1997, p. 54, pl. 4, fig. 8-20.

Siphocampe minuta (Clark and Campbell), Suzuki et al. 2009, p. 264, pl. 18, fig. 5a-6b.

non Siphocampe elizabethae (Clark and Campbell), Nigrini 1977, p. 256, pl. 3, fig. 6 (=
S.? amygdala).

Bullet-shaped test of 3 segments. Cephalis partially submerged in thorax, becoming more
prominent in later part of range, lacks vertical tube, rarely bears a small apical horn.
Thorax hemispherical, with 3-5 rows of circular pores. Lumbar stricture absent to distinct.
Abdomen cylindrical, may narrow distally, with 4-8 rows of small subcircular pores,
becoming large and subquadrangular in later part of range.

Specimens referred to this species by Nigrini (1977) and subsequent workers appear
closer to Principi's species than E. acephalum s.s. Under Nigrini's usage the species
ranges from early to late Eocene. Takemura reported the species in the middle Eocene,
with an isolated occurrence in early Oligocene. For practical considerations co-occurring
variants have not been differentiated, i.e. S. elegans (Ehrenberg), which has a well-
developed apical horn, S. missilis O'Connor, which has a perforate, centred, rather than
asymmetrically-placed, cephalis and a longer abdomen with 8-17 rows of pores.

This species group is only tentatively placed in Siphocampe because its artostrobiid
cephalic structure has not been confirmed. It appears to be closely related to the
multisegmented S.? amygdala.

Siphocampe? amygdala (Shilov) [Plate 8, fig. 9, 10]
Theoperid gen. et sp. indet. Johnson, 1974, pl. 3, fig. 12.
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Siphocampe elizabethae (Clark and Campbell). Nigrini 1977, p. 256, pl. 3, fig. 6.
Lithomitrella elizabethae (Clark and Campbell). Caulet 1986, p. 853.
Archaeodictyomitra? sp. Takemura 1992, p. 744, pl. 3, fig. 1-2.

Mita sp. Strong et al. 1995, p. 209, fig. 10x.

Dictyomitra amygdala Shilov 1995, p. 126, pl. 1, fig. 4-6b.

Siphocampe? “elizabethae” sensu Nigrini, Hollis et al. 1997, p. 55, pl. 4, fig. 21-26.
Dictyoprora? amygdala (Shilov), Suzuki 2009, p. 263, pl. 18, fig. 3.

non  Lithomitra elizabethae Clark and Campbell 1942, p. 92, pl. 9, fig. 18.

Fusiform test of 5-6 segments with indistinct strictures. Thorax hemi-spherical with pores
evenly distributed and smaller than in subsequent segments. Pores of post-thoracic
segments longitudinally aligned and arranged in 3 rows on each segment. Outline smooth
to slightly lobate, narrows distally, basal margin ragged. Differs from S. acephala gr. in
that the post-thoracic part is not a single abdomen but 2-5 segments, each having 2-3 rows
of subcircular pores.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus SPIROCYRTIS Haeckel 1881, emend. Nigrini 1977

Spirocyrtis greeni O’Connor [Plate 8, fig. 11a, b]
Spirocyrtis greeni O'Connor 19993, p. 8, pl. 1, fig. 15-20b, pl. 5, fig. 16a-19.

Spirocyrtis joides (Petrushevskaya) [Plate 8, fig. 12a, b]

Botryostrobus sp. P, Petrushevskaya and Kozlova 1972, p. 539, pl. 24, fig. 8-11.

Botryostrobus joides Petrushevskaya 1975, p. 585, pl. 10, fig. 37; Hull 1996, p. 137, pl. 4,
fig. 5, 6, 20; Sanfilippo and Fourtanier 2003, p. 11, pl. P1, fig. 3, 12.

Spirocyrtis sp. A. Hollis et al. 1997, p. 56, pl. 4, fig. 33-35.

Narrowly conical test of 6-10 segments. Thorax truncate-conical with 3 rows of pores.
Cephalis hemispherical, internal features obscured by a "cockscomb” of webbed spines
linking apical horn and vertical tube. Post-thoracic segments are rounded with 4 rows of
closely-spaced subcircular pores. Final segment narrows, may terminate with a narrow
peristome.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus THEOCAMPE Haeckel 1887 (= DICTYOPRORA Haeckel 1881)

Theocampe spp. [Plate 8, fig. 13, 14, 15]
Specimens that cannot be assigned to one of the taxa below, including morphotypes with
irregularly distributed abdominal pores.

Theocampe amphora (Haeckel) [Plate 8, fig. 16a, b]

Dictyocephalus amphora Haeckel 1887, p. 1305, pl. 62, fig. 4.

Theocampe amphora (Haeckel), Foreman 1973b, p. 431, pl. 8, fig. 7, 9-13; pl. 9, fig. 8, 9;
Chen 1975 (in part), p. 456, pl. 2, fig. 2; Johnson 1978, p. 782; Hollis et al. 1997, p.
56, pl. 4, fig. 38-39.
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Dictyoprora amphora (Haeckel), Nigrini 1977, p. 250, pl. 4, fig. 1, 2; Palmer 1987, p.
355; Caulet 1991, p. 538; O'Connor 1993, p. 48, pl. 4, fig. 14, pl. 10, fig. 10; Shilov
1995, p. 126, pl. 2, fig. 7-8; Funakawa et al. 2006b, p. 16, pl. 2, fig. 1-2.

non Dictyoprora amphora (Haeckel), Lazarus and Pallant 1989, p. 363, pl. 6, fig. 8, 9.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Theocampe mongolfieri (Ehrenberg) [Plate 8, fig. 17a, b]

Eucyrtidium mongolfieri Ehrenberg 1854, pl.36, fig.18; 1873, p.230

Dictyoprora mongolfieri (Ehrenberg), Nigrini 1977, p.250, pl.4, fig.7; De Wever 1981, p.
511, pl. 4, fig. 8, 9; Suzuki et al. 2009, pl. 18, fig. 2; Sanfilippo et al 1985, p. 702, fig.
33.1a-d.

Theocampe mongolfieri (Ehrenberg), Burma 1959, p. 239; Riedel and Sanfilippo 1970, p.
536, pl. 12, fig. 9; Foreman 1973b, p. 432, pl. 8, fig. 1, pl. 9, fig. 17; Johnson 1974, p.
552, pl. 5, fig. 1; Johnson 1978, p. 782.

BIOGEOGRAPHIC AFFINITY: Low-latitude affinity, as noted by Sanfilippo et al.
(1985).

Theocampe cf. mongolfieri (Ehrenberg) [Plate 8, fig. 18a, b]

This morphotype has a 3-segmented shell similar to T. mongolfieri. The abdomen is
medially inflated and has tranverse pore rows. Although longitudinal ridges are present,
pores are not perfectly aligned longitudinally. This morphotype is only present at DSDP
Site 207, in the same sample as one specimen of T. mongolfieri.

Theocampe pirum (Ehrenberg) [Plate 8, fig. 19a, b]

Eucyrtidium pirum Ehrenberg, 1873, p. 232

Dictyoprora pirum (Ehrenberg), Nigrini 1977, p. 250, pl. 4, fig. 7; De Wever, p. 511, pl.
4,fig. 7

Theocampe pirum (Ehrenberg), Riedel and Sanfilippo, 1978, p. 76, pl. 9, fig. 14; Johnson
1978, p. 782

BIOGEOGRAPHIC AFFINITY: Low latitude, as noted by Sanfilippo et al. (1985).

Theocampe urceolus (Haeckel) [Plate 8, fig. 20]

Dictyocephalus urceolus Haeckel, 1887, p. 1305.

Theocampe urceolus (Haeckel), Foreman 1973b, p. 432, pl. 8, fig. 14-17; pl. 9, fig. 6, 7;
Chen 1975, p. 456, pl. 3, fig. 7; Hollis et al. 1997, p. 56, pl. 4, fig. 36-37.

Dictyoprora urceolus (Haeckel), Nigrini 1977, p. 251, pl. 4, fig. 9, 10; Palmer 1978, p.
356; O'Connor 1993, p. 50, pl. 10, fig. 11.

?  Dictyoprora physothorax Caulet 1991, p. 535, pl. 3, fig. 11.

Dictyoprora pirum (Ehrenberg), Takemura 1992, p. 743, pl. 5, fig. 11; Takemura and
Ling, 1997, p. 111.

Specimens with a thorax as wide as the abdomen (= T. physothorax) are included in T.
urceolus here. Takemura's figured specimen lacks the flattened abdomen characteristic of
T. pirum.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.
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Family ACROPYRAMIDIDAE Haeckel 1881

Genus ARTOSTROBUS Haeckel 1887

Artostrobus spp. [Plate 8, fig. 21, 22]
Specimens consisting of two segments, a small cephalis with usually a horn, and a long
thorax with horizontal pore rows, are assigned to this genus. Termination indistinct.

Artostrobus annulatus (Bailey) [Plate 8, fig. 23]

Cornutella annulatus Bailey 1856, p. 3, fig. 5.

Artostrobus annulatus (Bailey), Ling 1973, p. 781, pl. 2, fig. 14; Petrushevskaya 1975, p.
579, pl. 10, fig. 4, 5; Hollis et al. 1997, p. 57, pl. 5, fig. 1-2; Reynolds 1980;
Abelmann 1990, p. 683, 685, 687.

BIOGEOGRAPHIC AFFINITY: High latitude.

Artostrobus cf. pretabulatus Petrushevskaya [Plate 8, fig. 24]

cf. Artostrobus? pretabulatus Petrushevskaya 1975, p. 580, pl. 10, fig. 2-3.

Artostrobus cf. pretabulatus Petrushevskaya, Takemura 1992, p. 745, pl. 5, fig. 12;
Crouch and Hollis 1996, p. 26; Hollis et al., 1997, p. 57, pl. 5, fig. 3; Takemura and
Ling, 1997, p. 111.

Distinguished from A. pretabulatus by a broader and more conical thorax.
BIOGEOGRAPHIC AFFINITY:: High latitude.

Genus CINCLOPYRAMIS Haeckel 1879
Cinclopyramis Haeckel 1879; Bathropyramis Haeckel 1882; Peripyramis Haeckel 1882;
Sethopyramis Haeckel 1882; Enneapleuris Haeckel 1887

As noted by Suzuki et al. (2009), the synonymised generic names have been
inconsistently applied in the past and serve only to confuse species level discrimination
within what is here considered to be a single long-ranging genus. Cinclopyramis is the
senior synonym.

Cinclopyramis circumtexta (Haeckel) [Plate 8, fig. 25]

Peripyramis circumtexta Haeckel 1887. p. 1162, pl. 54, fig. 5; Riedel 1958, p. 231, pl. 2,
fig. 8-9; Kling 1973, p. 637, pl. 2, fig. 15-19, pl. 9, fig. 1-3; Chen 1975, p. 462;
Petrushevskaya 1975, pl. 13, fig. 29, pl. 44, fig. 5-6; Weaver 1983, p. 678; Abelmann
1990, p. 683; Expedition 306 Scientists 2006.

Sethopyramis magnifica Clark and Campbell 1942, p. 72, pl. 8, fig. 1, 5, 9.

Bathropyramis magnifica (Clark and Campbell), Hollis et al. 1997, p. 57, pl. 6, fig. 22.

Cinclopyramis quadrata (Haeckel), Suzuki et al., 2009, p. 262, pl. 22, fig. 13.

non Bathropyramis quadrata Haeckel 1887, p. 1159, pl. 54, fig. 1.

The specimens of C. circumtexta illustrated by Riedel (1958) indicate that the species is
the senior synonym for S. magnifica Clark and Campbell. Both species are distinguished
from C. quadrata by having a small subcircular cephalis with a distinct collar stricture,
transverse pore frames being slightly offset between longitudinal beams, and a change in
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contour in the proximal thorax where pores change from being circular to rectangular. In
C. quadrata, transverse beams are closely aligned along the length of the shell. According
to Petrushevskaya, the distinctive outer layer of coarsely spongy meshwork is only seen
from the middle Miocene onwards. However, Clark and Campbell (1942) mention this
secondary mesh also occurring in some Eocene specimens.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Cinclopyramis scalaris (Ehrenberg) [Plate 8, fig. 26, 27]

Cornutella scalaris Ehrenberg 1873, p. 221; 1875, pl. 2, fig. 1.

Bathropyramis scalaris (Ehrenberg), Petrushevskaya and Kozlova 1972, p. 551, pl. 31,
fig. 6.

Genus CORNUTELLA Ehrenberg 1838

Cornutella profunda [Plate 8, fig. 28]

Cornutella clathrata profunda Ehrenberg 1854a, p. 241; Ehrenberg 1854b, pl. 35B, fig.
21

Cornutella profunda Ehrenberg, Riedel 1958, p. 232, pl. 3, figs. 1-2; Kling 1973, p. 635,
pl. 3, fig. 1-4, pl. 9, fig. 8-17; Chen 1975, p. 459; Petrushevskaya 1975, p. 587, pl.
13, fig. 29, pl. 44, fig. 5-6; Pisias & Moore 1978, p. 847, pl. 1, fig. 5; Kamikuri et al.
2006, p. 7; Suzuki et al. 2009, p. 263, pl. 22, fig. 12a-b.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Family EUCYRTIDIIDAE Ehrenberg 1847

Genus ARTOPHORMIS Haeckel 1881

Artophormis aff. dominasinensis sensu Chen [Plate 9, fig. 1]
Artophormis sp. aff. dominasinensis (Ehrenberg), Chen 1975, pl. 4, fig. 3-4

The two specimens encountered here are similar to the specimens illustrated by Chen
(1975). Unfortunately, Chen’s taxon is not included in his taxonomic list or range charts,
and so its stratigraphic range in DSDP Leg 28 cores is unknown. The specimens have 3
segments: a cephalis with a long conical horn and several small spines, a short thorax
with one spine close to the abdominal stricture and a long abdomen with very small pores,
irregularly distributed. A short peristome is present.

Genus ASPIS Nishimura 1992
Aspis sp. A, sensu Hollis 2002 [Plate 9, fig. 2, 3, 4]

Ceratocyrtis? sp., Dumitrica 1973, p. 788, pl. 3, fig. 2-4.
Aspis sp. A, Hollis 2002, p. 303, pl. 6, fig. 1-2.
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BIOGEOGRAPHIC AFFINITY: High latitude. So far only encountered in the SW Pacific
Paleocene (Dumitrica 1973; Hollis 2002; this study) and the middle Eocene to early
Oligocene of Leg 29 and ODP Site 1123 (this study).

Genus CALOCYCLAS Ehrenberg 1847

Calocyclas hispida (Ehrenberg) [Plate 9, fig. 5a, b]

Anthocyrtis hispida Ehrenberg 1873, p. 216; 1875, pl. 8, fig. 2.

Calocyclas hispida (Ehrenberg), Foreman 1973b, p. 434, pl. 1, fig. 12-15; pl. 9, fig. 18;
Chen p. 459, pl. 3, fig. 10.

Genus CALOCYCLOMA Haeckel 1887

Calocycloma spp. [Plate 9, fig. 6]

Two segmented nassellarian; cephalis with few pores and apical horn, collar stricture
distinct, thorax hemispherical, small pores more or less equally sized, however, no
particular arrangement. These forms vary in size and differ from Calocycloma by the
absence of thoracic spines.

Calocycloma ampulla (Ehrenberg) [Plate 9, fig. 7a, b]

Eucyrtidium ampulla Ehrenberg 1854, pl. 36, fig. 15a-c; 1873, p. 22.

Calocycloma ampulla (Ehrenberg), Foreman 1973b, p. 434, pl. 1, fig. 1-5; Hollis et al.
1997, p. 58, Nishimura (1987), p. 721, pl. 3, fig. 2.

?  Calocycloma ampulla (Ehrenberg), Strong et al. 1995, p. 208, fig. 9v-x; Foreman
(1973), pl. 9, fig. 20; Riedel and Sanfilippo (1970), p. 524, pl. 6, fig. 1; Sanfilippo et
al. (1985), p. 668, fig. 14-5.

The specimens here agree in general with the description of Foreman (1973). They
possess a cephalis with a small apical horn and a hemispherical thorax, which is more
inflated distally. However, the thorax does not have a conical proximal part. In this
respect, morphotypes that were included in C. ampulla by Foreman (1973, in part),
Sanfilippo et al. (1985), Riedel and Sanfilippo (1970) and Strong et al. (1995) resemble
C. castum, which has a distinct constriction in the upper part of the thorax. The specimens
in this study closely resemble the specimen illustrated by Nishimura (1987), which has
spines restricted to the distal thorax around the mouth.

Calocycloma cf. Lamptonium pennatum Foreman [Plate 9, fig. 8a, b]
Lamptonium pennatum Foreman 1973b, p. 436, pl. 6, fig. 3-5; pl. 11, fig. 13.

Hemispherical cephalis, with dimples rather than pores, bearing a short, bladed horn.
Collar stricture is expressed in a change in contour. Thorax is hemispherical, and inflated
more distally. Three long bladed spines arise from the distal part of the thorax, just below
the widest part, protruding downwards. Thoraxic pores have hexagonal pore frames and
are evenly distributed. This form differs from Lamptonium pennatum by the absence of an
abdomen and a larger cephalis.

Genus CASSIDEUS Pessagno 1969
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Cassideus mariae Nishimura

Microsciadiocapsa? sp. Dumitrica 1973, p. 789, pl. 13, fig. 6-8; Hollis 1993, p. 320;
Strong et al. 1995, p. 209, fig. 9c; Hollis et al. 1997a, p. 64.

Clathrocycloma sp. A, Blome 1992, p. 644, pl. 2, fig. 18.

Cassideus mariae Nishimura 1992, p. 333, pl. 4, fig. 1-3.

Cassideus aff. mariae Nishimura, Hollis 2002, p. 305, pl. 6, fig. 9-11.

The specimen encountered in this study are from a picked sample at DSDP Site 277.

Genus CLATHROCYCLAS Haeckel 1881

Clathrocyclas spp.
Taxa assigned to the genus are only found in picked samples and could not be identified
to species level.

Clathrocyclas australis Hollis

Clathrocycloma sp. A. Hollis 1993, p. 322; Strong et al. 1995, p. 208, fig. 8p.
Clathrocyclas n.sp. A, Hollis et al. 1997, p. 59.

Clathrocyclas australis Hollis 1997, p. 74, pl. 22, fig. 1-4.

BIOGEOGRAPHIC AFFINITY: Possible high latitude. So far, this species has only been
encountered in the Paleocene Southwest Pacific. (Note: One specimen was found in a
picked sample at DSDP Site 277).

Clathrocyclas universa Clark and Campbell [Plate 9, fig. 9, 10, 11]

Clathrocyclas universa Clark and Campbell 1942, p. 86, pl. 7, fig. 8-12, 14-21, 25; Chen
1975, p. 459, pl. 1, fig. 2, 3; Petrushevskaya 1975, pl. 15, fig. 15-16; Blueford 1988,
p. 244, pl. 2, fig. 1-3; Takemura 1992, p. 745, pl. 7, fig. 8; Strong et al. 1995 (in part),
p. 208; Shilov 1995, p. 125; Hollis et al. 1997, p. 59, pl. 5, fig. 17-20; Takemura and
Ling 1997, p. 111; Kamikuri et al. 2012b, p. 3.

Clathrocyclas ex. gr. extensa Clark and Campbell, Suzuki et al. 2009, p. 265, pl. 21, fig.

8-9.

Clathrocyclas ex. gr. extensa from Suzuki et al. (2009) is included in the concept of C.
universa here.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus CYCLADOPHORA Ehrenberg 1847, emend. Lombari and Lazarus 1988

Cycladophora spp. [Plate 9, fig. 12, 13]

Distinguished from Clathrocyclas by a smaller, subspherical, cephalis with pores smaller
and/or less numerous than those of the thorax, and flared thorax divided into upper and
lower parts.

BIOGEOGRAPHIC AFFINITY: High latitude.

Cycladophora cosma cosma Lombari and Lazarus [Plate 9, fig. 14]
Cycladophora cosma cosma Lombari and Lazarus 1988, p.104, pl. 1, figs. 1-6.
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BIOGEOGRAPHIC AFFINITY: High latitude. Lombardi and Lazarus (1988) considered
this species to be high-latitude, as it was found in Miocene sediments of high-latitude
sites.

Cycladophora humerus (Petrushevskaya) [Plate 9, fig. 15]

Clathrocyclas humerus Petrushevskaya 1975, p. 586, pl. 15, fig. 17, 12, 22, 23; pl. 43, fig.
1- 2.

Cycladophora humerus (Petrushevskaya), Lombari and Lazarus 1988, p. 123, pl. 9, fig. 1-
6; Abelmann 1990, p. 698, pl. 8, fig. 3; Caulet 1991, p. 538.

Cycladophora cf. humerus (Petrushevskaya), Hollis et al. 1997, p. 59, pl. 5, fig. 21.

BIOGEOGRAPHIC AFFINITY: High latitude.

Genus CYMAETRON Caulet 1991

Cymaetron sinolampas Caulet [Plate 9, fig. 16a, b]
Cymaetron sinolampas Caulet 1991, p. 536, pl. 4, fig. 10-12.

Genus CYRTOCAPSA emend. O’Connor 1997

Cyrtocapsa osculum O’Connor [Plate 9, fig. 17a, b]

Theocorys sp. aff. Theocorys (?) spongoconus Kling, Foreman 1973b, p. 440, pl. 11, fig.
14.

?  Theocorys sp. Caulet 1986, pl. 6, fig. 3

Theocorys ? sp. A O'Connor 1993, p. 79, pl. 9, figs. 16-20.

Cyrtocapsa osculum O’Connor 1997, p. 75, pl. 1, fig. 15-17, pl. 2, fig. 1-2, pl. 8, fig. 3-
10.

Genus CYRTOPERA Haeckel 1887

Cyrtopera laguncula Haeckel [Plate 9, fig. 18]

Cyrtopera laguncula Haeckel 1887, p. 1451; pl. 75, fig. 10.

Cyrtopera laguncula Haeckel 1887, Benson 1966, p. 510-513, pl. 35, fig. 3-4; Chen 1975,
p. 460, pl. 18, fig. 9; Lazarus and Pallant 1989, p. 361, pl. 4, fig. 9-10; Abelmann
1990, p. 696; Caulet 1991, p. 538; Takahashi 1991, p. 119, pl. 73, fig. 15.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus DICTYOPODIUM Ehrenberg 1847

This genus is put under the Eucyrtidiidae due to similarities in general features with the
genus Thyrsocyrtis.

Dictyopodium aff. oxylophus sensu Chen [Plate 9, fig. 19, 20, 21a, b]
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Dictyopodium sp. aff. oxylophus Ehrenberg, Chen 1975, p. 460, pl. 4, fig. 1, 2.
?  Dictyopodium oxylophus Ehrenberg 1873, p. 223; 1875, pl. 19, fig. 4; Haeckel 1887,
p. 1353; Funakawa et al. 2006b, p. 27, pl. 7, fig. 1-3.

The specimens in this study have rather short spongy feet and a row of large pores below
the collar and lumbar stricture. The cephalis and thorax often bear spines and seem rough
(as in Chen 1975).

BIOGEOGRAPHIC AFFINITIES: Funakawa et al. (2006b) found this species in the late
Eocene of the low-latitude ODP Leg 199; however, their specimens have in general a
wider thorax and abdomen. Chen (1975) and this study found the species in the middle
Eocene. It is tentatively included in the low-latitude group here, due to the fossil
occurrence in Barbados and the middle Eocene on Lord Howe Rise and at Site 264. It is
surprising that this taxon has only been found in the late Eocene of the low-latitude
Pacific.

Dictyopodium sp. A [Plate 9, fig. 22a, b, 23]

This morphotype consists of three segments and three feet. The test is thickened and the
cephalis bears multiple spines. Few pores are scattered irregularly on thorax and
abdomen. The feet are spongy or perforate and are similar to D. aff. oxylophus. It can be
distinguished from the latter species by a much smaller test.

Genus EUCYRTIDIUM Ehrenberg 1847

Eucyrtidium antiquum Caulet [Plate 10, fig. 1]
Eucyrtidium sp., Chen 1975, p. 461, pl. 7, fig. 6-8; O'Connor 1993 (in part), p. 73, pl. 8,
fig. 6, 7.

Eucyrtidium antiquum Caulet 1991, pl. 4, fig. 1, 2 (also fig. 5); Hollis et al. 1997, p. 60,
pl. 5, fig. 30-31; Takemura and Ling 1997, p. 113, pl. 1, fig. 9; Suzuki et al. (2009),
p.259, pl. 21, fig. 14.

Eucyrtidium cheni Takemura 1992, p. 746, pl. 4, fig. 1-4.

E. cheni was synonymised with E. antiquum by Takemura and Ling (1997).
BIOGEOGRAPHIC AFFINITY: High latitude.

Eucyrtidium mariae Caulet [Plate 10, fig. 2]
Eucyrtidium mariae Caulet 1991, p. 536, pl. 4, fig. 3, 4; Crouch and Hollis 1996, p. 26;
Hollis et al. 1997, p. 61 (as E.? mariae).

Distinguished from E. spinosum by a more slender and thin-walled test, with small
circular pores lacking well-developed frames. Internal segmentation of post-thoracic
chambers frequently asymmetric.

BIOGEOGRAPHIC AFFINITY: High latitude.

Eucyrtidium microporum Ehrenberg [Plate 10, fig. 3]
Eucyrtidium microporum Ehrenberg, 1873, p. 230; 1875, pl. 11, fig. 20.
Stichopodium? microporum Ehrenberg, Funakawa et al., 2006b, pl. 13, fig. 3-4.

Eucyrtidium montiparum Ehrenberg [Plate 10, fig. 4]
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Eucyrtidium montiparum Ehrenberg, Hollis et al. 1997, p. 61, pl. 5, fig. 25-27; Nishimura
1992, p. 329.

Eucyrtidium cf. cheni Takemura, Strong et al. 1995, p. 208, fig. 11x, v.

?  Eucyrtidium aff. montiparum Ehrenberg, Petrushevskaya and Kozlova 1972, p. 548,
pl. 26, fig. 2-4.

Eucyrtidium ventriosum O’Connor 1999a, p. 21, pl. 3, fig. 17-21b, pl. 6, fig. 28a-31.

non Eucyrtidium montiparum Ehrenberg, Funakawa et al. 2006b, p. 23, pl. 5, fig. 10.

Eucyrtidium sp. F Funakawa et al. 2006b, pl. 6, fig. 1-3.

Differs from E. nishimurae by lacking an elongate, subcylindrical, spongy fourth
segment.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Eucyrtidium nishimurae Takemura and Ling [Plate 10, fig. 5a, b]
Eucyrtidium nishimurae Takemura and Ling 1997, p. 113, pl. 2, fig. 1-6; Suzuki et al.
(2009), p. 259, pl. 21, fig. 15.

Spongy fourth segment.

BIOGEOGRAPHIC AFFINITY: This species has only been encountered at high-latitude
sites of middle to late Eocene age, however, it was consistently found, but with few
specimens, at Site 206 in this study.

Eucyrtidium spinosum Takemura [Plate 10, fig. 6]

Eucyrtidium sp. A, Petrushevskaya 1975, p. 581, pl. 14, fig. 21-22.

Eucyrtidium? aff. montiparum Ehrenberg, Caulet 1991, p. 538, pl. 4, fig. 5- 7.

Eucyrtidium spinosum Takemura 1992, p. 746, pl. 5, fig. 5-8; Crouch and Hollis 1996, p.
26; Hollis et al. 1997, p. 61, pl. 5, fig. 38-31; Takemura and Ling 1997, p. 113, pl. 1,
fig. 10.

BIOGEOGRAPHIC AFFINITY: High latitude.

Genus EURYSTOMOSKEVOS Caulet 1991

Eurystomoskevos cauleti O'Connor [Plate 10, fig. 7a, b]
Eurystomoskevos “cauleti” O'Connor, Hollis et al. 1997, p. 61, pl. 5, fig. 4-5 (nom. Nud.).
Eurystomoskevos cauleti O'Connor 1999a, pl. 3, fig. 22-26; pl. 7, fig. 1a-3.

Distinguished from E. petrushevskaae by a smaller apical horn, a more distinct cephalis
and a thorax that usually is not flared.
BIOGEOGRAPHIC AFFINITY: High latitude.

Eurystomoskevos petrushevskaae Caulet [Plate 10, fig. 8]

Diplocyclas sp. A Petrushevskaya and Kozlova 1972, p. 541, pl. 33, fig. 14-16;
Petrushevskaya 1975, p. 587, pl. 24, fig. 4; Chen 1975, p. 460, pl. 7, fig. 4, 5;
Takemura 1992, p. 746, pl. 3, fig. 16.

Eurystomoskevos petrushevskaae Caulet 1991, p. 536, pl. 3, fig. 14, 15; O'Connor 1993,
p. 74, pl. 8, fig. 12-14; Crouch and Hollis 1996, p. 26; Hollis et al.1997, p. 62, pl. 5,
fig. 22-23; Suzuki et al. 2009, p. 265, pl. 22, fig. 5a-6; Funakawa et al. 2006b, p. 38,
pl. 13, fig. 9; Kamikuri et al. 2012b.
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BIOGEOGRAPHIC AFFINITY: High latitude.

Eurystomoskevos sp.? [Plate 10, fig. 9, 10]
Assigned doubtfully to this genus because of similarities to Eurystomoskevos
petrushevskaae.

Genus EUSYRINGIUM Haeckel 1881

Eusyringium fistuligerum (Ehrenberg) [Plate 10, fig. 11, 12, 13]

Eucyrtidium fistuligerum Ehrenberg 1873, p. 229; 1875, pl. 9, fig. 3

Eusyringium fistuligerum (Ehrenberg), Foreman 1973b, p. 435, pl. 11, fig. 6; Chen 1975,
p. 461, pl. 3, fig. 3; Johnson 1978, p. 781; Sanfilippo et al. 1985, p. 672, fig. 17.2a-c;
Strong et al. 1995, p. 208, fig. 11C; Sanfilippo and Blome 2001, p. 212; Funakawa et
al. 2006b, p. 35, pl. 12, fig. 1-3; Suzuki et al. 2009, pl. 22, fig. 14; Kamikuri et al.
2012b, p. 3, pl. 1, fig. 4.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Eusyringium lagena (Ehrenberg) [Plate 10, fig. 14]

Eusyringium lagena (Ehrenberg), Foreman 1973b, p. 435, pl. 11, fig. 4-5; Chen 1975, p.
461; Johnson 1978, p. 781; Sanfilippo et al. 1985, p. 672, fig. 17.2a-c; Palmer 1987,
p. 356; Strong et al. 1995, p. 208, fig. 11c; Hollis et al. 1997, p. 62, pl. 5, fig. 15-16;
Sanfilippo and Blome 2001, p. 212; Kamikuri et al. 2012b, p. 3, pl. 1, fig. 5.

Can be distinguished from Eusyringium fistuligerum by a smaller pear-shaped thorax and
usually the absence of a tube extending from the base of the thorax. A very thin tube may
be present in later speciments (Sanfilippo et al. 1985, p. 672) near the evolutionary
transition to E. fistuligerum.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus EWINGELLA O’Connor 1999a

Ewingella? sp. O’Connor 1999a [Plate 10, fig. 15]

Ewingella? sp. O’Connor 1999a, p. 32, pl. 9, fig. 18.

Genus LAMPTONIUM Haeckel 1887

Lamptonium cf. pennatum Foreman [Plate 10, fig. 16a, b]
Lamptonium pennatum Foreman 1973b, p. 436, pl. 6, fig. 3-5, pl. 11, fig. 13.
?  Lamptonium? aff. pennatum Foreman, O’Connor 1999a, p. 32, pl. 9, fig. 19.

This species differs from Lamptonium pennatum by having a hemispherical cephalis with

pores and a wider abdomen. It is also stratigraphically younger than the range of L.
pennatum. It differs from Lamptonium fabaeforme fabaeforme by possessing three long
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thin spines protruding from the thorax. The morphotype referred to L. aff. pennatum by
O’Connor (1999a) differs in having a poreless cephalis.

Genus PHORMOCYRTIS Haeckel 1887

Phormocyrtis ligulata Clark and Campbell [Plate 10, fig. 17a, b]
Phormocyrtis ligulata Clark and Campbell 1942, p. 81, pl. 7, fig. 22, 23, 27, 28; Blueford
1988, p. 246, pl. 2, fig. 7-9; Strong et al. 1995, p. 209, fig. 11, U, V.

Longitudinal ribs are present on the thorax, however disappear on the upper abdomen. It
can be distinguished from Phormocyrtis proxima, whose abdomen does not narrow
distally. P. proxima might have evolved from P. ligulata, as the latter species seems to
disappear in the Bortonian (Site 206 and 207), when P. proxima appears at Site 206.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan, distinct component of mid-latitude
assemblages of the middle Eocene.

Phormocyrtis proxima Clark and Campbell [Plate 10, fig. 18]
Phormocyrtis proxima Clark and Campbell 1942, p. 82, pl. 7, fig. 24, 26; Chen 1975, p.
456, pl. 2, fig. 6

BIOGEOGRAPHIC AFFINITY: Cosmopolitan, distinct component of mid-Ilatitude
assemblages of the middle Eocene, with occurrences in the southern Indian Ocean during
warmer climates; was only encountered at the northernmost Site 206 in this study.

Phormocyrtis striata striata Brandt [Plate 10, fig. 19a, b]

Phormocyrtis striata striata Brandt, Foreman 1973b, p. 438, pl. 7, fig. 5, 6, 9; Chen 1975,
p. 456, pl. 3, fig. 8; Sanfilippo et al. 1985, p. 679, fig. 20.1a, b; Palmer 1987, p. 356;
Johnson 1990, p. 407; O'Connor 1993, p. 78, pl. 9, fig. 8; Strong et al. 1995, p. 209,
fig. 90, p; Hollis et al. 1997, p. 65.

The single specimen at Site 277 in the upper Eocene might be reworked as this taxon has
an earlier range elsewhere.
BIOGEOGRAPHIC AFFINITY: Low latitude.

Genus SETHOCYRTIS Haeckel 1887

Sethocyrtis chrysallis Sanfilippo and Blome [Plate 10, fig. 20a, b]

Sethocyrtis sp. Chen 1975, p. 459, pl. 1, fig. 4, 5; Takemura 1992, p. 747, pl. 7, fig. 14,
15; Strong et al. 1995 (in part), p. 209, fig. 11w; Takemura and Ling 1997, p. 114, pl.
1, fig. 11.

Sethocyrtis sp. A Hollis et al. 1997, p. 65, pl. 6, fig. 7.

Calocyclas? nakasekoi Takemura and Ling 1998, p. 160, fig. 3.1-7, fig. 5.1-2.

Sethocyrtis chrysallis Sanfilippo and Blome 2001, p. 206, fig. 6j-n.

Calocyclas? nakasekoi Takemura and Ling 1998 is the senior synonym.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan, although most records are from mid and
high latitudes, the occurrence is primarily in warm climate intervals at the studied sites.
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Genus THEOCORYS Haeckel 1881, sensu Foreman 1973b

The species that Sanfilippo and Riedel (1970) and Foreman (1973) ascribed to this genus
are unlikely to be related to the type species but are included “for convenience until their
relationships are understood” (Foreman, 1973, p. 439.).

Theocorys spp. [Plate 11, fig. 1, 2]

This category includes specimens which cannot be assigned to a species-level taxon due
to their abdomen being incomplete. Morphotypes have a three-segmented test, a relatively
large spherical, poreless cephalis and thoracic and abdominal pores of similar size.
BIOGEOGRAPHIC AFFINITY: Low latitude, as the genus is only known from low-
latitude localities.

Theocorys acroria Foreman [Plate 11, fig. 3a, b]

Theocorys acroria Foreman 1973b, p.439, pl. 5. Fig. 11-13, pl. 12, fig. 2; Weaver and
Dinkelmann 1978, p. 873, pl. 7, fig. 6, 7; Kamikuri et al. 2012b, p. 5; 2012b, p. 104,
pl. 6, fig. 1; Sanfilippo and Nigrini 1998b, p. 273, pl. 13.2, fig. 14, 15.

This species is the oldest member of a well-defined lineage that terminates with T.
anaclasta. T. acroria is distinguished from its descendent species, T. anapographa, by
having larger pores on the abdomen, typically resulting in a ragged margin, and a less
conical thorax. The thorax of T. acroria typically has a shoulder that bears tiny thorns or
wings. However, these two species intergrade where their ranges overlap (e.g. Foreman
1973b, pl. 5, fig. 10).

BIOGEOGRAPHIC AFFINITY: Low latitude.

Theocorys anapographa Riedel and Sanfilippo [Plate 11, fig. 4, 5]

Theocorys anapographa Riedel and Sanfilippo, 1970, p. 530, pl. 10, fig. 2-3; Foreman,
1973, p.440, pl. 5, fig. 9-10; Popova et al. 2002, p. 50, pl. 17G; Kamikuri et al.
2012b, p. 5; 2012b, p. 104, pl. 1, fig. 5.

This species is distinguished from T. acroria by having a relatively small thorax and
smaller, more regularly distributed pores on the abdomen.

Specimens encountered in this study (DSDP Site 206) are similar to Theocorys
anapographa Var. A (see below), which has been observed in the upper range of T.
anapographa and might have evolved from it.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Theocorys anapographa Riedel and Sanfilippo Var. A [Plate 11, fig. 6a, b]

Theocorys anapographa Riedel and Sanfilippo Var. A, Sanfilippo and Blome 2001, p.
219, fig. 11m, n.

Theocorys anapographa Riedel and Sanfilippo Var. A, Kamikuri et al. 2012b, p. 5.

Theocorys sp. A Kamikuri 2015, pl. 10, fig. 17.

Three segmented form, with large cephalis and long conical horn in relation to the rest of

the test. Surface is overall hyaline with a few small scattered pores.
BIOGEOGRAPHIC AFFINITY: Low latitude.
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Genus THEOCOTYLE Riedel and Sanfilippo 1970

Theocotyle? spp. [Plate 11, fig. 7a, b, 8]

Specimens tentatively assigned to this genus consist of three segments. The cephalis has
small pores and is encased in the thorax, with no collar stricture. It bears a bladed apical
horn that can be up to twice the length of the cephalis. A secondary spine arises from the
base of the cephalis. The thorax is conical with irregularly distributed rounded pores. The
abdomen is cylindrical to inverse conical and the pores are only slighly larger than on the
thorax. The margin is ragged and indistinct.

Theocotyle nigriniae Riedel and Sanfilippo [Plate 11, fig. 9]

Theocorys sp. Nigrini, in Cita et al. 1970, p. 404, pl. 2L.

Theocotyle cryptocephala (?) nigriniae Riedel and Sanfilippo 1970, p. 525, pl. 6, fig. 5, 6.

Theocotyle nigriniae Riedel and Sanfilippo 1982, p. 178, pl. 2, fig. 1-3; Sanfilippo et al.
1985, p. 685, fig. 25.14a, b.

BIOGEOGRAPHIC AFFINITY:: Low latitude according to Sanfilippo et al. (1985).

Genus THEOCOTYLISSA Foreman 1973b

Theocotylissa ficus (Ehrenberg) [Plate 11, fig. 10]

Eucyrtidium ficus Ehrenberg 1873, p. 228; 1875, pl. 11, fig. 19.

Theocotyle (Theocotylissa) ficus (Ehrenberg), Foreman 1973b, p. 441, pl. 4, fig. 16-20;
Johnson 1974, p. 549, pl. 4, fig. 10/

Theocotyle ficus (Ehrenberg), Riedel and Sanfilippo 1973, p. 740; Johnson 1978, p. 782;
Weaver and Dinkelmann 1978, p. 873.

Theocotylissa ficus (Eherenberg), Sanfilippo and Riedel 1982, p. 180, pl. 2, fig. 19-20;
Sanfilippo et al. 1985, p. 686, fig. 25.7a, b; Palmer 1987, p. 357; Nigrini et al. 2006,
p. 49, pl. P5, fig. 1; Kamikuri et al. 2012b, p. 5; Moore and Kamikuri et al. 2012b, p.
10, pl. 7, fig. 16.

BIOGEOGRAPHIC AFFINITY: Low latitude; this species is usually restricted to low
latitudes, but it is also found at mid-latitudes in the North Atlantic (Sanfilippo et al.
1985).

Genus THYRSOCYRTIS Ehrenberg 1847
Subgenus Thyrsocyrtis Ehrenberg 1847

Thyrsocyrtis cf. (T.) norrisi Sanfilippo and Blome [Plate 11, fig. 11, 12a, b, 13a, b]
cf. Thyrsocyrtis (T.) norrisi Sanfilippo and Blome 2001, p. 207, fig. 7f-j, I, m
Thyrsocyrtis cf. norrisi Moore and Kamikuri 2012, p. 35, pl. 9, fig. 11-12.

The species encountered in this study has a broad bladed apical horn with the distal part
being thorny in some specimens. The thorax is conical and the collar stricture is
indistinct. The abdomen is shorter than in T. norrisi, has pores that tend to be irregularly
distributed and a hyaline peristome, which is not as broad as in T. norrisi. The feet are
also not divergent in contrast to T. norrisi. This species differs from T. bromia in having
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much smaller abdominal pores and a distinct peristome with feet. It differs from T.
pinguisicoides in having feet.

BIOGEOGRAPHIC AFFINITY: As discussed by Sanfilippo and Blome (2001), T.
norrisi, T. pinguisicoides and the form described here are very similar to T. bromia and
may be regional variants of this species. All species are assigned to the low-latitude

group.

Thyrsocyrtis (Thyrsocyrtis?) pinguisicoides O'Connor [Plate 11, fig. 14a, b]
Thyrsocyrtis sp. Dinkelman 1973, p. 788, pl. 3, fig. 7, 8.
Theocotyle “pinguisicoides” O’Connor, Hollis et al. 1997, p. 65, pl. 6, fig. 10-12 (nom.
nud.).
Thyrsocyrtis pinguisicoides O'Connor 1999a, p. 29, pl. 4, fig. 28-32; pl. 7, fig. 28a-31;
Kamikuri et al. 2012a, p. 104; Funakawa et al. 2006b, p. 34, pl. 4, fig. 7-12; Moore
and Kamikuri 2012, p. 12, pl. 9, fig. 13-16.

Distinguished from other members of the genus by the absence of terminal feet.
BIOGEOGRAPHIC AFFINITY: Low latitude. Although this species was described from
Oamaru (New Zealand), it has subsequently been found at low-latitude sites and is
occurring at Oamaru and Southwest Pacific sites during warmer intervals.

Thyrsocyrtis (T.) rhizodon Ehrenberg [Plate 11, fig. 153, b, 16, 17a, b]

Thyrsocyrtis rhizodon Ehrenberg 1873, p. 262; 1875, pl. 12, fig. 1; Petrushevskaya and
Kozlova 1972, p. 542; Foreman 1973b, p. 442, pl. 3, fig. 1, 2; Ling 1975, p. 730;
Johnson 1978, p. 782.

Thyrsocyrtis (Thyrsocyrtis) rhizodon Ehrenberg, Sanfilippo and Riedel 1982, p. 173, pl.
1, fig. 14-16, pl. 3, fig. 12-17; Sanfilippo et al. 1985, p. 687, fig. 26.3a, 3b; Palmer
1987, p. 357; p. 407; Kamikuri et al. 2012b, p. 5.; Kamikuri 2015, pl. 11, fig. 1, 2, 7.

The two specimens encountered in this study are slightly atypical, however, this taxon
exhibits a great variation in the shape of the abdomen throughout its range
(http://www.riedel-william-and-elizabeth.net/samples-investigated-from-site-149.html
last accessed 22/04/2016). The specimens here have a quite long abdomen with 3 feet that
are not tapered or branched.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Subgenus Pentalocorys Haeckel 1881

Thyrsocyrtis (P.) cf. triacantha (Ehrenberg) [Plate 11, fig. 18a, b]

Podocyrtis triacantha Ehrenberg 1873, p. 254; 1875, pl. 13, fig. 4

Thyrsocyrtis triacantha (Ehrenberg), Riedel and Sanfilippo 1970, p. 526, pl. 8, fig. 2, 3;
Petrushevskaya and Kozlova 1972, p. 542, pl. 32, fig. 9, pl. 34, fig. 6; Foreman
1973Db, p. 442, pl. 12, fig. 9-11; Johnson 1978, p. 782.

Thyrsocyrtis (Pentalocorys) triacantha (Ehrenberg), Sanfilippo and Riedel 1982, p. 176,
pl. 1, fig. 8-10, pl. 3, fig. 3-4; Nigrini et al. 2006, p. 55; Moore and Kamikuri 2012, p.
11, pl. 9, fig. 1, 2.

The specimens encountered in this study differ from T. triacantha by having larger pores
on the thorax and smaller pores on the abdomen. The three feet do not taper distally. The
species differs from T. tensa by having more slender feet and a larger abdomen.
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Sanfilippo and Riedel (1982) have ascribed similar forms to T. rhizodon and postulated
that they might be a result of hybridisation with T. triacantha. Further study might reveal
if this is a distinct mid-latitude species of Thyrsocyrtis.

BIOGEOGRAPHIC AFFINITY: Based on the distribution of the genus, this species is
assigned to the low-latitude group.

Thyrsocyrtis sp. A [Plate 11, fig. 19a, b, 20]

This species has three segments. The cephalis has large pores and long conical apical
horn with a pore at its base; the thorax is hemispherical; the abdomen is 1 -2 times
wider than the thorax, and barrel-shaped with large pores in hexagonal pore frames. In
some specimens tiny beams are visible inside the pores. Three to five feet, tapered and
broad distally, arise from the peristome. This specimen differs from T. tensa by the shape
and size of the feet, from T. triacantha by the larger thoracic pores, the shorter feet and
smaller abdominal pores, from T. rhizodon by larger abdominal pores, from T. bromia
and T. pinguisicoides by the presence of feet and from T. norrisi by larger abdominal
pores and a less developed peristome.

This morphotype has only been found at mid-latitude Site 206.

Thyrsocyrtis sp. D sensu Kamikuri [Plate 11, fig. 21a, b, c]
Thyrsocyrtis sp. D Kamikuri 2015, pl. 5, fig. 1, 2

This species has three segments, a cephalis with pores and a short bladed apical horn up
to twice the length of the cephalis, a hemispherical thorax and an abdomen which is
inflated and has larger pores than the thorax. Three porous feet arise from the margin.
This form can be distinguished from T. tensa, which has porous feet (Sanfilippo and
Riedel 1982, pl. 3, fig. 2), by a hemispherical thorax and an abdomen that is not barrel-
shaped. The porous feet are also much shorter.

BIOGEOGRAPHIC AFFINITY: Low latitude; it has only been encountered in the
tropical Pacific and at Site 206 (this study) during the late middle Eocene.

Genus VERUTOTHOLUS O’Connor 1999a

Verutotholus edwardsi O’Connor [Plate 11, 223, b]
Verutotholus edwardsi O’Connor 1999a, p. 15, pl. 2, fig. 17-20, pl. 6, fig. 5-8; O’Connor
2000, p. 210.

Family LYCHNOCANIIDAE Haeckel 1881

Genus DICTYOPHIMUS Ehrenberg 1847, emend. Nigrini 1967
Dictyophimus spp. [Plate 12, fig. 1, 2, 3]

Included here are two-segmented morphotypes, with 3 thoracic ribs that form divergent
feet. Distinguished from Pterocyrtidum by indistinct separation between thorax and
abdomen, triangular outline and large pores. Pterocyrtidium has a bullet-shaped outline.
Rhopalocanium is similar to Pterocyrtidium but the feet extend from the abdomen and are
often connected to it by transverse bars.
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Dictyophimus craticula Ehrenberg [Plate 12, fig. 4a, b]

Dictyophimus craticula Ehrenberg 1873, p. 223; 1875, pl. 5, fig. 4, 5; Sanfilippo and
Riedel 1973, p. 529, pl. 19, fig. 1, pl. 33, fig. 11; Palmer 1987, p. 355; Nigrini et al.
2006, p. 31; Kamikuri et al. 2012b, p. 3, pl. 2, fig. 7

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Dictyophimus pocillum Ehrenberg [Plate 12, fig. 5, 6]

Dictyophimus pocillum Ehrenberg 1873, p. 223; 1875, pl. 5, fig. 6; Petrushevskaya and
Kozlova 1972, p. 553, pl. 29, fig. 5; Caulet 1991, p. 538; O’Connor 1999b, p. 500, pl.
4, fig. Q, R.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Dictyophimus? archipilium Petrushevskaya [Plate 12, fig. 7a, b, 8]

Dictyophimus? archipilium Petrushevskaya 1975, p. 583, pl. 25, fig. 1, 2; Caulet 1991, p.
538.

Dictyophimus cf. archipilium Petrushevskaya, Crouch and Hollis 1996, p. 26 (in part);
Hollis et al. 1997, p. 60 (in part).

Dictyophimus archipilium Petrushevskaya, Apel et al. 2002, p. 18, pl. 7, fig. 10.

This species is distinguished by its small size, weak apical horn and terminal feet that
extend out from the lower thorax, and typically are short protuberances. Hollis et al
(1997) failed to identify the distinguishing features of this species and erroneously
included some specimens in which the feet are attached to the abdomen. Such specimens
are referred to D.? aff. archipilium here (sensu Hollis 1997).

BIOGEOGRAPHIC AFFINITY: High latitude.

Dictyophimus? aff. archipilium Petrushevskaya [Plate 12, fig. 9a, b, 10, 11, 12, 13, 14]

Dictyophimus? spp. Dumitrica 1973, p. 788, pl. 7, fig. 3-9; pl. 8, fig. 4; pl. 9, fig. 8; pl. 12,
fig. 6, 7; pl 13, fig. 14; Hollis 1993, p. 322.

Dictyophimus sp. A, Strong et al. 1995, p. 208, fig. 8o; Hollis et al. 1997, p. 60.

Dictyophimus cf. archipilium Petrushevskaya, Crouch and Hollis 1996, p. 26 (in part);
Hollis et al. 1997, p. 60 (in part), pl. 5, fig. 38-109.

Dictyophimus aff. archipilium Petrushevskaya, Hollis 1997, p. 82, pl. 22, fig. 5-7.

This Paleocene-Eocene species is distinguished from D.? archipilium by its distinctive
feet, which extend from the base of the thorax and are connected to the abdomen by
transverse bars. These bars are evident in the specimens referred to D. cf. archipilium by
Hollis et al. (1997), indicating that the species persists into the Early Oligocene.
BIOGEOGRAPHIC AFFINITY: High latitude.

Dictyophimus? aff. constrictus Nishimura [Plate 12, fig. 15, 16]
aff. Dictyophimus? constrictus Nishimura 1992, O’Connor 1999a, pl. 9, fig. 13.
Genus LITHOCHYTRIS Ehrenberg 1847

Lithochytris archaea Riedel and Sanfilippo [Plate 12, fig. 17]
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Lithochytris archaea Riedel and Sanfilippo, 1970, p. 528, pl. 9, fig. 7; 1971, pl. 7, fig. 3;
Foreman, 1973, p. 436, pl. 2, fig. 4, 5.

Lithochytris vespertilio Ehrenberg [Plate 12, fig. 18]

Lithochytris vespertilio Ehrenberg, 1873, p. 239; 1875, pl. 4, fig. 10; Foreman, 1973, p.
436, p. 2, fig. 2, 3; pl. 11, fig. 3; Johnson 1978, p. 781; 1990, p. 407; Nigrini et al.
2006, p. 42; Kamikuri et al. 2012b, p. 4.

Lithochytris cheopsis Clark and Campbell, 1942, p. 81, pl. 9, fig. 37.

There is no discernible difference between this species and that described by Clark and
Campbell (1942). L. vespertilio is distinguished from L. archaea by latticed meshwork
covering most of the terminal feet.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Genus LYCHNOCANIUM Ehrenberg 1847, sensu O’Connor 1997

Lychnocanium spp. [Plate 12, fig. 19, 20, 21, 22, 23]

Included here is a highly variable range of two-segmented morphotypes with three feet
arising from the lower thorax or the basal margin, bladed or unbladed and of varying
length. The cephalis always has an apical horn, which is of variable length. Sometimes
the remnants of an abdomen are present. This genus seems to be most abundant in mid
latitudes during the middle Eocene.

Lychnocanium alma O’Connor [Plate 12, fig. 24a, b]
Lychnocanium alma O’Connor 1999a, p. 24, pl. 4, fig. 1-5, pl. 7, fig. 8-11; Kamikuri
2015, p. 144, pl. 3, fig. 7.

Lychnocanium amphitrite (Foreman) [Plate 12, fig. 25, 26, 27, 28]

Lychnocanoma amphitrite Foreman 1973b, p. 437, pl. 11, fig. 10; Chen 1975, p. 462, pl.
2. fig. 7; Caulet 1986, p. 853; Palmer 1987, p. 356; Takemura 1992, p. 747, pl. 7, fig.
9-10; O'Connor 1993, p. 76, pl. 8, fig. 29; Strong et al. 1995, p. 208, fig. 11k-I;
Takemura and Ling 1997, p. 114, pl. 1, fig. 21; Funakawa et al. 2006b, p. 35, pl. 12,
fig. 8; Suzuki et al. 2009, p. 261, pl. 19, fig. 5a-6b; Moore and Kamikuri 2012, p. 9,
pl. 7, fig. 1-2; Kamikuri et al. 20123, p. 102.

Lychnocanoma bellum (Clark and Campbell), Foreman 1973b (in part), pl. 1, fig. 17.

Lychnocanium amphitrite (Foreman), Hollis et al. 1997, p. 63, pl. 6, fig. 1-4.

Specimens with any vestige of a third segment, such as that figured as L. bellum by
Foreman (1973, pl. 1, fig. 17), are here included in L. amphitrite.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Lychnocanium auxillum (Foreman) [Plate 13, fig. 1]

Lychnocanoma auxilla Foreman 1973b, p. 437, pl. 2, fig. 6; pl. 11, fig. 1, 2; Strong et al.
1995, p. 208, fig. 9l.

Lychnocanium auxillum (Foreman), Hollis et al. 1997, p. 63.

Distinguished from its descendant Lithochyrtis archaea by the absence of a fully formed
abdomen.
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Lychnocanium babylonis (Clark and Campbell) [Plate 13, fig. 2a, b, 3]

Dictyophimus babylonis Clark and Campbell 1942, p. 67, pl. 9, fig. 32, 36.

Lychnocanoma babylonis (Clark and Campbell), Foreman 1973b, p. 437, pl. 2, fig. 1;
Chen 1975, p. 462, pl. 2. fig. 8; Caulet 1986, p. 853; Strong et al. 1995, p. 208, fig.
11a, b; Funakawa et al. 2006b, p. 35, pl. 13, fig. 1; Kamikuri et al. 2012b, p. 4;
Kamikuri et al. 2012a, p. 102.

Lychnocanoma cf. babylonis Clark and Campbell, Takemura 1992, p. 747, pl. 7, fig. 13;
Takemura and Ling, 1997, p. 114.

Sethochytris babylonis (Clark and Campbell), Hollis et al., 1997, p. 65, pl. 5, fig. 32;
Hollis, 2002; Johnson 1990, p. 407.

Cephalis may be partially encased in thoracic wall. Distinguished from Lychnocanium
auxillum and Rhopalocanium ornatum by the absence of an abdomen.
BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Lychnocanium bellum Clark and Campbell [Plate 13, fig. 4]

Lychnocanium bellum Clark and Campbell 1942, p. 72, pl. 9, fig. 35, 39; Hollis et al.
1997, p. 63, pl. 6, fig. 5-6.

Lychnocanoma bellum (Clark and Campbell); Foreman 1973b (in part), p. 437, pl. 11, fig.
9; Johnson 1978, 481; Caulet 1986, p. 853; Johnson 1990, p. 407; Caulet 1991, p.
538; Strong et al. 1995, p. 208, fig. 11i, j; Sanfilippo and Blome 2001, p. 214; Suzuki
et al. 2009, p. 261, pl. 19, fig. 1a-b.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Lychnocanium aff. carinatum Ehrenberg [Plate 13, fig. 5]
?  Lychnocanium carinatum Ehrenberg 1875, p. 78, pl. 8, fig. 5; Haeckel 1887, p. 1226.
Theopodium sp. aff. Lychnocanium carinatum Ehrenberg, Nishimura, 1992, p. 7, fig. 11.

This species was ascribed to Theopodium by Nishimura (1992) because it consists of
three segments and has three solid feet. As the third segment is not fully developed and in
other respects this species closely resembles L. auxilla, the species was transferred to
Lychnocanium. This species is distinguished from L. sphinx by the presence of a third
segment. It is distinguished from L. auxilla by having longitudinal costae on the thorax. It
also differs from both species by having feet that curve inwards.

Lychnocanium conicum Clark and Campbell [Plate 13, fig. 6, 7]

Lychnocanium conicum Clark and Campbell 1942, p. 71, pl. 9, fig. 38.

Lychnocanoma? conica (Clark and Campbell), Suzuki et al. 2009, p. 261, pl. 19, fig. 1a-b.

non Lychnocanoma conica (Clark and Campbell). Abelmann 1990, p. 697, pl. 6, fig. 8;
pl. 7, fig. 1a, b; Takemura 1992, p. 747, pl. 2, fig. 13-14; Takemura and Ling 1997, p.
114, pl. 1, fig. 20.

L. conicum s.s. differs from the morphotypes ascribed to the species by Abelmann (1990)
and subsequent researchers, by having a pear-shaped thorax with a small aperture. It
differs from L. babylonis by having a more inflated thorax and more slender feet.

Lychnocanium cf. conicum [Plate 13, fig. 8, 9]
?  Theoperid gen et sp. indet. Sanfilippo et al. 1985, p. 673, fig. 17.5, 6.
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This morphotype is much smaller than Lychnocanium conicum, the cephalis is partly
encased in the thorax, with a horn that can be up to 1.5 times the size of the cephalis. The
thorax is barrel-shaped; the feet are relatively short and straight, arising from the base of
the thorax or slightly above. Pores on the thorax can be in longitudinal rows or indistincly
scattered.

Lychnocanium continuum Ehrenberg [Plate 13, fig. 10a, b]
Lychnocanium continuum Ehrenberg, 1873, p. 243; 1875, pl. 7, fig. 11; Funakawa et al.
2006b, pl. 12, fig. 7.

Lychnocanium aff. grande sensu Chen [Plate 13, fig. 11, 12a, b, 13a, b, 14a, b]
Lychnocanium sp. aff. L. grande Clark and Campbell, Chen 1975 p. 462, pl. 1, fig. 6, 7;
Strong et al. 1995, p. fig. 11f-h (as Lychnocanoma).

Specimens included in this taxon exhibit considerable variation in the length of the
thorax. All have a ‘bottleneck’-like contour between cephalis and thorax; collar stricture
indistinct. The upper thorax sometimes has only few pores just below the collar stricture.
Bladed feet are of variable length. This morphotype differs from L. grande Clark and
Campell by having smaller thoracic pores and the distinctive contour between cephalis
and thorax. No other species of Lychnocanium have this distinctive feature. Early forms
tend to have a longer thorax and straighter feet and the ‘bottleneck’ is reduced.

Lychnocanium satelles (Kozlova) [Plate 13, fig. 15a, b, 16a, b, 173, b]

Theopodium satelles Kozlova, in Kozlova and Gorbovetz 1966, p. 105, pl. 16, fig. 8.
Rhopalocanium satelles (Kozlova), Kozlova 1999, p. 132, pl. 24, fig. 10; pl. 45, fig. 17.
Lychnocanium satelles (Kozlova), Hollis, 1992, p. 313, pl. 9, fig. 10-13.

Transferred to Lychnocanium because the abdomen is not fully developed. Distinguished
from L. auxilla by its slender bladed feet and a cephalis that is not encased in the thoracic
wall. It differs from L. aff. carinata by lacking costae on the thorax. Some of the
specimens here are very large, with long, thick feet and a pear-shaped thorax. Feet arise
around the abdominal structure and are connected to the abdomen. A large variation of
forms with 3 segments and feet connected in various ways to the region between thorax
and abdomen have been found in this study. Rhopalocanium cf. ornatum (see below) is
distinguished from L. satelles by its more hemispherical thorax and short, very thick feet.

Lychnocanium tetrapodium Ehrenberg [Plate 13, fig. 18a, b]

Lychnocanium tetrapodium Ehrenberg 1873, p. 244; Ogane et al. 2009, pl. 7, fig. 9.

?  Lychnocanoma tetrapodium (Ehrenberg), Kamikuri et al. 2012a, p. 103, pl. 2, fig. 9,
10.

Distinguished by having four feet. The specimens illustrated by Kamikuri et al. (2012a)
appear to have only three feet.

Lychnocanium trichopus Ehrenberg [Plate 14, 1, 2a, b, c, 3a, b]

Lychnocanium trichopus Ehrenberg 1873, p. 244; 1875, pl. 7, fig. 5; Ogane et al. 2009, pl.
42, fig. 1, 2(?).
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Distinguished from other members of the genus by its very long and slender conical feet.
As mentioned in Ogane et al. (2009), Ehrenberg included a form with thick bladed feet
(PI. 42, fig. 1), which he, however, did not illustrate in 1875.

Lychnocanium cf. tridentatum Ehrenberg [Plate 14, fig. 4]
Lychnocanium tridentatum Ehrenberg 1873, p. 244; 1875, pl. 7, fig. 4; Funakawa et al.
2006b, p. 37, pl. 12, fig. 6; Ogane et al. 2009, pl. 97, fig. 5, 6, pl. 98, fig, 1;

The two specimens found in this study differ from L. tridentatum by the absence of the
little thorn on each feet. This form might be the ancestor of the late Eocene L.
tridentatum.

Lychnocanium turgidum Ehrenberg [Plate 14, fig. 5a, b]

Lychnocanium turgidum Ehrenberg 1873, p. 246; 1875, pl. 7, fig. 6.

?  Lychnocanium pyriforme Haeckel, 1887, p. 1225, pl. 61, fig. 11.

Gen. et sp. indet.; Riedel and Sanfilippo, 1970, pl. 8, fig. 10.

Lithochytris (Lithochytroides) turgidulum [sic] (Ehrenberg), Petrushevskaya and
Kozlova, 1972, p. 552, pl. 27, fig. 8, 9.

Lithochytris sp. T, Petrushevskaya and Kozlova, 1972, p. 552, pl. 27, fig. 6.

Sethochytris cavipodis O’Connor, 1999, p. 28, pl. 4, figs. 22— 27; pl. 7, figs. 24a-27.

Lychnocanoma turgidum (Ehrenberg), Nigrini et al., 2006, p. 44, pl. 4, fig. 6; Moore and
Kamikuri 2012, p. 9, pl. 7, fig. 4.

Lychnocanium waiareka O’Connor [Plate 14, fig. 6a, b]

Lychnocanium waiareka O’Connor 1999a, p. 25, pl. 4, fig. 6-11, pl. 7, fig. 12a-15.
Lychnocanium tripodium Ehrenberg, Hollis et al. 1997, p. 64, pl. 5, fig. 34-37.

?  Lychnocanium hamosum Ehrenberg 1875, pl. 7, fig. 9; Ogane et al. 2009, pl. 7, fig.
8a-b.

?  Lychnocanium tripodium Ehrenberg 1875, pl. 7, fig. 2.

?  Lychnocanium neptunei O’Connor 1997, pl. 3, fig. 7-10, pl. 9, fig. 7-12.

This species is distinguished by a campanulate thorax, which is almost as wide as it is
long, and terminal feet that are only slightly flared. A delicate abdomen is preserved on
well-preserved specimens. In less well-preserved specimens, all that remains of the
abdomen are short thorns on the inner sides of the feet (e.g. Hollis et al. 1997, pl. 5, fig.
35-37). Such forms closely resemble L. hamosum Ehrenberg. Specimens with smooth feet
(e.g. Hollis et al. 1997, pl. 5, fig. 34), which may be L. tripodium Ehrenberg or L.
neptunei O’Connor, are provisionally included here.

Lychnocanium waitaki O’Connor [Plate 14, fig. 7a, b]
Lychnocanium waitaki O’Connor 1999a, p. 26, pl. 4, fig. 12-15, pl. 7, fig. 16-19.

Lychnocanium sp. A [Plate 14, fig. 8, 9a, b, 10a, b]
Lychnocanoma sp. Chen 1975, p. 462, pl. 1, fig. 8, 9.

This species has a small thorax and relatively large cephalis with a conical horn of
varying size. Pores are more or less regularly distributed and tend to get slightly larger
towards the distal part of the thorax. Three very stout conical feet arise from the base of
the thorax and diverge slightly outward. Sometimes a remnant of an abdomen is present.
It might be related to Rhopalocanium ornatum. This morphotype has also been observed

242



Appendix A: Taxonomic Notes

at the DSDP Leg 4 Site 29 (Caribbean) (http://www.riedel-william-and-
elizabeth.net/extras.html accessed 21/04/2016).

Genus PTEROCANIUM Ehrenberg 1847

Pterocanium sp. [Plate 14, fig. 11a, b]

This morphotype is ascribed to Pterocanium because it has pores on the proximal part of
the feet. The horn is strong and bladed, cephalis with pores, and thorax with rounded
pores. Sometimes a remnant of a third segment is present which is connected to the feet.
Tiny spines on the inner side of the proximal feet are visible.

Pterocanium cf. sphinx [Plate 14, fig. 12, 133, b]
Pterocanium sphinx Ehrenberg 1873, p. 255; 1875, pl. 17, fig. 5; Ogane et al. 2009, pl. 1,
fig. 4, pl. 46, fig. 2, 3, pl.97, fig. 4.

This morphotype differs from Pterocanium sphinx by having a differently shaped thorax
and abdomen. The thorax is much larger and conical, rather than hemispherical, the
abdomen is only slightly wider than the thorax. A secondary horn is present on the side of
the cephalis. Most specimens are incomplete. The feet emerge from the abdomen.

Genus PTEROCODON Ehrenberg 1847

Pterocodon apis Ehrenberg [Plate 14, fig. 14, 15a, b]

Pterocodon apis Ehrenberg 1873, p. 255, Ehrenberg 1875, pl. 19, fig. 3; Ogane et al.
2009, pl. 5, fig. 8a-d.

?  Pteropilium sp. B, O’Connor 1999, p. 507, pl. 6, fig. C.

Three segmented, strong apical horn, two lateral wings emerging from its thorax. The
species described by O’Connor (1999b) is similar, but appears to have fewer pores on
thorax and abdomen. Our specimens have larger, hexagonal pores on the abdomen and
smaller, rounded pores on the thorax.

Genus PTEROPILIUM Haeckel 1881

Pteropilium aff. contiguum (Ehrenberg) [Plate 14, fig. 16, 17, 18a, b]

Pteropilium aff. Pterocanium contiguum Caulet 1991, p. 539, pl. 2, fig. 11; Nigrini et al.
2006, p. 47, pl. 5, fig. 5.

aff. Pterocanium contiguum Ehrenberg 1873, p. 255, 1875, pl. 17, fig. 7.

Three-segmented form, cephalis with a few pores and a bladed horn of about the length of
the cephalis or even longer (see Caulet 1991). The thorax is conical with transverse pore
rows; however, some areas are poreless. The abdomen is cylindrical and may be
constricted distally. Rows of pores with imperforate zones. There is an imperforate band
in the distal part of the abdomen. Three prominent wings on the thorax. In Caulet (1991),
one specimen from Site 277 and two specimens from Site 1123, the wings and horn are
much larger. This type has been observed in the Caribbean, DSDP Leg 4 Site 29,
(http://www.riedel-william-and-elizabeth.net/extras.html accessed on 21/04/2016).
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Genus RHOPALOCANIUM Ehrenberg 1847

Rhopalocanium ornatum Ehrenberg [Plate 14, fig. 19, 20]
Rhopalocanium ornatum Ehrenberg, 1847, fig. 3; 1854b, pl. 36, fig. 9; 1873, p. 256;
1875, p. 82, pl. 17, fig. 8; Foreman 1973Db, p. 439, pl. 2, fig. 8-10, pl. 12, fig. 3.

Distinguished from the Lychnocanium auxillum — Lithochytris vespertilio lineage by its
hemispherical thorax and a cephalis that is not enclosed within the thoracic wall. Three
sturdy feet with rough, pitted surface extend from the lower thorax/upper abdomen.

Rhopalocanium cf. ornatum [Plate 14, fig. 21, 22, 23, 24, 25, 26]

This morphotype is a distinct variant of several morphotypes made up of three segments,
in which the abdomen is only partly preserved, and have three feet that arise from the
base of the thorax but are connected to the abdomen. This form can be distinguished from
Rhopalocanium ornatum by a much smaller cephalic horn and shorter feet. This form is
more common than the very rare R. ornatum. The thickness of the feet appears to be
reduced in later forms of R. cf. ornatum, which are present at DSDP Site 206.

Genus SETHOCHYTRIS Haeckel 1881

Sethochytris triconiscus Haeckel [Plate 14, fig. 27a, b]

Sethochytris triconiscus Haeckel 1887, p. 1239, pl. 57, fig. 13; Riedel and Sanfilippo
1970, p. 528, pl. 9, fig. 5-6; Sanfilippo et al. 1985, p. 680, fig. 22.1a-d; Johnson 1990,
p. 407; Nigrini et al. 2006, p. 47

BIOGEOGRAPHIC AFFINITY: Low latitude, as noted by Sanfilippo et al. (1985).

Family LOPHOCYRTIIDAE sensu Sanfilippo and Caulet 1998

Genus APHETOCYRTIS Sanfilippo and Caulet 1998

This genus comprises the lineage Aphetocyrtis gnomabax — A. rossi — A. catalexis. All
three species have a porous subspherical cephalis with a small apical horn; a
hemispherical to campanulate (bell-shaped) thorax with a rough thorny surface; and a
subcylindrical to inverted truncate conical abdomen that may be closed and lacks a
peristome or terminal feet.

Sanfilippo and Caulet (1998) differentiate species in this genus by skeletal features within
the cephalis. This criterion is difficult to apply consistently to variably preserved material
and the skeletal features are difficult to see in published illustrations. | focused on the
more general features of the species that facilitate discrimination in our census studies.

The genus appears to arise in low latitudes in the middle Eocene (A. gnomabax) and
migrates to high latitudes in the late middle to late Eocene, with A. rossi (late Eocene—late
Oligocene) largely and A. catalexis (late Oligocene—Miocene) completely restricted to
high latitudes.

244



Appendix A: Taxonomic Notes

Aphetocyrtis bianulus (O’Connor) [Plate 15, fig. 1]

Theocorys bianulus O’Connor 1997, p. 84, pl. 4, fig. 1-4; pl. 10, fig. 1-4; pl. 11, fig. 5;
Sanfilippo and Fourtanier 2003, p. 12, pl. P1, fig. 8, 9, 13; Funakawa et al. 2006b, p.
24, pl. 6, fig. 7.

Aphetocyrtis bianulus (O’Connor), Suzuki et al. 2009, pl. 18, fig. 16a-b.

This species closely resembles A. rossi, differing by having two distinctive bulges on the
abdomen. It is uncertain how this species is related to the lineage; it might be a regional
variant of A. rossi.

Aphetocyrtis gnomabax Sanfilippo and Caulet [Plate 15, fig. 2, 3, 4, 5, 6, 7]

Calocyclas semipolita Clark and Campbell, Caulet 1991, p. 537, pl. 4, fig. 9.

Aphetocyrtis gnomabax Sanfilippo and Caulet 1998, p. 16, pl. 2, fig. 6, 7, 10, 11, 14-17;
pl. 7, fig. 10-13.

?  Cyrtocapsella aff. japonica (Nakaseko), Takemura 1992, p. 746, pl. 1, fig.11-12.

non Calocyclas semipolita Clark and Campbell, Strong et al. 1995, p. p. 208, fig. 10V [L.
semipolita?].

non Calocyclas cf. semipolita Clark and Campbell, Abelmann 1990, p. 697, pl. 7, fig. 4
[A. catalexis].

Thorax is bell-shaped to narrowly hemispherical. Pores on thorax and abdomen are of
similar size. Abdomen is subcylindrical to inverted conical with a ragged basal margin.
BIOGEOGRAPHIC AFFINITY: High latitude.

Aphetocyrtis rossi Sanfilippo and Caulet [Plate 15, fig. 8, 9, 10, 11]

Calocyclas semipolita? Clark and Campbell, Chen 1975, p. 459, pl. 6, fig. 3-6.

Calocyclas asperum (Ehrenberg), Caulet 1992, p. 537, pl. 4, fig. 8, fig. 4, no. 4 (not no.
3).

Calocyclas cf. semipolita Clark and Campbell, Takemura 1992, p. 745, pl. 4, fig. 5-6;
Takemura and Ling 1997, p. 111, pl. 1, fig. 16.

Calocyclas semipolita Clark and Campbell group, Crouch and Hollis 1996, p. 26; Hollis
etal. 1997, p. 58, pl. 5, fig. 11-12.

Cyrtocapsella robusta Abelmann, Hollis et al., 1997, p. 60, pl. 5, fig. 13-14.

Aphetocyrtis rossi Sanfilippo and Caulet 1998, p. 18, pl. 2, fig. 8-9, 12-13; pl. 7, fig. 1-9.

Aphetocyrtis cf. rossi Sanfilippo and Caulet, Suzuki et al. (2009), p. 260, pl. 18, fig. 17.

Hemispherical thorax. The subcylindrical abdomen narrows distally, may be closed with
a lattice plate, and its pores are slightly larger than on the thorax. Distinguished from A.
gnomabax and C. robusta by its hemispherical thorax. Distinguished from Lophocyrtis
(Apoplanius) aspera by thorax and abdomen being of similar thickness. The two
morphotypes illustrated by Hollis et al. (1997) appear to represent end-member variation
within the species from slender forms with the cephalis free of the thoracic wall and a
long cylindrical abdomen, open distally (“C. semipolita”), to more squat forms with the
cephalis partly enclosed in the thoracic wall and a short abdomen, which is closed or has
a basal lattice plate (“C. robusta”).

BIOGEOGRAPHIC AFFINITY:: High latitude.

Genus CLINORHABDUS Sanfilippo and Caulet 1998
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Comprises the lineage Clinorhabdus anantomus — C. ocymora — C. robusta — C.
longithorax. Distinguished from other lophocyrtids by a short apical horn (when present),
a bell-shaped or truncate conical thorax, and an abdomen that is subcylindrical and
commonly closed. This genus is endemic to the Southern Ocean and ranges from the
Middle Eocene to the Early Miocene.

Clinorhabdus anantomus Sanfilippo and Caulet [Plate 15, fig. 12, 13]
Clinorhabdus anantomus Sanfilippo and Caulet 1998, p. 20, pl. 1, fig. 14-25; pl. 8, fig.
1a-b, 3a-b.

Apical spine, vertical spine and apophyses from mitral arches protrude from cephalis as,
respectively, a moderately robust apical horn, a short spine and several short thorns.
Thorax has a distinct neck and primary dorsal and lateral spines may protrude as short
spines. Abdomen thin-walled with a ragged distal margin.

BIOGEOGRAPHIC AFFINITY: High latitude.

Clinorhabdus robusta (Abelmann) emend. Sanfilippo and Caulet

Cyrtocapsella robusta Abelmann 1990, p. 696, pl. 5, fig. 10, 11; Caulet 1991, p. 538, fig.
4; Takemura 1992, p. 746, pl. 1, fig. 5, 6; Takemura and Ling, 1996, p. 111, pl. 1, fig.
18.

Clinorhabdus robusta (Abelmann), Sanfilippo and Caulet 1998, p. 22, pl. 1, fig. 7-10; pl.
8, fig. 9-14.

non Cyrtocapsella robusta Abelmann, Hollis et al. 1997, p. 60, pl. 5, fig. 13-14 [= A.

rossi]

Abdomen is subcyclindrical or inverted truncate conical and usually closed. Pores on the
abdomen only slightly larger than those on the thorax.
BIOGEOGRAPHIC AFFINITY: High latitude.

Genus LOPHOCYRTIS Haeckel 1887, sensu Sanfilippo 1990

The genus includes Lophocyrtis jacchia and all of its descendants. Most species have
three segments, pores of thorax quincuncially arranged; many have an apical horn, three
feet and a closed abdomen.

Subgenus APOPLANIUS Sanfilippo and Caulet 1998

The subgenus comprises the lineage L. (A.) klydus — L. (A.) keraspera — L. (A.) aspera —
L. (A.) nomas. The transition from L. (A.) klydus to L. (A.) aspera includes a shortening
and reduction in number of spines protruding from the cephalis; an expansion of the
proximal thorax, with its overall shape changing from narrowly campanulate to
hemispherical, and reductions in abdominal length, width and test thickness.

The first three members of the lineage span the early Eocene to Oligocene in low latitudes
and co-occur in the middle to late Eocene in high latitudes.

Lophocyrtis (Apoplanius) aspera Form A (Ehrenberg), emend. Sanfilippo and Caulet

[Plate 15, fig. 14a, b, 15, 164, b]
Eucyrtidium asperum Ehrenberg 1873, p. 226; 1875, pl. 8, fig. 15.
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Calocyclas asperum (Ehrenberg), Petrushevskaya and Kozlova 1972, p. 548, pl. 28, fig.
16-18.

Theocyrtis diabloensis (Clark and Campbell), Chen 1975, p. 459, pl. 5, figs. 4-6 (not fig.
7).

Theocorys minuta Takemura and Ling 1998, p. 162, fig. 3-16 to 3-21, 5-5,6.

Calocyclas sp. B, Takemura 1992, p. 745, pl. 5, fig. 13; Takemura and Ling 1997, fig. 11,
pl. 1, fig. 15; Hollis et al. 1997, p. 58, pl. 5, fig. 7-10.

Lophocyrtis (Apoplanius) aspera (Ehrenberg), Sanfilippo and Caulet 1998, p. 14, pl. 3A,
fig. 8-10.

The morphotype referred to as L. aspera Form A represents the Antarctic form described
by Sanfilippo and Caulet (1998) and morphotypes that were referred to Theocorys minuta
and Calocyclas sp. B Takemura (1992) and Takemura and Ling (1997) are also included
under this taxon. L. aspera Form A seems to have a shorter stratigraphic range (middle to
late Eocene) than the low-latitude form (early middle Eocene to early late Oligocene). It
has a very short apical horn, generally no longer than the cephalis and a subsphaerical
thorax. Antarctic forms have a thicker walled abdomen than low-latitude forms (referred
to as L. aspera Form B below), however the abdomen is often incomplete. The lumbar
stricture in high-latitude forms is wider than in the low-latitude forms. The low-latitude
form described by Sanfilippo and Caulet (1998) seems to have a slightly longer, more
slender horn and a thinner walled abdomen and thorax. The morphotype described by
Ehrenberg (1873) from Barbados seems to be the low-latitude form of L. aspera.
However, no other study could be found where these forms were distinguished.
BIOGEOGRAPHIC AFFINITY: High latitude.

Lophocyrtis (Apoplanius) aspera Form B (Ehrenberg), emend. Sanfilippo and Caulet

[Plate 15, fig. 17a, b, 18a, b, 19a, b]

Lophocyrtis (Apoplanius) aspera (Ehrenberg), Sanfilippo and Caulet 1998, p. 14, pl. 3A,
fig. 5-7, pl. 3B, fig. 1, 2, 5-9; pl. 6, fig. 6-8; O’Connor 1999a, p. 32, pl. 9, fig. 5;
Funakawa et al. 2006b, p. 25, pl. 7, fig. 5-7 (not 4=L. keraspera).

?  Eucyrtidium asperum Ehrenberg 1873, p. 226; 1875, pl. 8, fig. 15; Ogane et al. 2009,
pl. 89, fig. 3a-f.

?  Calocyclas asperum (Ehrenberg), Strong et al. 1995, p. 208, fig. 9E.

The above synonymy list is based on illustrated specimens only, so the range of
morphotypes the authors included in L. aspera is unknown. It can be difficult to
distinguish the low-latitude form of L. aspera from Lophocyrtis keraspera. Internal
structures of the cephalis are used to separate between these two species, but they are
difficult to examine in routine census studies, so the criterion for separating these two
taxa was the size of the horn, which is more robust in L. keraspera.

BIOGEOGRAPHIC AFFINITY: Possibly low latitude; some specimens at Sites 1123,
206, 207 agree with the low-latitude morphotype, however, more study is needed and
therefore this form is not included in the biogeographic affinity counts.

Lophocyrtis (Apoplanius) keraspera Sanfilippo and Caulet

[Plate 15, fig. 20, 21, 22, 23a, b, 24]

Lophocyrtis (Apoplanius) keraspera Sanfilippo and Caulet 1998, p. 14, pl. 3a, fig. 13-15,
pl. 3b, fig. 12-14, pl. 6, fig. 9-12.
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This species is distinguished by a robust apical horn, short vertical horn, hemispherical
thorax with short spines projecting from the lower part in some specimens, and
subcylindrical to truncate conical abdomen. Abdomen is thin-walled and often
incomplete. As mentioned under L. aspera Form B, the criterion for distinguishing
between these two taxa is the size of the horn. The late Eocene specimens found in this
study almost never had their abdomen preserved, and the pores on the thorax are closed
(dimples). The middle Eocene forms commonly have the abdomen preserved and bear a
cephalic horn that is slightly smaller than in late Eocene forms. This species is common in
the late Eocene at Sites 277 and 1123 and rare in the middle Eocene at Site 277. This is
contrary to the observations of Sanfilippo and Caulet (1998), who found the species to be
restricted to the middle Eocene in the low-latitude Atlantic and Southern Ocean.
Although these authors distinguished between high- and low-latitude morphology in the
illustrated specimens, the distinguishing characteristics were not explained. High-latitude
forms seem to have larger, less regularly distributed pores in polygonal frames. Low-
latitude species bear small circular pores arranged in longitudinal rows and a more
slender and curved apical horn. With the exception of Suzuki et al. (2009), no other
studies have reported this species, perhaps because it is not distinguished from L. aspera.
In Pascher et al. (2015) this species was assigned to the high-latitude group. But
considering the problems in identifying the correct morphotype and the issue with the
occurrence of this species in time, it is suggested to restudy this species and its occurrence
and reassess its biogeographic significance by examining more locations in the low and
mid latitudes.

Lophocyrtis (Apoplanius) nomas Sanfilippo and Caulet [Plate 15, fig. 25a, b, 26a, b,

27]

Lophocyrtis nomas Sanfilippo and Caulet 1998, p. 15, pl. 3A, fig. 1-4, pl. 3B, fig. 3, 4, pl.
6, fig. 1-5.

This form consists of three segments: a small spherical cephalis, poreless, with a very
short horn; a very large hemispherical thorax with pores arranged more or less in
longitudinal rows, and an inverted conical abdomen with irregularly distributed pores. It
can be distinguished from Lophocyrtis aspera by its much larger test. Sanfilippo and
Caulet (1998) proposed that L. nomas evolved from L. aspera in the early Oligocene in
the low-latitudes and migrated into the higher latitudes during the late Oligocene.
However, in this study this species was encountered in the middle Eocene at Site 207.

Subgenus CYCLAMPTERIUM Haeckel 1887

Lophocyrtis (Cyclampterium) hadra Riedel and Sanfilippo [Plate 16, fig. 1a, b]

Lophocyrtis hadra Riedel and Sanfilippo 1986, p. 168, pl. 7, fig. 12-15.

Lophocyrtis (Cyclampterium) hadra (Riedel and Sanfilippo), Sanfilippo 1990, p. 304, pl.
1, fig. 11, (not 12=L. jacchia hapsis); Moore and Kamikuri 2012, p. 8, pl. 6, fig. 3, 4.

Lophocyrtis (Cyclampterium) milowi (Riedel and Sanfilippo) [Plate 16, fig. 2]

Cyclampterium? milowi Riedel and Sanfilippo 1971, p. 1593, pl. 3B, fig. 3, pl. 7, fig. 8, 9;
1978, p. 67, pl. 4, fig. 14; Ling 1975, p. 731, pl. 12, fig.15.

Lophocyrtis (Cyclampterium) milowi (Riedel and Sanfilippo), Sanfilippo 1990, p. 306, pl.
1, fig. 13-16, pl. 2, fig. 1, 2; Moore and Kamikuri 2012, p. 8, pl. P6, fig. 6, 7.
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Subgenus LOPHOCYRTIS Haeckel, emend. Sanfilippo and Caulet 1998

The subspherical cephalis is perforate and bears a well-developed apical horn, which may
bear thorns distally. The inflated hemispherical thorax has a rough, sometimes thorny,
surface. The subcylindrical to inverted truncate conical abdomen has a proximal row of
larger pores, and no distinct peristome. Some species have three terminal or subterminal
feet.

Primarily a tropical subgenus with incursions in high latitudes in the Middle Eocene.

Lophocyrtis (Lophocyrtis) jacchia hapsis Sanfilippo and Caulet

[Plate 16, fig. 3, 4, 5a, b, 6a, b]

Lophocyrtis (Cyclampterium) hadra (Riedel and Sanfilippo), Sanfilippo 1990, p. 304
(partim), pl. 1, fig. 12.

Calocyclas sp. C, Takemura 1992, p. 745, pl. 7, figs. 3-4.

Lophocyrtis jacchia (Ehrenberg), Chen 1975, p. 461, pl. 3, fig. 5, 6.

Lophocyrtis (Lophocyrtis) jacchia hapsis Sanfilippo and Caulet, 1998, p. 10, pl. 5, fig 6,
7a-b, 9.

Lophocyrtis haywardi O’Connor 1999a, pl. 3, fig. 27-31.

The so-called cold-water form of Lophocyrtis hadra illustrated by Sanfilippo (1990) is
included in L. jacchia hapsis here. Although Sanfilippo and Caulet (1998) suggest that
the latter can be distinguished from the former by having smaller abdominal pores, | have
found it impossible to apply this criterion and find that the two morphotypes are
indistiguishable. In contrast, Lophocyrtis hadra s.s. is easily distinguished by its slender
test, much larger pores on the abdomen and a very thorny thorax.

Sanfilippo and Caulet (1998) reported that Lophocyrtis jacchia hapsis was found in the
middle and late Eocene in the Southern Atlantic and Indian Oceans. This occurrence
agrees with the present study where the species is found in high- and mid-latitudes of the
SW Pacific from the late middle Eocene to late Eocene. The mid-latitude forms of the
middle Eocene of Site 206 seem however more slender than the middle and late Eocene
forms at Sites 277, 592, 283 and 1123. The late Eocene forms also possess a shorter
abdomen.

BIOGEOGRAPHIC AFFINITY: High latitude; endemic to the Antarctic according to
Sanfilippo and Caulet (1998). However, this species only occurred in warm intervals
(MECO and late Eocene warming event) at high-latitude Site 277.

Lophocyrtis (Lophocyrtis) jacchia jacchia (Ehrenberg) [Plate 16, fig. 7, 8, 9]

Thyrsocyrtis jacchia Ehrenberg 1873, p. 261; 1875, pl. 12, fig. 7.

Lophocyrtis (?) jacchia (Ehrenberg), Riedel and Sanfilippo 1970, p. 530; non Dinkelmann
1973, p. 780, pl. 2, fig. 7 (=L. hadra).

Lophocyrtis (Lophocyrtis) jacchia (Ehrenberg), Sanfilippo 1990, p. 302, pl. 1, fig. 5-10,
pl. 3, fig. 6; Johnson 1990, p. 407; Funakawa et al. 2006b, p. 26, pl. 8, fig. 6, 7;
Nigrini et al. 2006, p. 43; Moore and Kamikuri 2012, p. 9, pl. 6, fig. 5; Kamikuri et
al. 2012a, p. 102.

Lophocyrtis jacchia jacchia (Ehrenberg), Sanfilippo and Caulet 1998, p. 10, pl. 4, fig. 1.
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The species observed in this study doe s not possess a bladed horn, which is instead
simple, rather thin and conical. The pores beneath the lumbar stricture are very large, the
feet very long.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Lophocyrtis sp. A [Plate 16, fig. 10, 11]

This morphotype has a small hemispherical cephalis, poreless, with dimples and a short
horn like L. aspera; the thorax is hemispherical to conical, sometimes with very irregular
sides. The pores are rounded to hexagonal, sometimes in longitudinal rows, or irregularly
distributed. The abdomen is cylindrical, the pores very large, up to 2-3 times as large as
the thoracic ones. The pores just below the abdominal stricture are even larger. This taxon
can be distinguished from L. aspera by the larger pores on the abdomen and from L.
keraspera by a smaller horn. It differs from L. jacchia jacchia, with which it co-occurs,
by the absence of feet and the presence of dimples, instead of pores, on the cephalis.

Lophocyrtis (Lophocyrtis?) semipolita (Clark and Campbell) emend. Sanflippo and

Caulet 1998 [Plate 16, fig. 12a, b, 133, b]

Calocyclas semipolita Clark and Campbell 1942, p. 83, pl. 8, fig. 12, 14, 17-19, 21-23,;
Blueford 1988, p. 246, pl. 2, fig. 4-5 (non 6).

? Calocyclas semipolita Clark and Campbell, Caulet 1991, p. 437, fig. 4; Strong et al.
1995, p. 208, fig. 10v.

Lophocyrtis (Lophocyrtis?) semipolita (Clark and Campbell), Sanfilippo and Caulet 1998,
p. 9, pl. 4, fig. 2-6, 8.

non Calocyclas cf. semipolita Clark and Campbell, Chen 1975, p. 259, pl. 6, fig. 3-6;
Abelmann 1990, p. 697, pl. 7, fig. 4; Takemura 1992, p. 745, pl. 4, fig. 5-6;
Takemura and Ling 1997, p. 111, pl. 1, fig. 16. [=A. rossi].

non Calocyclas semipolita Clark and Campbell group, Crouch and Hollis 1996, p. 26;
Hollis et al. 1997, p. 58, pl. 5, fig. 11-12. [= A. rossi].

A long, narrow, curved apical horn; the thorax is hemispherical to conical and can bear
little spines. The abdomen lacks a row of larger pores below the lumbar stricture, ranges
from narrowly cylindrical to inflated medially, and terminates indistinct. Pores on the
abdomen are slightly larger than on the thorax. Most high-latitude records of this species
or C. cf. semipolita are more likely to be Aphetocyrtis rossi or A. catalexis (see above).

Subgenus PARALAMPTERIUM Sanfilippo 1990

Lophocyrtis (Paralampterium) dumitricai Sanfilippo [Plate 16, fig. 14, 15]

Lophocyrtis (Paralampterium) dumitricai Sanfilippo 1990, p. 308, pl. 3, fig. 7-13;
O'Connor 1993, p. 74, pl. 8, fig. 18 19; Strong et al. 1995, p. 208, fig. 11n; Crouch
and Hollis 1996, p. 26; Hollis et al. 1997, p. 62, pl. 6, fig. 19; Suzuki et al. 2009, p.
260, pl. 19, fig. 8a-b.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan (cool-water preference). Sanfilippo
(1990) reported this species as occurring in mid- to high-latitudes from late early Eocene
to early Oligocene.

Lophocyrtis (Paralampterium) cf. dumitricai [Plate 16, fig. 16a, b, 17, 18]
cf. Lophocyrtis (Paralampterium) dumitricai Sanfilippo 1990, p. 308, pl. 3, fig. 7.
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Lophocyrtis (Lophocyrtis) aff. jacchia (Ehrenberg), Strong et al. 1995, p. 208, fig. 11r.
Lophocyrtis (Paralampterium) cf. dumitricai Sanfilippo, Hollis et al. 1997, p. 63, pl. 6,
fig. 20.

Sanfilippo (1990) identified this morphotype as a possible transitional form from the
ancestor L. jacchia jacchia. L. cf. dumitricai is slightly constricted in the distal abdomen,
the pores on the abdomen are smaller than in L. dumitricai and its feet are much stronger
and thicker (almost spongy).

Lophocyrtis (Paralampterium) longiventer (Chen) [Plate 16, fig. 19, 20]

Cyclampterium? longiventer Chen 1975, p. 459, pl. 10, fig. 7; Palmer 1987, p. 355.

Lophocyrtis (Paralampterium) longiventer (Chen), Sanfilippo 1990, p. 309, pl. 3, fig. 1-5;
Strong et al. 1995, p. 208, fig. 11m; Crouch and Hollis 1996, p. 26; Hollis et al. 1997,
p. 63, pl. 6, fig. 13-17; Takemura and Ling, 1997, pl. 1, fig. 12 (and fig. 13); Suzuki
et al. 2009, p. 260, pl. 19, fig. 7a-b.

Cyclampterium milowi Riedel and Sanfilippo, Takemura 1992, p. 745, pl. 5, fig. 1-3.

BIOGEOGRAPHIC AFFINITY: High latitude.

Lophocyrtis? sp. B [Plate 16, fig. 21a, b, 22, 23a, b]
Thyrsocyrtis? sp. Caulet 1986, p. 859, pl. 4, fig. 14-15.
Lophocyrtis? sp. Caulet 1986, p. 859, pl. 4, fig. 12-13.

This form is uncertainly placed in Lophocyrtis based on its similarities with L. jacchia
hapsis. The shell has a spongy overgrowth, in some specimens only partly starting on the
abdomen. The horn is broad and thick and sometimes distally thorny. In less spongy
specimens, a row of larger pores below the abdominal stricture is visible, which is similar
to L. jacchia hapsis, but feet were never observed.

Both forms of Lophocyrtis? sp. and Thyrsocyrtis? sp. of Caulet (1986) are included in
Lophocyrtis? sp. B herein, as both forms are commonly observed together, just with a
difference in the degree of sponginess. As this form was only observed in a short interval
in the late Eocene, it might be a short-range variant of L. jacchia hapsis. It might be also
related to Thyrsocyrtis (T.?) pinguisicoides, which also has a short range in the late
Eocene. It differs from T. (T.?) pinguisicoides by having a conical rather than strongly
bladed apical horn and an abdomen of highly variable length (thorax and abdomen are of
equal length in T. (T?) pinguisicoides).

BIOGEOGRAPHIC AFFINITY: This species is only found within the late Eocene
warming event at Sites 277 and 592 and in the late Eocene at Site 1123. Caulet (1986)
also found this species at Site 592.

Genus PTEROSYRINGIUM Haeckel 1887

Pterosyringium hamata O’Connor [Plate 16, fig. 24a, b, 25a, b, 26a, b]
Pterosyringium hamata O’Connor 1999a, p. 27, pl. 4. fig. 16-21, pl. 7, fig. 20-23.
Pterocyrtidium barbadense (Ehrenberg), Suzuki et al. 2009, p. 262, pl. 18, fig. 14a-b.
?  Pterocanium barbadense Ehrenberg 1873, p. 82; 1875, pl. 17, fig. 6.

?  Pterocyrtidium barbadense (Ehrenberg), Biitschli 1882, pl. 33, fig. 29.

?  Pterocyrtidium sp. Petrushevskaya and Kozlova 1972, pl. 27, fig. 15.
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?  Pterocyrtidium barbadense (Ehrenberg) group, Petrushevskaya and Kozlova 1972,
pl. 27, fig. 18, 19.

?  Lophocyrtis (Lophocyrtis?) barbadense (Ehrenberg), Sanfilippo and Caulet 1998, p.
8, pl. 4, fig. 9, 104, b; Funakawa et al. 2006b, p. 26, pl. P8, fig. 4, 5.

Small test, very short horn, tiny thoracic wings, which are often absent or only one is
visible. This morphotype is similar to Lophocyrtis (L.?) barbadense but does not possess
strong thoracic wings and has much more irregularly distributed pores on thorax and
abdomen. Both species might be related to each other, with P. hamata being a variant of
L. (L.?) barbadense.

Pterosyringium cf. hamata O’Connor [Plate 16, fig. 27a, b]
These specimens differ from P. hamata by the wings protruding from the sides of the
abdomen, rather than the thorax.

Family PTEROCORYTHIDAE Haeckel 1881, emend. Moore
1972

Pterocorythidae? indet. sp. A [Plate 17, fig. 1a, b]

This morphotype is tentatively placed in the family Pterocorythidae because of its
similarities to both Theocyrtis and Cryptocarpium. The morphotype has three segments: a
cephalis that is partly encased in the thoracic wall and has a long bladed horn; a conical to
bell-shaped thorax with small, irregularly distributed pores, and an abdomen with a
spongy overgrowth layer, which sometimes extends upwards onto the thorax.

Genus CRYPTOCARPIUM Sanfilippo and Riedel 1992

Cryptocarpium spp. [Plate 17, fig. 2a, b, 3a, b, 44, b, 5a, b]
Cryptocarpium sp. Sanfilippo and Riedel 1992, p. 6, pl. 2, fig. 8, 17.

Undifferentiated specimens of this genus are distinguished from Cryptocarpium ornatum
by the presence of an apical horn and a cephalis that is not encased in the thoracic wall.
Pores are aligned longitudinally on the abdomen, less so on the thorax. Cephalis and
upper thorax can sometimes bear many spines, and pores are slightly larger on the thorax
than the abdomen. The early Eocene specimens at Site 207 greatly resemble the late
Paleocene species illustrated as Cryptocarpium sp. by Sanfilippo and Riedel (1992, pl. 2,
fig. 8). The specimens found in the middle Eocene of Site 206 and late Eocene of Site
1123 more closely resemble the middle Eocene form of Sanfilippo and Riedel (1992, pl.
2, fig. 17), with a stronger horn.

Cryptocarpium azyx Sanfilippo and Riedel [Plate 17, fig. 6a, b]

Cryptocarpium azyx Sanfilippo and Riedel 1992, pl. 2, fig. 21; Nigrini et al. 2006, p. 30;
Funakawa et al. 2006b, p. 28, pl. 9, fig. 5; Moore and Kamikuri 2012, p. 5, pl. 2, fig.
1.

BIOGEOGRAPHIC AFFINITY: Low latitude.
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Cryptocarpium bussonii (Carnevale) group, New Group [Plate 17, fig. 7a, b, 8a, b]

Sethocorys bussonii Carnevale 1908, p. 31, pl. 4, fig. 17.

Sethocorys cristata Carnevale 1908, p. 31, pl. 4, fig. 18, 19.

Dictyocephalus bergontianus Carnevale 1908, p. 32, pl. 4, fig. 20.

Dictyocephalus crassus Carnevale 1908, p. 32, pl. 4, fig. 21.

Carpocanistrum spp. Riedel and Sanfilippo 1971 (in part), p. 1596, pl. 3D, fig. 4, 8, 9;
Abelmann 1990, p. 695, pl. 5, fig. 13; Takemura 1992, p. 744, pl. 3, fig. 5, 6;
O'Connor 1993 (in part), p. 57, pl. 5, fig. 14; Crouch and Hollis 1996, p. 26; Hollis et
al., 1997, p. 66, pl. 6, fig. 26-27; Takemura and Ling 1997, p. 111.

Tricolocapsa bergontiana (Carnevale), Caulet 1986, p. 854.

Subconical to ovate test made up of 2 segments. Cephalis weakly lobed, ovate,
imperforate, no apical spine. Thorax egg-shaped to subconical, basal aperture surrounded
by a thick peristome.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Cryptocarpium ornatum (Ehrenberg) [Plate 17, fig. 9a, b]

Cryptoprora ornata Ehrenberg, Sanfilippo et al. 1985, p. 693, fig. 27.2a, b.

Phormocyrtis proxima (?) Clark and Campbell, Chen 1975, p. 456, pl. 2, fig. 6.

Cryptocarpium ornatum (Ehrenberg), Hollis et al., 1997, p. 66, pl. 6, fig. 23-25; Kamikuri
et al. 2012b, p. 3; Funakawa et al. 2006b, p. 28, pl. 9, fig. 6-8.

BIOGEOGRAPHIC AFFINITY: Cosmopolitan.

Genus GONDWANARIA Petrushevskaya 1975

Gondwanaria spp. [Plate 17, fig. 10a, b, 11a, b]
Three-segmented test, cephalis is relatively large with pores and a short horn, similar to
Lithomelissa and Lophophaena. However, it can be distinguished from these genera by
the presence of an abdomen. Neck-like connection between cephalis and thorax.
Occasionally short wings extend from the thorax.

Genus LAMPROCYCLAS Haeckel 1881

Lamprocyclas sp. [Plate 17, fig. 12a, b]
This middle Eocene form contains the characteristic goose-neck typical for Lamprocyclas
particollis, but has a much shorter abdomen.

Lamprocyclas particollis O'Connor [Plate 17, fig. 13]
Lamprocyclas “particollis” O’Connor, Hollis et al. 1997, p. 66, pl. 7, fig. 1-7 (nom. nud.).
Lamprocyclas particollis O'Connor, 19994, pl. 3, fig. 5-11; pl. 6, fig. 19a-23.

Distinguished from L. matakohe by pores on the thorax and abdomen being of equivalent
size, and a weakly differentiated peristome. It differs from Calocycletta parva Moore
(1972) by its elongate, rather than ovate, cephalis with a eucephalic lobe that extends into
a markedly bladed apical horn; from Anthocyrtidium odontatum O'Connor (1994, p. 342,
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pl. 2, fig. 5-8; pl. 4, fig. 1-5) by a distinct lumbar stricture and a thorax which tends to be
campanulate rather than hemispherical.
BIOGEOGRAPHIC AFFINITY:: High-latitude.

Genus PODOCYRTIS Ehrenberg 1847b

The Podocyrtis lineage has only been observed in the low or mid latitudes of the North
Atlantic and Southwest Pacific during the early Eocene (Sanfilippo and Riedel 1992, p.
3). Therefore, all taxa encountered here are assigned to the low-latitude group.

Podocyrtis spp. [Plate 17, fig. 14a, b, 15a, b]

This category includes specimens that have the characteristic spindle shape,
longitudinally aligned pore rows and a complex three-lobed cephalis structure, but cannot
be confidently ascribed to any of the species listed below.

BIOGEOGRAPHIC AFFINITY: Low latitude; members of this genus have only been
encountered in low-latitude sites.

Podocyrtis? pupa (Clark and Campbell) [Plate 17, fig. 16a, b, 17a, b, 18a, b]
Anthocyrtidium pupa Clark and Campbell 1942, p. 74, pl. 7, fig. 30-32.

This species does not conform to the definition of Anthocyrtidium introduced by Nigrini
and Caulet (1988). Clark and Campbell’s description of the species mentioned inward
curved teeth at the base of the thorax, similar to Haeckel’s drawing of Anthocyrtidium
cineraria (1887, pl. 62, fig. 16). However, as the authors themselves admit, none of the
illustrated specimens have well-developed teeth. The “teeth” in this species are simply
remnants of an abdomen. Moreover, the cephalis structure is different to the typical one
for Anthocyrtidium, as it is not elongated enough and is thus more similar to Podocyrtis.
It can be distinguished from Podocyrtis papalis by the absence of longitudinal ridges
between the vertical pore rows, more pores per half circumference, and a larger test.
Furthermore, no complete abdomen was observed. The apical horn is also larger.

Subgenus LAMPTERIUM Haeckel 1881

Podocyrtis (Lampterium) acalles Sanfilippo and Riedel [Plate 17, fig. 19a, b]

Podocyrtis (L.) acalles Riedel and Sanfilippo 1992, p. 12, pl. 3, fig. 2-5; Sanfilippo and
Nigrini 1998b, p. 273, pl. 13.2, fig. 4.

It can be distinguished from Podocyrtis papalis by reaching maximum width below the

lumbar stricture, while P. papalis does so above the lumbar stricture.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Subgenus PODOCYRTIS Riedel and Sanfilippo 1992

Podocyrtis (Podocyrtis) papalis Ehrenberg [Plate 17, fig. 20a, b]

Podocyrtis (Podocyrtis) papalis Ehrenberg. Sanfilippo and Riedel 1973, p. 531, pl. 20,
fig. 11-14; pl. 36, fig. 2, 3; Strong et al. 1995, p. 209, fig. 9s; Hollis et al. 1997, p. 67.
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BIOGEOGRAPHIC AFFINITY: Low latitude.

Subgenus PODOCYRTOGES Sanfilippo and Riedel 1992

Podocyrtis (Podocyrtoges) aphorma (Riedel and Sanfilippo) [Plate 17, fig. 21a, b]
Podocyrtis (Lampterium) aphorma Riedel and Sanfilippo 1970, p. 534, pl. 11, fig. 2,
Sanfilippo and Riedel 1992, p. 36.

This species is widest above the lumbar stricture, like P. papalis. It can be distinguished
from the latter species by possessing a thorax which is longer than its abdomen and an
externally expressed lumbar stricture.

BIOGEOGRAPHIC AFFINITY: Low latitude.

Genus STICHOPILIUM Haeckel 1881

Stichopilium cf. bicorne Haeckel [Plate 18, fig. 1a, b, 2a, b]

Stichopilium bicorne Haeckel 1887, p. 1437, pl. 77, fig. 9; Takahashi, 1981, p. 254, pl.
39, figs. 13-19.

Stichopilium bicorne? Lazarus 1992, pl. 9, fig. 9-10, 12-17.

Unlike the original description by Haeckel (1887), the species encountered in this study
has a thorax and abdomen that are fairly narrow and short and resemble the morphotype
found by Lazarus (1992).

Genus THEOCYRTIS Haeckel 1887

Theocyrtis tuberosa Riedel [Plate 18, fig. 3, 4, 5]

Theocyrtis tuberosa Riedel 1959, p.298, pl.2, figs.10-11; Johnson 1978, p. 782;
Sanfilippo et al. 1985 (in part), p. 701, fig. 32.1a-b; Nigrini 1985, p. 523; Palmer
1987, p. 357; Johnson 1990, p. 407; Takemura 1992, p. 744, pl. 6, fig. 1, 2; O'Connor
1993 (in part), p. 70, pl. 7, fig. 22; Aitchison and Flood 1995, p. 573; Takemura and
Ling 1997, p. 114; Funakawa et al. 2006b, p. 30.

Theocyrtis aff. tuberosa Riedel, Strong et al. 1995, p. 209, fig. 10y; Hollis et al. 1997, p.

67.

The early form of T. tuberosa described by Strong et al. (1995) has well-developed plicae
but lacks the tubercles on the thorax that are diagnostic of the species.
BIOGEOGRAPHIC AFFINITY: Low latitude.

Family SETHOPHORMIDIDAE Haeckel 1881

Genus VELICUCULLUS Riedel and Campbell 1952

Velicucullus spp. [Plate 18, fig. 6]
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All morphotypes assigned to this genus have a wide conical to flat dicyrtid shape with a
large cephalis, which is however not always preserved.

Velicucullus magnificum (Clark and Campbell) [Plate 18, fig. 7, 8, 9]
Soreuma magnificum Clark and Campbell, 1942, p. 51, pl. 4, fig. 15.

Family AMPHIPYNDACIDAE Riedel 1967b

This family includes multi-segmented nassellarians whose cephalis is divided into two
superposed chambers by a transverse internal ledge.

Genus AMPHIPTERNIS Foreman 1973b

Amphipternis alamedaensis (Clark and Campbell) [Plate 18, fig. 10]

Phormocampe alamedaensis Campbell and Clark 1944b, p. 37, pl. 7, fig. 41.
Amphipternis alamedaensis (Campbell and Clark), Hollis 1997, p. 67, pl. 15, fig. 15-16.
Amphipternis clava (Ehrenberg) [Plate 18, fig. 11a, b]

Lithocampe? clava Ehrenberg 1873, p. 238; 1875, p. 76, pl. 4, fig. 2.

Eucyrtidium clava (Ehrenberg), Buetschli 1882, pl. 30, fig. 22.

Lithocampe clava (Ehrenberg), Haeckel 1887, p. 1507.
Amphipternis clava (Ehrenberg), Foreman 1973b, p. 430, pl. 7, fig. 16, 17, pl. 9, fig. 2, 7.

Genus AMPHIPYNDAX Foreman 1966
Amphipyndax stocki (Campbell and Clark) [Plate 18, fig. 12]

Amphipyndax stocki (Campbell and Clark), Takemura 1992, p. 743, pl. 6, fig. 10-11;
Hollis 1993, p. 323.

Reworked specimens

The following specimens are considered to be reworked, but are included here for the
sake of completeness.

Dictyomitra multicostata Zittel [Plate 18, fig. 13]
Dictyomitra multicostata Zittel 1876 (part.), p. 81, pl. 2, fig. 2, 4 (not fig. 3).

Cretaceous species, found at ODP 181 Site 1123 in the late Eocene.

Mita regina (Campbell and Clark) [Plate 18, fig. 14]
Lithomitra (Lithomitrissa) regina Campbell and Clark 1944b, p. 41, pl. 8, fig. 30, 38, 40.

Cretaceous to late Paleocene species, found at ODP 181 Site 1123 in the late Eocene.

Phormocyrtis striata exquisita (Kozlova) [Plate 18, fig. 15]
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Podocyrtis exquisita Kozlova in Kozlova and Gorbovets 1966, p. 106, pl. 17, fig. 2.
Phormocyrtis striata exquisita (Kozlova), Foreman 1973b, p. 438, pl. 7, fig. 1-4, 7-8, pl.
12, fig. 5.

The single specimen was found in the middle Eocene of Site 206 is most likely reworked
as P. striata exquisita has an earlier range.

Stichocorys delmontensis (Clark and Campbell) [Plate 18, fig. 16a, b]
Eucyrtidium (Eucyrtis) delmontense Clark and Campbell 19444, p. 56, pl. 7, fig. 19, 20.

Miocene species, found at ODP 181 Site 1123 in the early Oligocene.
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Table A.1: List of encounteres species at high-latitude sites 280, 281, 283, 1172 and 277 and mid-latitude sites 1123,
592, 207 and 206. For Site 1172, a full species list of all encountered taxa can be found in Appendix B Table 6.
Biogeographic affinity (BA) assignments to taxa: H=high latitude, C=cosmopolitan, L=low latitude. Location of images
on plates for selected species.

X
TAXA BA |8 B g 8 K § S g & |PLATE
SPUMELLARIA undet. X X X X X X X X
Actinommidae undet. X X X X
Actinommidae n.sp. A sensu Hollis X Pl. 1, fig. 1
Amphisphaera coronata gr. C X X X X X x | PL1,fig.2
Amphisphaera macrosphaera X
Amphisphaera radiosa X X Pl. 1, fig. 3a, b
Amphisphaera aff. radiosa X X Pl. 1, fig. 4a, b
Amphisphaera spinulosa © X X X X x | PL.1,fig.5
Amphisphaera? megapora X X X X X Pl. 1, fig. 6
Anomalacantha dentata X X X Pl. 1, fig. 7
Stylosphaera minor gr. @ X X X X X X x | PL1,fig.8
Zealithapium anoectum @ X PI. 1, fig. 9
Zealithapium mitra @ X X X X x | PL1,fig. 10
Zealithapium oamaru X PI. 1, fig. 11
Axoprunum bispiculum X X Pl. 1, fig. 12
Axoprunum pierinae gr. X X X X X X X x | Pl 1,fig. 13,14
Axoprunum? irregularis X X X PI. 1, fig. 15
Saturnalis circularis X X Pl. 1, fig. 16
Spongatractus pachystylus X PI. 1, fig. 17
Phacodiscidae undet. X X X
Heliodiscus inca X X X X Pl. 2, fig. 1
Heliostylus spp. X X Pl. 2, fig. 2
Periphaena decora @ X X X X X X X X x | PL 2, fig.3
Periphaena heliastericus C X X X X X X X X x | PL2, fig. 4
Periphaena? duplus X Pl. 2, fig. 5
Spongodiscidae undet. X X X X X X
Flustrella charlestonensis X X x | PL2,fig.6
Flustrella sp. H sensu Suzuki X x | PL2, fig.7
Lithocyclia spp. X x | PL 2, fig. 8
Lithocyclia aristotelis x | P2, fig.9
Lithocyclia ocellus X x | PL 2, fig. 10
Perichlamydium limbatum X Pl. 2, fig. 11
Plectodiscus circularis @ X X X X X X x | PL 2, fig. 12
Rhopalodictyum californicum © Pl. 2, fig. 13
Spongodiscus communis © X X X
Spongodiscus craticulatus x | Pl 2, fig. 14
Spongodiscus cruciferus © X x | PIL 2, fig. 15
Spongodiscus festivus © X x | Pl 2,fig. 16
Spongodiscus rhabdostylus C X x | PL2,fig. 17
Spongopyle osculosa - X X X X X X x | PL2,fig. 18
Spongostaurus spp. X Pl. 2, fig. 19
Stylodictya spp. X X X X X X X x | Pl 2,fig. 20
Tripodictya sp. X Pl. 2, fig. 21
Sponguridae undet. X X X
Amphicraspedum murrayanum X X x | PL 3, fig.1
Amphicraspedum prolixum gr. X X X X X x | PL.3,fig.2,3,4,5
Amphicraspedum prolixum s.s. X X x | PL3,fig.6,7
Amphymenium splendiarmatum X X X X X X X x | PL.3,fig.8,9
Histiastrum g. quadribrachiatus X PI. 3, fig. 10, 11
Middourium regulare X X x | PL 3, fig. 12
Monobrachium irregulare X X PI. 3, fig. 13
Spongurus bilobatus C X X X X X X x | PL 3, fig. 14,15
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X IX]
TAXA 8 B § 8 K g S & & |PLATE
Litheliidae undet. X X X X
Larcopyle spp. X X X X
Larcopyle frakesi X Pl. 4, fig. 1,2,3
Larcopyle hayesi X X X X X X X Pl. 4, fig. 4
Larcopyle labyrinthusa X Pl. 4, fig. 5
Larcopyle occidentalis X PI. 4, fig. 6a, b
Larcopyle polyacantha gr. X X X X X X x | Pl 4,fig.7,8
Larcopyle cf. pylomaticus X X PI. 4, fig. 9a, b
Lithelius minor gr. X X X X X X X X X Pl. 4, fig. 10, 11, 12
Sphaeropyle tetrapila X X Pl. 4, fig. 13
NASSELLARIA undet. X X X X X
Trissocyclidae undet. X X X X X
Dorcadospyris argisca X x | PL5fig.1
Giraffospyris didiceros X x | PL 5, fig.2
Tristylospyris triceros X PI. 5, fig. 3
Zygocircus bitschli X X x | PL.5,fig. 4
Plagiacanthidae undet. X X X X
Amphicentria sp. 1 sensu Suzuki X X X X PI. 5, fig. 5
Antarctissa cylindrica PI. 5, fig. 6
Antarctissa robusta PI. 5, fig. 7
Archipilium macropus X X X x | PL.5, fig.8
Callimitra? aff. atavia X PI. 5, fig. 9
Ceratocyrtis spp. X X X X X x | PL 5, fig. 10, 11, 12
Cladoscenium anoratum X PI. 5, fig. 13
Corythomelissa spp. X X X X X x | PL5, fig. 14,15
Corythomelissa adunca X PI. 5, fig. 16
Lithomelissa spp. X X X X X
Lithomelissa challengerae X PI. 6, fig. 1,2, 3
Lithomelissa ehrenbergi X X X X X X X x | Pl 6, fig.4,5
Lithomelissa gelasinus X X X X PI. 6, fig. 6, 7
Lithomelissa cf. haeckeli X X PI. 6, fig. 8
Lithomelissa macroptera X x | Pl 6, fig.9a, b
Lithomelissa robusta X X PI. 6, fig. 10
Lithomelissa sphaerocephalis X X X X X x | PL6,fig. 11
Lithomelissa tricornis X X X Pl. 6, fig. 12
Lithomelissa? sakaii X Pl. 6, fig. 13, 14
Lophophaena spp. X X X
Lophophaena capito X X X X PI. 6, fig. 15
Lophophaena radians X PI. 6, fig. 16
Lophophaena simplex X X PI. 6, fig. 17
Pseudodictyophimus spp. X PI. 6, fig. 18, 19, 20, 21
Pseudodictyophimus galeatus X PI. 6, fig. 22
Pseudodictyophimus gracilipes gr. X X X X X X PI. 6, fig. 23, 24, 25
Tripilidium sp. A X PI. 6, fig. 26
Tripodiscinus clavipes X X X X PI. 6, fig. 27
Cannobotryidae undet. X
Artobotrys auriculaleporis X X Pl. 7, fig. 1a,b, 2,3a, b
Artobotrys biaurita X X PIl. 7, fig. 4,5
Artobotrys titanothericeraos X X X Pl. 7, fig. 6, 7a, b
Botryocella? sp A. sensu Apel PI. 7, fig. 8, 9, 10, 11
Glycobotrys nasuta gr. X X X X X X PI. 7, fig. 12, 13, 14
Artostrobiidae undet. X
Buryella foremanae x | PL8, fig. 1
Buryella granulata X X x | PL 8, fig.2
Buryella tetradica X X X x | PL8,fig.3
Siphocampe nodosaria X X X X x | PL8,fig. 4
Siphocampe quadrata X X X X x | PL8,fig.5
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X
TAXA 8 3 §‘ 8 K § S & & |PLATE
Siphocampe? acephala gr. X X X X X X x | P 8,fig.6,7,8
Siphocampe? amygdala C X X X X x | PL8,fig.9, 10
Spirocyrtis greeni X X X X Pl. 8, fig. 11a, b
Spirocyrtis joides @ X X X X X x | PL8,fig.12a, b
Theocampe spp. X X x | PL8,fig. 13, 14, 15
Theocampe amphora C X X Pl. 8, fig. 16a, b
Theocampe mongolfieri X X X x | PL8,fig.17a, b
Theocampe cf. mongolfieri X Pl. 8, fig. 18a, b
Theocampe pirum X X x | PL 8, fig. 19, b
Theocampe urceolus C X X X X X X X x | PL 8, fig. 20
Acropyramididae undet. X X
Artostrobus spp. X X X X x | PL 8, fig. 21,22
Artostrobus annulatus X X PI. 8, fig. 23
Artostrobus cf. pretabulatus X X Pl. 8, fig. 24
Cinclopyramis circumtexta @ X X X X X X X X x | PL 8, fig. 25
Cinclopyramis scalaris X Pl. 8, fig. 26, 27
Cornutella profunda @ X X X X X x | PL 8, fig. 28
Eucyrtidiidae undet. X X X X X
Artophormis aff. dominasinensis X PL. 9, fig. 1
Aspis sp. A sensu Hollis - X X X X X PI. 9, fig. 2, 3,4
Calocyclas hispida X x | PL 9, fig.5a, b
Calocycloma spp. X X Pl. 9, fig. 6
Calocycloma ampulla X x | PL9 fig.7a,b
Calocycloma cf. L. pennatum X Pl. 9, fig. 8a, b
Cassideus mariae X
Clathrocyclas spp. X
Clathrocyclas australis X
Clathrocyclas universa X X X X X X x | PL9 fig.9, 10,11
Cycladophora spp. X X PI. 9, fig. 12, 13
Cycladophora cosma cosma X PI. 9, fig. 14
Cycladophora humerus X X X Pl. 9, fig. 15
Cymaetron sinolampas X X Pl. 9, fig. 16a, b
Cyrtocapsa osculum X X X x | PL9,fig.17a, b
Cyrtopera laguncula X X Pl. 9, fig. 18
Dictyopodium aff. oxylophus X x | PL9,fig. 19, 20, 21a, b
Dictyopodium sp. A X Pl. 9, fig. 22a, b, 23
Eucyrtidium antiquum X X X PI. 10, fig. 1
Eucyrtidium mariae X PI. 10, fig. 2
Eucyrtidium microporum X X x | PL 10, fig. 3
Eucyrtidium montiparum X X X X X x | PL 10, fig. 4
Eucyrtidium nishimurae X X x | PL. 10, fig. 5a, b
Eucyrtidium spinosum X X X X PI. 10, fig. 6
Eurystomoskevos cauleti X X X X PI. 10, fig. 7a, b
Eurystomoskevos petrushevskaae X X X X X x | PI. 10, fig. 8
Eurystomoskevos? sp. X PI. 10, fig. 9, 10
Eusyringium fistuligerum C X X X X x | PL 10, fig. 11, 12, 13
Eusyringium lagena C X X x | PL 10, fig. 14
Ewingella sp.? X PI. 10, fig. 15
Lamptonium cf. pennatum X PI. 10, fig. 16a, b
Phormocyrtis ligulata @ X X x | PL.10, fig. 17a, b
Phormocyrtis proxima C X x | PL 10, fig. 18
Phormocyrtis striata striata X x | PL 10, fig. 19a, b
Sethocyrtis chrysallis X x | PL 10, fig. 20a, b
Theocorys spp. X x | P11, fig. 1, 2
Theocorys acroria X PI. 11, fig. 3a, b
Theocorys anapographa x | Pl 11, fig. 4,5
Theocorys anapographa Var.A x | Pl 11, fig. 6a, b
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X IX]
TAXA 8 8 § 8 & g S & & |PLATE

—
Theocotyle? spp. X PI. 11, 7a, b, 8
Theocotyle nigriniae X PI. 11, fig. 9

Theocotylissa ficus x | Pl 11, fig. 10

Pl. 11, fig. 11, 12a, b,

Thyrsocyrtis cf. norrisi X X X 13a b
Thyrsocyrtis pinguisicoides X X X X PI. 11, fig. 14a, b
— PI. 11, fig. 15a, b, 16,
Thyrsocyrtis rhizodon X 17a.b
Thyrsocyrtis cf. triacantha PI. 11, fig. 184, b
Thyrsocyrtis sp. A PI. 11, fig. 193, b, 20
Thyrsocyrtis sp. D sensu Kamikuri PI. 11, fig. 21a, b, c
Verutotholus edwardsi X PI. 11, fig. 22a, b
Lychnocaniidae undet X
Dictyophimus spp. X X PI. 12, fig. 1, 2,3
Dictyophimus craticula X PI. 12, fig. 4a, b
Dictyophimus pocillum X PI. 12, fig. 5, 6
Dictyophimus? archipilium X X X X PI. 12, fig. 7a, b, 8
- . - PI. 12, fig. 9a, b, 10, 11
n ) , 0,10, 11,
Dictyophimus? aff. archipilium X X X X 12,13, 14
Dictyophimus ? aff. constrictus X PI. 12, fig. 15, 16
Lithochytris archaea X PI. 12, fig. 17
Lithochytris vespertilio x | Pl 12, fig. 18
Lychnocanium spp X X X X X X PI. 12, fig. 19, 20, 21,
' 22,23
Lychnocanium alma X x | PL.12, fig. 24a,b
Lychnocanium amphitrite C X X X X X X X gé 12, fig. 25, 26, 27,
Lychnocanium auxillum X PI. 13, fig. 1
Lychnocanium babylonis © X X x | PI.13,fig.2a, b, 3
Lychnocanium bellum @ X X X x | Pl 13, fig. 4
Lychnocanium aff. carinatum X X x | PL.13,fig.5
Lychnocanium conicum X X X x | PI.13,fig.6,7
Lychnocanium cf. conicum X x | PI.13,fig.8,9
Lychnocanium continuum X PI. 13, fig. 10a, b
. PI. 13, fig. 11, 12a, b,
Lychnocanium aff. grande X X 13a b 14a b
. PI. 13, fig. 15a, b, 164,
Lychnocanium satelles X X b, 17, b
Lychnocanium tetrapodium X PI. 13, fig. 184, b
Lychnocanium trichopus X Pl. 14,1, 2a, b, c, 3a, b
Lychnocanium cf. tridentatum X Pl. 14, fig. 4
Lychnocanium turgidum X X X x | Pl 14, fig.5a, b
Lychnocanium waiareka X X X X x | Pl 14, fig.6a, b
Lychnocanium waitaki X x | Pl 14, fig. 7a, b
Lychnocanium sp. A X X EI' 14,ig. 8, 9a, b, 10a,
Pterocanium sp. X Pl. 14, fig. 11a, b
Pterocanium cf. sphinx X Pl. 14, fig. 12, 13a, b
Pterocodon apis X Pl. 14, fig. 14, 15a, b
Pteropilium aff. contiguum X X X X EI' 14,fig. 16, 17, 18a,
Rhopalocanium ornatum X x | Pl 14, fig. 19, 20
. PI. 14, fig. 21, 22, 23,
Rhopalocanium cf. ornatum X X 24, 25, 26
Sethochytris triconiscus Pl. 14, fig. 27a, b
Lophocyrtiidae undet. X X X X X X
Aphetocyrtis bianulus X X X x | P15, fig. 1
Aphetocyrtis gnombax X X X X X X X sl' 15,1ig. 2,3, 4,5, 6,
Aphetocyrtis rossi X X X X X PI. 15, fig. 8, 9, 10, 11
Clinorhabtus anatomus X X Pl. 15, fig. 12, 13

Clinorhabdus robusta
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b IX]
o - N ™ ~ ~ N ©0
TAXA * E N ‘Z‘." S g g |PLATE
Lophocyrtis (A.) aspera Form A - X X X X X X X Egali’ fig. 143, b, 15,
Lophocyrtis (A.) aspera Form B X X X Pl. 15, fig. 17a, b, 18a,
b, 19a, b
. PI. 15, fig. 20, 21, 22,
Lophocyrtis (A.) keraspera X X X X X X X 23a b, 24
Lophocyrtis (A.) nomas X EI'2175’ fig. 25a, b, 263,
Lophocyrtis (C.) hadra X Pl. 16, fig. 1a, b
Lophocyrtis (C.) milowi X Pl. 16, fig. 2
Lophocyrtis (L.) jacchia hapsis X X X X X X E;L tG’ fig. 3, 4, 5a, b,
Lophocyrtis (L.) jacchia jacchia X PI. 16, fig. 7,8, 9
Lophocyrtis sp. A X Pl. 16, fig. 10, 11
Lophocyrtis (L.?) semipolita X Pl. 16, fig. 12a, b, 13a,
Lophocyrtis (P.) dumitricai © X X X X X x | Pl 16, fig. 14,15
Lophocyrtis (P.) cf. dumitricai X ;IS 16, fig. 16a, b, 17,
Lophocyrtis (P.) longiventer - X X X X X X X X x | Pl 16, fig. 19, 20
. PI. 16, fig. 21a, b, 22,
Lophocyrtis? sp. B X X X X X 23a b
Pterosyringium hamata X X X X X PI. 16, fig. 24a, b, 25a,
yring b, 26a, b
Pterosyringium cf. hamata X Pl. 16, fig. 27a, b
Pterocorythidae undet. X
Pterocorythidae? indet. sp. A x | P17, fig. 1a, b
. Pl. 17, 2a, b, 3a, b, 4a,
Cryptocarpium spp. X X X | pEab
Cryptocarpium azyx - Pl. 17, fig. 6a, b
Cryptocarpium bussonii gr. © X X PI. 17, fig. 7a, b, 8a, b
Cryptocarpium ornatum C Pl. 17, fig. 9a, b
Gondwanaria spp. X Pl. 17, fig. 104, b, 11a,
Lamprocyclas sp. X x | PL.17, fig. 12a, b
Lamprocyclas particollis X X X X PI. 17, fig. 13
Podocyrtis spp. X Pl. 17, fig. 14a, b, 15a,
. Pl. 17, fig. 164, b, 17a,
Podocyrtis? pupa X X b, 18a. b
Podocyrtis (L.) acalles X Pl. 17,19, b
Podocyrtis (P.) papalis X X x | PL 17, fig. 20a, b
Podocyrtis (P.) aphorma X Pl. 17, fig. 21a, b
Stichopilium cf. bicorne X X X X X Pl. 18, fig. 1a, b, 2a, b
Theocyrtis tuberosa X X PI. 18, fig. 3,4,5
Sethophormididae
Velicucullus spp. X X X X X x | PL 18, fig. 6
Velicucullus magnificum X x | PL.18,fig.7,8,9
Amphipyndacidae undet. X X X
Amphipternis alamedaensis X PI. 18, fig. 10
Amphipternis clava X X x | PIL 18, fig. 11a, b
Amphipyndax stocki X X Pl. 18, fig. 12
Reworked specimens
Dictyomitra multicostata X Pl. 18, fig. 13
Mita regina X Pl. 18, fig. 14
Phormocyrtis striata exquisita x | Pl 18, fig. 15
Stichocorys delmontensis X Pl. 18, fig. 16a, b
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PLATE 1: Actinommidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Actinommidae n.sp. A (Sample 277-23R-1, 33 cm, slide A),
2) Amphisphaera coronata gr. (Sample 277-25R-1, 60 cm, slide A),
3a, b) Amphisphaera radiosa (Sample 1123C-33X-1, 31 cm),
4a, b) Amphisphaera aff. radiosa (Sample 277-17R-3, 33 cm),
5) Amphisphaera spinulosa (Sample 283-8R-2, 25 cm, slide A),
6) Amphisphaera? megapora (Sample 277-25R-1, 60 cm, slide C),
7) Anomalocantha dentata (Sample 280A-5R-1, 104 cm, slide C),
8) Stylosphaera minor (Sample 277-32R-3, 100 cm),
9) Zealithapium anoectum (Sample 207A-18R-2, 102 cm, slide A)
10) Zealithapium mitra (Sample 277-23R-1, 33cm, slide B),
11) Zealithapium oamaru (Sample 1123C-32X-1, 86 cm),
12) Axoprunum bispiculum (Sample 277-17R-3, 33cm),

13) Axoprunum pierinei gr. (Sample 277-25R-1, 60cm, slide A),

14) Axoprunum pierinei gr. (Sample 281-14R-1, 100cm, slide A),

15) Axoprunum? irregularis (Sample 277-15R-3, 100cm),

16) Saturnalis circularis (Sample 283-8R-2, 25 cm, slide A),

17) Spongatractus pachystylus (Sample 206C-17R-4, 100cm, slide B).
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PLATE 2: Phacodiscidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Heliodiscus inca (Sample 283-8R-2, 25 cm, slide A),
2) Heliostylus sp. (Sample 207A-16R-2, 90 cm, slide B),
3) Periphaena decora (Sample 277-18R-3, 20 cm),
4) Periphaena heliastericus (Sample 277-24R-2, 20 cm, slide B),
5) Periphaena? duplus (Sample 277-44R-3, 1cm, slide D).

PLATE 2: Spongodiscidae
6) Flustrella charlestonensis (Sample 207A-14R-2, 101 cm, slide B),
7) Flustrella sp. H (Sample 207A-12R-1, 100 cm, slide C),
8) Lithocyclia sp. (Sample 1123C-32X-1, 86 cm),
9) Lithocyclis aristotelis (Sample 206C-15R-2, 35 cm, slide B),
10) Lithocyclia ocellus (Sample 207A-13R-4, 100 cm, slide C),
11) Perichlamydium limbatum (Sample 280A-5R-1, 104 cm, slide C),
12) Plectodiscus circularis (Sample 207A-19R-4, 97 cm, slide A),
13) Rhopalodictyum californicum (Sample 1123C-32X-1, 86 cm),
14) Spongodiscus craticulatus (Sample 281-14R-5, 105 cm),
15) Spongodiscus cruciferus (Sample 207A-16R-3, 66 cm, MRC slide),
16) Spongodiscus festivus (Sample 277-43R-2, 78 cm),
17) Spongodiscus rhabdostylus (Sample 207A-12R-1, 100 cm, slide C),
18) Spongopyle osculosa (Sample 277-24R-2, 20cm, slide B),
19) Spongostaurus sp. (Sample 277-33R-2, 20 cm, slide A),
20) Stylodictya sp. (Sample 207A-19R-4, 97 cm, slide A),
21) Tripodictya sp. (Sample 207A-20R-5, 101 cm, slide A).
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PLATE 3: Sponguridae
Scale bars equal 100pum. Images of selected radiolarian species:

1) Amphicraspedum murrayanum (Sample 277-32R-3, 100 cm),

2) Amphicraspedum prolixum gr. (Sample 277-22R-1, 82 cm, slide A),

3) Amphicraspedum prolixum gr. (Sample 280A-6R-2, 60 cm, slide A),

4) Amphicraspedum prolixum gr. (Sample 277-33R-2, 100 cm),

5) Amphicraspedum prolixum gr. (Sample 207A-19R-4, 97 cm, slide A),

6) Amphicraspedum prolixum s.s. (Sample 207A-18R-2, 102 cm, slide A),

7) Amphicraspedum prolixum s.s. (Sample 207A-17R-2, 101 cm, slide A),

8) Amphymenium splendiarmatum (Sample 277-32R-3, 100 cm),

9) Amphymenium splendiarmatum (Sample 277-32R-3, 100 cm),

10) Histiastrum quadribrachiatus quadribrachiatus (Sample 207A-20R-5, 101 cm, slide
A),

11) Histiastrum quadribrachiatus quadribrachiatus (Sample 207A-19R-2, 90 cm, slide

A),

12) Middourium regulare (Sample 207A-19R-2, 90 cm, slide A),

13) Monobrachium irregulare (Sample 207A-15R-3, 100 cm, slide A),

14) Spongurus bilobatus (Sample 207A-14R-1, 119 cm, slide A),

15) Spongurus bilobatus (Sample 207A-14R-2, 101 cm, slide B).
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PLATE 4: Litheliidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Larcopyle frakesi (Sample 280A-5R-1, 104cm, slide C),
2) Larcopyle frakesi (Sample 280A-5R-1, 104cm, slide C),
3) Larcopyle frakesi (Sample 280A-5R-1, 104cm, slide C),
4) Larcopyle hayesi (Sample 277-24R-2, 20cm, slide B),
5) Larcopyle labyrinthusa (Sample 280A-5R-1, 104cm, slide C),
6a, b) Larcopyle occidentalis (Sample 207A-14R-2, 101 cm, slide B),
7) Larcopyle polyacantha gr. (Sample 280A-5R-1, 104cm, slide C),
8) Larcopyle polyacantha gr. (Sample 277-24R-2, 20cm, slide B),
9a, b) Larcopyle cf. pylomaticus (Sample 280A-5R-1, 104cm, slide C),
10) Lithelius minor gr. (Sample 277-32R-3, 100cm),
11) Lithelius minor gr. (Sample 277-24R-2, 20cm, slide B),
12) Lithelius minor gr. (Sample 277-24R-2, 20cm, slide B),
13) Sphaeropyle tetrapila (Sample 277-18R-3, 20cm).
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PLATE 5: Trissocyclidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Dorcadospyris argisca (Sample 207A-12R-1, 100 cm, slide C),
2) Giraffospyris didiceros (Sample 207A-16R-2, 90 cm, slide B),
3) Tristylospyris triceros (Sample 1123C-32X-4, 5 cm),
4) Zygocircus bitschli (Sample 207A-12R-1, 100 cm, slide B).

PLATE 5: Plagiacanthidae
5) Amphicentria sp. 1 (Sample 277-22R-1, 82cm, slide B),
6) Antarctissa cylindrica (Sample 280A-7R-3, 40 cm, slide A),
7) Antarctissa robusta (Sample 280A-7R-1, 90 cm, slide A),
8) Archipilium macropus (Sample 277-23R-1, 33 cm, slide A),
9) Callimitra aff. atavia (Sample 277-22R-1, 82cm),
10) Ceratocyrtis sp. (Sample 280A-5R-1, 104cm, slide C),
11) Ceratocyrtis sp. (Sample 280A-5R-1, 104cm, slide B),
12) Ceratocyrtis sp. (Sample 283-7R-1, 20cm, slide A),
13) Cladoscenium ancoratum (Sample 280A-7R-1, 90 cm, slide A),
14) Corythomelissa sp. (Sample 207A-16R-2, 90 cm, slide B),
15) Corythomelissa sp. (Sample 207A-13R-4, 100 cm, slide C),
16) Corythomelissa adunca (Sample 207A-16R-2, 90 cm, slide B).
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PLATE 6: Plagiacanthidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Lithomelissa challengerae (Sample 280A-6R-2, 60cm, slide A),
2) Lithomelissa challengerae (Sample 280A-6R-2, 60cm, slide A),
3) Lithomelissa challengerae (Sample 280A-6R-2, 60cm, slide A),
4) Lithomelissa ehrenbergi (Sample 280A-5R-1, 104cm, slide B),
5) Lithomelissa ehrenbergi (Sample 283-6R-2, 40cm, slide A),
6) Lithomelissa gelasinus (Sample 280A-5R-1, 104cm, slide A),
7) Lithomelissa gelasinus (Sample 280A-5R-1, 104cm, slide A),
8) Lithomelissa cf. haeckeli (Sample 277-22R-1, 82cm, slide B),
9a, b) Lithomelissa macroptera (Sample 283-5R-2, 25cm, slide A),
10) Lithomelissa robusta (Sample 280A-7R-1, 90cm, slide A),
11) Lithomelissa sphaerocephalis (Sample 280A-7R-3, 40cm, slide A),
12) Lithomelissa tricornis (Sample 280A-7R-1, 90cm, slide A),
13) Lithomelissa? sakai (Sample 280A-5R-1, 104cm, slide B),
14) Lithomelissa? sakai (Sample 277-23R-1, 33 cm, slide C),
15) Lophophaena capito (Sample 277-23R-2, 22 cm),
16) Lophophaena radians (Sample 283-6R-2, 40 cm, slide A)
17) Lophophaena simplex (Sample 283-6R-2, 40 cm, slide A),
18) Pseudodictyophimus sp. (Sample 280A-7R-3, 40cm, slide A),
19) Pseudodictyophimus sp. (Sample 280A-7R-1, 90cm, slide A),
20) Pseudodictyophimus sp. (Sample 280A-7R-1, 90cm, slide A),
21) Pseudodictyophimus sp. (Sample 280A-5R-1, 104, slide A),
22) Pseudodictyophimus galeatus (Sample 280A-7R-3, 40cm, slide A),
23) Pseudodictyophimus gracilipes gr. (Sample 280A-7R-1, 90cm, slide A),

24) Pseudodictyophimus gracilipes gr. (Sample 280A-7R-1, 90cm, slide A),
25) Pseudodictyophimus gracilipes gr. (Sample 283-5R-2, 25cm, slide B),
26) Tripilidium sp. A (Sample 207A-19R-2, 90 cm, slide A),

27) Tripodiscinus clavipes (Sample 207A-14R-1, 119 cm, slide A).
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PLATE 7: Cannobotryidae
Scale bars equal 100pum. Images of selected radiolarian species:
1a, b) Artobotrys auriculaleporis (Sample 207A-16R-2, 90 cm, slide B),
2) Artobotrys auriculaleporis (Sample 207A-12R-1, 100 cm, slide C),
3a, b) Artobotrys auriculaleporis (Sample 207A-12R-1, 100 cm, slide C),
4) Artobotrys biaurita (Sample 207A-12R-1, 100 cm, slide C),
5) Artobotrys biaurita (Sample 206C-17R-4, 100 cm, slide B),
6) Artobotrys titanothericeraos (Sample 207A-13R-4, 100 cm, slide A),
7a, b) Artobotrys titanothericeraos (Sample 207A-13R-4, 100 cm, slide A),
8) Botryocella sp. A (Sample 280A-5R-1, 104 cm, slide A),
9) Botryocella sp. A (Sample 280A-5R-1, 104 cm, slide A),
10) Botryocella sp. A (Sample 280A-5R-1, 104 cm, slide A),
11) Botryocella sp. A (Sample 280A-5R-1, 104 cm, slide A),
12) Glycobotrys nasuta gr. (Sample 280A-5R-1, 104 cm, slide A),
13) Glycobotrys nasuta gr. (Sample 277-25R-1, 60 cm, slide A),
14) Glycobotrys nasuta gr. (Sample 277-24R-2, 20 cm, slide A).
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PLATE 8: Artostrobiidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Buryella foremanae (Sample 206C-18R-2, 100 cm, slide B),
2) Buryella granulata (Sample 277-29R-2, 100 cm, slide A),
3) Buryella tetradica (Sample 207A-25R-CC, slide A),
4) Siphocampe nodosaria (Sample 277-24R-2, 20 cm, slide B),
5) Siphocampe quadrata (Sample 207A-14R-2, 132 cm, MRC slide),
6) Siphocampe (?) acephala gr. (Sample 277-25R-1, 60cm, slide A),
7) Siphocampe (?) acephala gr. (Sample 277-25R-1, 60cm, slide A),
8) Siphocampe (?) acephala gr. (Sample 277-25R-1, 60cm, slide A),
9) Siphocampe? amygdala (Sample 277-24R-2, 20cm, slide B),
10) Siphocampe? amygdala (Sample 277-23R-1, 33cm, slide A),
11a, b) Spirocyrtis greeni (Sample 283-6R-2, 40 cm, slide A),
12a, b) Spirocyrtis joides (Sample 283-7R-1, 20 cm, slide B),
13) Theocampe sp. (Sample 207A-15R-3, 100 cm, slide A),
14) Theocampe sp. (Sample 207A-14R-2, 101 cm, slide B),
15) Theocampe sp. (Sample 207A-14R-2, 101 cm, slide B),
16a, b) Theocampe amphora (Sample 207A-13R-6, 100 cm, slide B),
17a, b) Theocampe mongolfieri (Sample 206C-17R-4, 100 cm, slide B),
18a, b) Theocampe cf. mongolfieri (Sample 207A-15R-3, 100 cm, slide A),
19a, b) Theocampe pirum (Sample 1123C-32X-1, 86 cm),
20) Theocampe urceolus (Sample 207A-14R-2, 101 cm, slide B).

PLATE 8: Acropyramididae
21) Artostrobus sp. (Sample 277-23R-1, 33 cm, slide A),
22) Artostrobus sp. (Sample 277-23R-1, 33 cm, slide A),
23) Artostrobus annulatus (Sample 283-5R-2, 25 cm, slide B),
24) Artostrobus cf. pretabulatus (Sample 277-23-1, 33cm, slide A),
25) Cinclopyramis circumtexta (Sample 207A-14R-1, 119 cm, slide A),
26) Cinclopyramis scalaris (Sample 207A-14R-2, 101 cm, slide B),
27) Cinclopyramis scalaris (Sample 207A-19R-4, 97 cm, slide A),
28) Cornutella profunda (Sample 280A-7R-3, 40 cm, slide A).
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PLATE 9: Eucyrtidiidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Artophormis aff. dominasinensis (Sample 206C-17R-6, 100 cm, slide C),
2) Aspis sp. A (Sample 277-22R-1, 82 cm),
3) Aspis sp. A (Sample 283-7R-5, 94 cm, slide A),
4) Aspis sp. A (Sample 280A-6R-2, 60 cm, slide A),
5a, b) Calocyclas hispida (Sample 207A-12R-1, 100 cm, slide C),
6) Calocycloma sp. (Sample 207A-16R-2, 90 cm, slide B),
7a, b) Calocycloma ampulla (Sample 207A-18R-2, 102 cm, slide A),
8a, b) Calocycloma cf. Lamptonium pennatum (Sample 207A-19R-2, 90 cm, slide A),
9) Clathrocyclas universa (Sample 207A-14R-2, 101 cm, slide B),
10) Clathrocyclas universa (Sample 207A-14R-1, 119 cm, slide A),
11) Clathrocyclas universa (Sample 277-23R-1, 33 cm, slide A),
12) Cycladophora sp. (Sample 283-8R-1, 40 cm, slide A),
13) Cycladophora sp. (Sample 283-5R-2, 25 cm, slide B),
14) Cycladophora cosma cosma (Sample 280A-7R-3, 40 cm, slide A),
15) Cycladophora humerus (Sample 280A-5R-1, 104 cm, slide A),
16a, b) Cymaetron sinolampas (Sample 280A-7R-1, 90 cm, slide A),
17 a, b) Cyrtocapsa osculum (Sample 207A-13R-4, 100 cm, slide C),
18) Cyrtopera laguncula (Sample 283-5R-2, 25 cm, slide B),
19) Dictyopodium aff. oxylophus (Sample 207A-16R-2, 90 cm, slide B),
20) Dictyopodium aff. oxylophus (Sample 207A-16R-2, 90 cm, slide B),
21a, b) Dictyopodium aff. oxylophus (Sample 207A-16R-3, 66 cm, MRC slide),
22a, b) Dictyopodium sp. A (Sample 207A-13R-4, 100 cm, slide A),
23) Dictyopodium sp. A (Sample 207A-13R-4, 100 cm, slide C).
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PLATE 10: Eucyrtidiidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Eucyrtidium antiguum (Sample 280A-7-1, 90cm, slide A),
2) Eucyrtidium mariae (Sample 1123C-31X-5, 20 cm),
3) Eucyrtidium microporum (Sample 283-7R-5, 94 cm, slide A),

4) Eucyrtidium montiparum (Sample 277-23R-1, 33 cm, slide A),

5a, b) Eucyrtidium nishimurae (Sample 283-8R-2, 25 cm, slide A),

6) Eucyrtidium spinosum (Sample 283-7R-5, 94 cm, slide A),

7a, b) Eurystomoskevos cauleti (Sample 280A-7R-3, 40 cm, slide A),

8) Eurystomoskevos petrushevskaae (Sample 277-23R-1, 33 cm, slide A),
9) Eurystomoskevos sp.? (Sample 207A-19R-2, 90 cm, slide A),

10) Eurystomoskevos sp.? (Sample 207A-19R-4, 97 cm, slide A),

11) Eusyringium fistuligerum (Sample 277-33R-2, 20 cm, slide A),

12) Eusyringium fistuligerum (Sample 207A-12R-1, 100 cm, slide C),

13) Eusyringium fistuligerum (Sample 206C-17R-1, 15 cm),

14) Eusyringium lagena (Sample 207A-14R-2, 132 cm, MRC slide),

15) Ewingella? sp. (Sample 207A-20R-5, 101 cm, slide A),

16a, b) Lamptonium cf. pennatum (Sample 207A-20R-5, 101 cm, slide A),
17a, b) Phormocyrtis ligulata (Sample 207A-14R-1, 119 cm, slide A),

18) Phormocyrtis proxima (Sample 206C-17R-1, 15 cm),

19a, b) Phormocyrtis striata striata (Sample 207A-14R-1, 119 cm, slide A),
20a, b) Sethocyrtis chrysallis (Sample 277-32R-3. 100 cm).
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PLATE 11: Eucyrtidiidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Theocorys sp. (Sample 207A-18R-5, 100 cm, slide B),
2) Theocorys sp. (Sample 207A-14R-2, 132 cm, MRC slide),
3a, b) Theocorys acroria (Sample 207A-19R-4, 97 cm, slide A),
4) Theocorys anapographa (Sample 206C-17R-4, 100 cm, slide B),
5) Theocorys anapographa (Sample 206C-17R-6, 100 cm, slide C),
6a, b) Theocorys anapographa Var. A (Sample 206C-15R-2, 78 cm, slide B),
7a, b) Theocotyle? sp. (Sample 207A-14R-2, 101 cm, slide B),
8a, b) Theocotyle? sp. (Sample 207A-13R-4, 100 cm, slide C),
9) Theocotyle nigriniae (Sample 207A-18R-2, 102 cm, slide A),
10) Theocotylissa ficus (Sample 206C-17R-4, 100 cm, slide B),
11) Thyrsocyrtis cf. (Thyrsocyrtis) norrisi (Sample 592-40X-1, 80 cm),
12a, b) Thyrsocyrtis cf. (Thyrsocyrtis) norrisi (Sample 1123C-32X-2, 31 cm),
13a, b) Thyrsocyrtis cf. (Thyrsocyrtis) norrisi (Sample 1123C-32X-2, 31 cm),
14a, b) Thyrsocyrtis (Thyrsocyrtis?) pinguisicoides (Sample 277-23R-1, 33 cm, slide A),
15a, b) Thyrsocyrtis (Thyrsocyrtis) rhizodon (Sample 207A-20R-5, 101 cm, slide A),
16) Thyrsocyrtis (Thyrsocyrtis) rhizodon (Sample 207A-18R-2, 102 cm, slide A),
17a, b) Thyrsocyrtis (Thyrsocyrtis) rhizodon (Sample 207A-18R-5, 100 cm, slide B),
18a, b) Thyrsocyrtis (Pentalocorys) cf. triacantha (Sample 206C-16R-3, 100 cm, slide
A),
19a, b) Thyrsocyrtis sp. A (Sample 206C-17R-1, 15 cm),
20) Thyrsocyrtis sp. A (Sample 206C-17R-1, 15 cm),
21 a, b, ¢) Thyrsocyrtis sp. D (Sample 206C-15R-2, 78 cm, slide B),
223, b) Verutotholus edwardsi (Sample 1123C-32X-3, 39 cm).
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PLATE 12: Lychnocaniidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Dictyophimus sp. (Sample 283-6R-2. 40 cm, slide A),
2) Dictyophimus sp. (Sample 207A-20R-5, 101 cm, slide A),
3) Dictyophimus sp. (Sample 207A-19R-2, 90 cm, slide A),
4a, b) Dictyophimus craticula (Sample 207A-14R-2, 132 cm, MRC slide),
5) Dictyophimus pocillum (Sample 207A-14R-1, 119 cm, slide A),
6) Dictyophimus pocillum (Sample 277-20R-6, 100 cm, slide A),
7a, b) Dictyophimus? archipilium (Sample 283-7R-1, 20cm, slide A),
8) Dictyophimus? archipilium (Sample 283-7R-1, 20cm, slide A),
9a, b) Dictyophimus? aff archipilium (Sample 277-17R-3, 33 cm),
10) Dictyophimus? aff archipilium (Sample 283-8R-1, 40 cm, slide B),
11) Dictyophimus? aff archipilium (Sample 283-8R-1, 40 cm, slide B),
12) Dictyophimus? aff archipilium (Sample 283-8R-1, 40 cm, slide B),
13) Dictyophimus? aff archipilium (Sample 277-23R-1, 22 cm, slide A),
14) Dictyophimus? aff archipilium (Sample 277-23R-1, 22 cm, slide A),
15) Dictyophimus aff. constrictus (Sample 280A-7R-1, 90 cm, slide A
16) Dictyophimus aff. constrictus (Sample 280A-6R-2, 60 cm, slide A),
17) Lithochytris archaea (Sample 207A-21R-4, 96 cm, slide A),
18) Lithochytris vespertilio (Sample 207A-13R-6, 100 cm, slide B),
19) Lychnocanium sp. (Sample 207A-12R-1, 100 cm, slide C),
20) Lychnocanium sp. (Sample 207A-12R-1, 100 cm, slide C),
21) Lychnocanium sp. (Sample 207A-12R-1, 100 cm, slide C),
22) Lychnocanium sp. (Sample 207A-18R-5, 100 cm, slide B),
23) Lychnocanium sp. (Sample 207A-19R-2, 90 cm, slide A),
24a, b) Lychnocanium alma (Sample 1123C-32X-4, 5 cm),
25) Lychnocanium amphitrite (Sample 277-33R-2, 20 cm, slide A),
26) Lychnocanium amphitrite (Sample 277-24R-2, 20 cm, slide B),
27) Lychnocanium amphitrite (Sample 277-25R-1, 60 cm, slide A),
28) Lychnocanium amphitrite (Sample 277-25R-1, 60 cm, slide A).
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PLATE 13: Lychnocaniidae

Scale bars equal 100pum. Images of selected radiolarian species:

1) Lychnocanium auxillum (Sample 277-43R-3, 121 cm, slide B),

2a, b) Lychnocanium babylonis (Sample 283-8R-2, 25 cm, slide A),

3) Lychnocanium babylonis (Sample 277-23R-1, 33 cm, slide A),

4) Lychnocanium bellum (Sample 206C-17R-6, 100 cm, slide C),

5) Lychnocanium aff. carinatum (Sample 207A-21R-4, 96 cm, slide A),

6) Lychnocanium conicum (Sample 207A-16R-2, 90 cm, slide B),

7) Lychnocanium conicum (Sample 207A-12R-1, 100 cm, slide C),

8) Lychnocanium cf. conicum (Sample 207A-12R-1, 100 cm, slide C),

9) Lychnocanium cf. conicum (Sample 207A-14R-2, 101 cm, slide B),

10a, b) Lychnocanium continuum (Sample 283-6R-2, 40 cm, slide A),

11) Lychnocanium aff. grande, early form (Sample 207A-18R-5, 100 cm, slide B),
12a, b) Lychnocanium aff. grande, early form (Sample 207A-18R-5, 100 cm, slide B),
13a, b) Lychnocanium aff. grande (Sample 207A-14R-2, 132 cm, MRC slide),
14a, b) Lychnocanium aff. grande (Sample 207A-12R-1, 100 cm, slide C),

15a, b) Lychnocanium satelles (Sample 207A-14R-1, 119 cm, slide A),

16a, b) Lychnocanium satelles (Sample 207A-18R-6, 90 cm, slide B),

17a, b) Lychnocanium satelles (Sample 207A-18R-6, 90 cm, slide B),

18a, b) Lychnocanium tetrapodium (Sample 277-23R-1, 33 cm, slide A).
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PLATE 14: Lychnocaniidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Lychnocanium trichopus (Sample 207A-14R-2, 132 cm, MRC slide),
2a, b, ¢) Lychnocanium trichopus (Sample 207A-14R-1, 119 cm, slide A),
3a, b) Lychnocanium trichopus (Sample 207A-14R-1, 119 cm, slide A),
4) Lychnocanium cf. tridentatum (Sample 207A-19R-4, 97 cm, slide A),
5a, b) Lychnocanium turgidum (Sample 1123C-31X-5, 20 cm),
6a, b) Lychnocanium waiareka (Sample 1123C-32X-4, 5 cm),
7a, b) Lychnocanium waitaki (Sample 1123C-32X-4, 5 cm),
8) Lychnocanium sp. A (Sample 207A-18R-5, 100 cm, slide B),
9a, b) Lychnocanium sp. A (Sample 207A-13R-6, 100 cm, slide C),
10a, b) Lychnocanium sp. A (Sample 207A-14R-1, 119 cm, slide A),
11a, b) Pterocanium sp. (Sample 207A-18R-2, 102 cm, slide A),
12) Pterocanium cf. sphinx (Sample 207A-18R-5, 100 cm, slide B),
13a, b) Pterocanium cf. sphinx (Sample 207A-19R-4, 97 cm, slide A),
14) Pterocodon apis (Sample 283-7R-1, 20 cm, slide B),
15a, b) Pterocodon apis (Sample 283-6R-2, 40 cm, slide A),
16) Pteropilium aff. contiguum (Sample 1123C-31X-CC),
17) Pteropilium aff. contiguum (Sample 277-23-1, 33 cm, slide A),
18a, b) Pteropilium aff. contiguum (Sample 207A-21R-4, 96 cm, slide A),
19) Rhopalocanium ornatum (Sample 207A-19R-4, 97 cm, slide A),
20) Rhopalocanium ornatum (Sample 206C-15R-2, 78 cm, slide B),
21) Rhopalocanium cf. ornatum (Sample 207A-15R-3, 100 cm, slide A),
22) Rhopalocanium cf. ornatum (Sample 207A-15R-3, 100 cm, slide A),
23) Rhopalocanium cf. ornatum (Sample 207A-16R-2, 90 cm, slide B),
24) Rhopalocanium cf. ornatum (Sample 206C-15R-2, 35 cm, slide B),
25) Rhopalocanium cf. ornatum (Sample 206C-15R-2, 78 cm, slide B),
26) Rhopalocanium cf. ornatum (Sample 206C-15R-2, 78 cm, slide B),
27a, b) Sethochytris triconiscus (Sample 206C-17R-4, 100cm, slide B).
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PLATE 15: Lophocyrtiidae
Scale bars equal 100pum. Images of selected radiolarian species:
1) Aphetocyrtis bianulus (Sample 277-22R-1, 82 cm, slide A),
2) Aphetocyrtis gnomabax (Sample 280A-6R-2, 60 cm, slide A),
3) Aphetocyrtis gnomabax (Sample 280A-5R-1, 104 cm, slide A),
4) Aphetocyrtis gnomabax (Sample 280A-5R-1, 104 cm, slide A),
5) Aphetocyrtis gnomabax (Sample 280A-5R-1, 104 cm, slide A),
6) Aphetocyrtis gnomabax (Sample 280A-5R-1, 104 cm, slide A),
7) Aphetocyrtis gnomabax (Sample 277-24R-2, 20 cm, slide A),
8) Aphetocyrtis rossi (Sample 283-6R-2, 40 cm, slide A),
9) Aphetocyrtis rossi (Sample 280A-5R-1, 104 cm, slide A),
10) Aphetocyrtis rossi (Sample 280A-7R-1, 90 cm, slide A),
11) Aphetocyrtis rossi (Sample 277-23R-1, 33 cm, slide A),
12) Clinorhabdus anantomus (Sample 283-7R-1, 20 cm, slide A),
13) Clinorhabdus anantomus (Sample 283-7R-1, 20 cm, slide A),
14a, b) Lophocyrtis (Apoplanius) aspera Form A (Sample 283-7R-1, 20 cm, slide A),
15) Lophocyrtis (Apoplanius) aspera Form A (Sample 283-7R-1, 20 cm, slide A),
16a, b) Lophocyrtis (Apoplanius) aspera Form A (Sample 1123C-33X-CC, slide B),
17a, b) Lophocyrtis (Apoplanius) aspera Form B (Sample 207A-12R-1, 100 cm, slide
C),
18a, b) Lophocyrtis (Apoplanius) aspera Form B (Sample 1123C-32X-4, 5 cm),
19a, b) Lophocyrtis (Apoplanius) aspera Form B (Sample 1123C-32X-4, 5 cm),

20) Lophocyrtis (Apoplanius) keraspera (Sample 277-23R-1, 33 cm, slide A),
21) Lophocyrtis (Apoplanius) keraspera (Sample 277-23R-1, 33 cm, slide A),
22) Lophocyrtis (Apoplanius) keraspera (Sample 277-23R-1, 33 cm, slide A),
23a, b) Lophocyrtis (Apoplanius) keraspera (Sample 1123C-32X-3, 39 cm),

24) Lophocyrtis (Apoplanius) keraspera (Sample 1123C-33X-CC, slide B),

253, b) Lophocyrtis (Apoplanius) nomas (Sample 207A-14R-1, 119 cm, slide A),
264, b) Lophocyrtis (Apoplanius) nomas (Sample 207A-14R-1, 119 cm, slide A),
27) Lophocyrtis (Apoplanius) nomas (Sample 207A-14R-1, 119 cm, slide A).
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PLATE 16: Lophocyrtiidae
Scale bars equal 100pum. Images of selected radiolarian species:
1a, b) Lophocyrtis (Cyclampterium) hadra (Sample 1123C-31X-5, 20 cm),
2) Lophocyrtis (Cyclampterium) milowi (Sample 1123C-29X-CC),

3) Lophocyrtis (Lophocyrtis) jacchia hapsis (Sample 283-8R-1, 40 cm, slide A),

4) Lophocyrtis (Lophocyrtis) jacchia hapsis (Sample 277-32R-3, 100 cm),

5a, b) Lophocyrtis (Lophocyrtis) jacchia hapsis (Sample 1123C-32X-4, 5 cm),

6a, b) Lophocyrtis (Lophocyrtis) jacchia hapsis (Sample 206C-15R-2, 25 cm, slide B),

7) Lophocyrtis (Lophocyrtis) jacchia jacchia (Sample 207A-19R-4, 97 cm, slide A),

8) Lophocyrtis (Lophocyrtis) jacchia jacchia (Sample 207A-20R-4, 70 cm, MRC slide),

9) Lophocyrtis (Lophocyrtis) jacchia jacchia (Sample 207A-20R-5, 101 cm, slide A),

10) Lophocyrtis sp. A (Sample 207A-19R-4, 97 cm, slide A),

11) Lophocyrtis sp. A (Sample 207A-19R-4, 97 cm, slide A),

12a, b) Lophocyrtis (Lophocyrtis?) semipolita (Sample 207A-18R-2, 102 cm, slide A),

13a, b) Lophocyrtis (Lophocyrtis?) semipolita (Sample 207A-19R-2, 90 cm, slide A),

14) Lophocyrtis (Paralampterium) dumitricai (Sample 207A-14R-2, 101 cm, slide B),

15) Lophocyrtis (Paralampterium) dumitricai (Sample 207A-18R-2, 102 cm, slide A),

16a, b) Lophocyrtis (Paralampterium) cf. dumitricai (Sample 207A-21R-4, 96 cm, slide
A),

17) Lophocyrtis (Paralampterium) cf. dumitricai (Sample 207A-21R-4, 96 cm, slide A),

18) Lophocyrtis (Paralampterium) cf. dumitricai (Sample 207A-21R-4, 96 cm, slide A),

19) Lophocyrtis (Paralampterium) longiventer (Sample 277-25R-1, 60 cm, slide A),

20) Lophocyrtis (Paralampterium) longiventer (Sample 277-25R-1, 60 cm, slide A),

21a, b) Lophocyrtis? sp. B (Sample 1123C-33X-2, 31 cm),

22) Lophocyrtis? sp. B (Sample 592-40X-1, 80 cm),

23a, b) Lophocyrtis? sp. B (Sample 592-40X-1, 80 cm),

24a, b) Pterosyringium hamata (Sample 1123C-31X-5, 20 cm),

254, b) Pterosyringium hamata (Sample 1123C-32X-1, 86 cm),

264, b) Pterosyringium hamata (Sample 1123C-32X-4, 5 cm),

27a, b) Pterosyringium cf. hamata (Sample 1123C-29X-5, 20 cm).
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PLATE 17: Pterocorythidae
Scale bars equal 100pum. Images of selected radiolarian species:
1a, b) Pterocorythidae? indet. sp. A (Sample 206C-17R-4, 100 cm, slide B),
2a, b) Cryptocarpium sp., late Eocene form (Sample 1123C-33X-1, 31 cm),

3a, b) Cryptocarpium sp., spiny form (Sample 1123C-33X-1, 31 cm),

4a, b) Cryptocarpium sp., early Eocene form (Sample 207A-20R-5, 101 cm, slide A),
5a, b) Cryptocarpium sp., middle Eocene form (Sample 206C-15R-2, 25 cm, slide A),
6a, b) Cryptocarpium azyx (Sample 1123C-32X-CC),

7a, b) Cryptocarpium bussonii gr. (Sample 277-18R-3, 20 cm),

8a, b) Cryptocarpium bussonii gr. (Sample 277-18R-3, 20 cm),

9a, b) Cryptocarpium ornatum (Sample 1123C-32X-4, 5¢cm),

10a, b) Gondwanaria sp. (Sample 280A-7R-1, 90 cm, slide A),

11a, b) Gondwanaria sp. (Sample 280A-6R-2, 60 cm, slide A),

12a, b) Lamprocyclas sp. (Sample 206C-17R-2, 100 cm, slide C),

13) Lamprocyclas particollis (Sample 277-25R-1, 60 cm, slide A),

14a, b) Podocyrtis sp. (Sample 207A-18R-2, 102 cm, slide A),

15a, b) Podocyrtis sp. (Sample 207A-15R-3, 100 cm, slide A),

16a, b) Podocyrtis? pupa (Sample 207A-13R-6, 100 cm, slide B),

17a, b) Podocyrtis? pupa (Sample 207A-13R-6, 100 cm, slide B),

18a, b) Podocyrtis? pupa (Sample 207A-13R-6, 100 cm, slide B),

19a, b) Podocyrtis (Lampterium) acalles (Sample 207A-20R-5, 101 cm, slide A),
20a, b) Podocyrtis (Podocyrtis) papalis (Sample 207A-19R-2, 90 cm, slide A),

21a, b) Podocyrtis (Podocyrtoges) aphorma (Sample 207A-20R-4, 70 cm, MRC slide),
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PLATE 18: Pterocorythidae
Scale bars equal 100pum. Images of selected radiolarian species:
1a, b) Stichopilium cf. bicorne (Sample 207A-16R-2, 90 cm, slide B),
2a, b) Stichopilium cf. bicorne (Sample 283-7R-1, 20 cm, slide A),
3) Theocyrtis tuberosa (Sample 283-5R-2, 25 cm, slide B),
4) Theocyrtis tuberosa (Sample 1123C-29X-5, 20 cm),
5) Theocyrtis tuberosa (Sample 1123C-29X-5, 20 cm).

PLATE 18: Sethophormididae
6) Velicucullus sp. (Sample 277-25R-1, 60 cm, slide A),
7) Velicucullus magnificum (Sample 207A-16R-2, 90 cm, slide B),
8) Velicucullus magnificum (Sample 207A-19R-4, 97 cm, slide A),
9) Velicucullus magnificum (Sample 207A-16R-2, 90 cm, slide B).

PLATE 18: Amphipyndacidae
10) Amphipternis alamedaensis (Sample 207A-18R-6, 90 cm, slide B),
11a, b) Amphipternis clava (Sample 207A-20R-5, 101 cm, slide A),
12) Amphipyndax stocki (Sample 207A-28R-1, 100 cm, slide A).

PLATE 18: reworked specimens
13) Dictyomitra multicostata (Sample 1123C-32X-CC),
14) Mita regina (Sample 1123C-32X-CC),
15) Phormocyrtis striata exquisita (Sample 206C-17R-4, 100 cm, slide B)
164, b) Stichocorys delmontensis (Sample 1123C-30X-1, 60 cm).
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