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ABSTRACT
Prior to the Late Eocene, the Antarctic continent experienced lush vegetation
under temperate conditions. Just before the Eocene/Oligocene Boundary, the climate of
the southernmost continent began to deteriorate dramatically. This cooling trend largely
continued until most Antarctic vegetation disappeared, ~13.85-12.8 Ma. Classifying the
nature and cause of Antarctica’s drastic climate change is essential for furthering our
knowledge of Earth’s history, and also for grasping the potential effects of current and
future climate shifts.
Here, I present evidence from three new palynomorph-centric studies that deepen
our understanding of Antarctic earth science, climate change, and of climate proxies. The
first study involved analyzing the stable carbon isotopes (δ13C) of Nothofagidites fusca
palynomorphs from the Late Eocene, Antarctic Peninsula region. We found that pollen
Δ13C generally decreased through time, just prior to the Eocene/Oligocene Boundary,
suggesting a decrease in water availability to plants. This decrease in moisture availability
was likely caused by increased glaciation, decreased run off, decreased precipitation, or
a combination of these factors. In the second study, the potential for using Nothofagus
sp. pollen size as a proxy for changes in moisture availability was assessed. We found
a significant relationship between pollen grain size and precipitation (as precipitation
decreased, pollen size increased), suggesting this is a viable method for studying climate
change. We then applied this method to Antarctic Eocene, Oligocene, and Miocene fossil
Nothofagidites lachlaniae pollen and observed an overall increasing trend in pollen
grain size from the Eocene through the Early Miocene, indicating that precipitation was
decreasing in Antarctica during this time, and coincident with increased glaciation and
decreased palynomorph abundance. Lastly, a standard palynological analysis was conducted
on the lower sections of the ANDRILL 2A core from the Middle Miocene. Palynomorph
abundance and diversity were generally sparse, indicating that the climate was likely cold
and dry. However, two brief, warmer intervals were discovered prior to the Mid-Miocene
xi

Climatic Optimum. These data are compared with previously obtained palynological data
from the upper section of AND-2A and with additional studies from the same core and
other climate proxies (e.g. pCO2, leaf wax data, macro fossil presence, sedimentology,
orbital cyclicity).

xii

CHAPTER 1. INTRODUCTION TO PROJECTS AND ANTARCTIC EARTH
SCIENCE
1.1 Context of research
I came to LSU with very little background in geology or paleontology. My

undergraduate education focused primarily on mathematics, and I came late to the
game in geology, managing to just squeeze in a minor my last semester. Despite my

vast inadequacies as a geologist, I applied to graduate school. It wasn’t until my nowadvisor, Sophie Warny, reached out to me during the application process that I learned
what palynology is.

Since then, I have become interested in what I call “applied palynology” – so

called because it requires the use of palynomorphs, but differs from the standard
palynological technique of rigorous palynomorph counting. I first became aware of
the concept of applying geochemical techniques to palynomorphs my first semester,

as a student in Brian Fry’s stable isotope ecology class. From there, I was able to make
contact with Dave Nelson (at the University of Maryland Center for Environmental
Science) who taught me how to use a micromanipulator controlled with a joystick to

extract pollen grains for isotope analysis (think: the world’s most boring video game).

Since then, the questions of “How do we solve this problem using palynomorphs?”

and “What else can we use palynomorphs to study?” have been at the forefront of my
approach to palynology. Studying Antarctica has intensified this interest in applied

palynology as palynomorphs are often sparse and cores are extremely difficult to
obtain. Creativity is often born out of necessity, and the applied palynological projects

outlined in this thesis are no exception. Indeed, each of the three research studies
presented here uses a different technique to answer the questions posed above.

Moving forward, the use and development of these applied palynological techniques
over the course of my graduate studies at LSU will likely influence future research
that I pursue, as these are areas that have generated the most personal interest in
1

my graduate work and where opportunities for additional work can and should be
explored.

1.2 Dissertation style
This dissertation follows in the style of stand-alone articles that have

been published, submitted for publication, or are in preparation for publication in

various scientific journals at the time of defense. The three articles presented here
represent the three projects from this dissertation. They entail standard and applied

palynological methods implemented on Antarctic core sediments. Chapters follow

in the order of geologic time: Chapter 2 (Eocene), Chapter 3 (Eocene, Oligocene,

Miocene), Chapter 3 (Miocene). Chapter 2 discusses and applies a new technique for
studying paleoclimates using a spooling-wire microcombustion device interfaced with

an isotope-ratio mass spectrometer to analyze small amounts of palynomorphs (~15-

70 grains) for their stable carbon isotopes. Chapter 3 introduces a second technique
for applied palynology: the effect of water on pollen grain size through time. Chapter
4 entails a standard palynological investigation of the lower section of the ANDRILL

2A core from the Antarctic Early to Middle Miocene. A brief introduction to Antarctic
earth science, focusing primarily on Antarctic paleoclimates and paleobotany since
the Cretaceous and, finally, a broad conclusion are included.
1.3 Applicability of work
Each of the three projects is uniquely applicable. The overarching theme of

the works presented here is that of Antarctic climate change over the past ~35.9 Ma.

Better understanding paleoclimates (and especially changes in those climates) is
particularly relevant in light of current climate change concerns. Of relevance, also, is

the response of vegetation to shifts in temperature and precipitation (or, more broadly,
moisture availability). Both climate change and vegetation response are studied here.
2

This work was designed to answer questions about Antarctic palaeoenvironments
such as: What was the nature of climate change in Antarctica during the last ~36 Ma?

What were the driving forces behind changes in plant productivity? What effect did
changes in moisture availability have on terrestrial vegetation?

In addition to increasing our knowledge of Antarctic paleoenvironments, two

relatively new research techniques are presented. Both projects use palynomorph
features (Δ13Cpalynomorph and palynomorph grain size, respectively) to decipher changes

in paleoenvironments. The development of these techniques is highly important, as

they may be applied to other regions to better understand changing climates in these
regions.

1.4 Overview of projects and materials
To better understand climate change in Antarctica over the past ~36 Ma,

I tackled three research projects over the course of my dissertation research. (1)

Stable carbon isotope values of Nothofagidites fusca group palynomorphs from the

Eocene SHALDRIL 3C core were analyzed to better understand shifts in the moisture
available to plants just prior to the E/O Boundary. (2) The potential for changes in

pollen size as a proxy for paleoclimate shifts in moisture was assessed using modern
pollen from herbaria. Sizes of Nothofagidites lachlaniae pollen from the Eocene,
Oligocene, and Miocene were then measured and used to better understand long-

term shifts in moisture. (3) Finally, a standard palynological analysis was conducted

in Baton Rouge, LA at Louisiana State University. This project is centered on the Early
to Middle Miocene ANDRILL 2A Core and focuses on better understanding long-term
climate change (over millions of years) and the effect of temperature/precipitation
shifts on plant productivity and diversity.

The three research projects presented in this dissertation focus on two key

study areas: (1) the Weddell Sea off the coast of the Antarctic Peninsula (AP), and
3

(2) the Ross Sea. See Figure 1.1 for locations of the SHALDRIL 3C, 12A, and ANDRILL
2A core drilling locations. The SHALDRIL (SHALlow DRILling on the Antarctic
Continental Margin) II Project was undertaken in 2006 and aimed to collect cores

from the Weddell Sea. Core NBP06-02A 3C (herein referred to as SHALDRIL II 3C or

SHALDRIL 3C) is a late Eocene core, dating from ~35.9 ± 1.1 Ma (Bohaty et al., 2011).

The core spans a short interval, likely no more than 200 kyr (Anderson, pers. comm.),

just prior to the E/O Boundary. Core NBP06-02A 12A (herein referred to as SHALDRIL
II 12A or SHALDRIL 12A) is an Oligocene core dating from between 28.4 and 23.3 Ma
(Anderson et al., 2011; Bohaty et al., 2011). In 2007, the ANDRILL 2A SMS (ANtarctic

geological DRILLing, South McMurdo Sound; AND-2A) program obtained an 1138.54
meter-long core from the South McMurdo Sound in the Ross Sea, with an incredible

98% core recovery (Taviani et al., 2009). The core spans the Early to Middle Miocene,

from ~15.50 Ma to >~20 Ma (Acton et al., 2009). A geologic context of each core is
given in the next subsection, 1.5 Antarctic Cenozoic geology.

Lastly, modern specimens of Nothofagus sp. plants were obtained from the

Harvard University Herbarium and from the New Zealand Herbarium in Wellington.

The relevant materials
are

East Antarctica

sa
an
Tr

nt

SHALDRIL NBP06-02A 12A
SHALDRIL NBP06-02A 3C

arc
ti

c Mounta
in

s
West Antarctica
NASA Satellite Image

Figure 1.1 Satellite image of Antarctica with key geographic
and site locations.
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in

further detail in the
following

chapters

as they relate to each

project. See Table 1.1

ANDRILL-2A SMS

Antarctic
Peninsula

discussed

for a summary of the

materials used for each
of the three projects
discussed here.

~15.5 to >20 Ma

Age

N/A
10 Samples

Palynomorph δ13C
Analysis

Palynomorph Size

90 Samples

Ross Sea
77° 45.5’S,
165° 16.6’E

Drilling Location

Palynology

ANDRILL 2A

Core or Herbaria

10 Samples

N/A

N/A

28.4 to 23.3 Ma

Weddell Sea
63° 16.4'S,
52° 49.5'W

SHALDRIL 12A

Fossil Samples

6

13 Samples

10 Samples

N/A

~35.9 ± 1.1 Ma

Weddell Sea
63° 50.9'S,
54° 39.2'W

SHALDRIL 3C

15 Specimens

9 Specimens

N/A

Modern

Boston, MA
USA

Harvard University
Herbarium

4 Specimens

1 Specimen

N/A

Modern

Wellington,
New Zealand

New Zealand
Herbarium

Modern Samples

Table 1.1 Summary of all samples obtained for three dissertatin projects. Fossil samples
come from the ANDRILL 2A, SHALDRIL 12A, and SHALDRIL 3C cores. Modern samples
Table 1.1. Summary of all samples obtained for three dissertation projects. Fossil samples come from the ANDRILL 2A, SHALDRIL
come
the3C
Harvard
University
Herbarium
inUniversity
Boston,Herbarium
AM, USA
and MA,
from
the
Zea12A,
and from
SHALDRIL
cores. Modern
samples come
from the Harvard
in Boston,
USA
andNew
from the
New
Zealand
Herbarium in Wellington,
NZ.
land Herbarium
in Wellington,
NZ.

Project

1.5 Antarctic Cenozoic geology
By early Ordovician times, all of the major Gondwanan landmasses had been

assembled. The initial phase of Gondwanan breakup began in the Permian with the
intrusion and extrusion of mantle-derived magmas (e.g. Anderson, 1999). By the

Middle Jurassic, a rift system formed as a result of a large, normal fault system, and

marked the separation of East Gondwana from West Gondwana (de Wit et al., 1998).

The continued separation of Antarctica from Gondwana during this time is evidenced

by palaeomagnetic dating (e.g. Anderson, 1999). Movement continued until the
separation of West Antarctica from New Zealand ~72 Ma (Stock and Molnar, 1987).

Today, Antarctica is a large, stable craton that is commonly divided into three sections:
East Antarctica, West Antarctica, and the Trans-Antarctic Mountains. See Figure 1.1.

The Antarctic continent has experienced vast climatological shifts over the

past ~50 Ma, and thus provides an excellent tool for studying climate change. Today,

mean annual temperatures are -57°C in the interior. Mean annual precipitation varies
throughout the continent, but is as little as 50 mm/yr in the high interior. However,

the Antarctic of the Cretaceous and Early to Middle Eocene had a distinctly contrasting
climate.

The southernmost continent was mostly ice-free with vegetation and mean

annual temperatures above freezing prior to the Eocene-Oligocene (E/O) boundary
(e.g. Barrett, 1996). Winters were likely mild and frost-free with precipitation greater

than 1000 mm/yr, sufficient to support temperate rainforests. Poole et al. (2005)
presented data from a physiognomic (morphological characteristic analysis) study
on fossil wood that indicate relatively warm, moist conditions in the Late Cretaceous,

cool and dry conditions in the Early Paleocene, and warm and moist conditions in the
latest Early Paleocene. Combined palynological and tetraether lipid data indicate that

temperatures likely did not fall below ~10°C (Pross et al., 2012). Similarly, leaf margin
analysis indicated that mean annual temperature was around 10.8°C ± 1.1°C, with a
7

warm month average of 24°C ±2.7°C and a cold month average of -1.17°C ± 2.7°C, and
that MAP was ~1534 mm/yr in the Middle Eocene (Francis et al., 2008).

Evidence exists for significant climate deterioration in Antarctica starting in the

Middle to Late Eocene. Palynological data from the Weddell Sea (Antarctic Peninsula)

show dramatic declines in palynomorph abundance and diversity in the Late Eocene,
and indicate a cooling climate (e.g. Birkenmajer and Sastawniak, 1986; Askin, 1992;

Anderson et al., 2011; Warny and Askin, 2011a). Pollen Δ13C values from this time

also decline and indicate a decrease in moisture availability, possibly the result of

increased glaciation, decreased runoff, decreased precipitation, or a combination of
these or other factors (Griener et al., 2013 and references therein). This is consistent
with bulk geochemistry data gathered on marine siliciclastic sediments (specifically,

the chemical index of alteration applied to alkaline major element geochemistry of
these sediments), which were used to reconstruct precipitation estimates ranging

from 1000-1250 mm/yr in the Late Eocene (Passchier et al., 2013), a decrease from
the Middle Eocene estimate of ~1534 mm/yr from Francis et al. (2008).

The climate shifted severely at the E/O Boundary. Palynological evidence from

off the coast of the Antarctic Peninsula indicates a continued decrease in palynomorph
diversity and abundance during the Oligocene (e.g. Anderson et al., 2011; Warny and

Askin, 2011b). Micromorphological analysis of quartz sand grains indicate a presence

of glaciers on the AP in the upper Oligocene (Kirshner and Anderson, 2011), and the
presence of pebbly gray diamictite in Miocene deposits are interpreted as glacimarine

and indicate more exaggerated glaciation during this time than existed in the Oligocene
(Wellner et al., 2011). This evidence for increased cooling and glaciation after the

E/O Boundary is supported by additional palynological evidence from the Miocene

ANDRILL 2A Core (Warny et al., 2009; Griener et al., in prep). Palynological data from
this core indicate relatively sparse assemblages lacking in diversity. Several exceptions
exist: an increase in palynomorph abundance and diversity at the Mid Miocene Climatic
8

Optimum (MMCO; Warny et al., 2009), at ~434 mbsf (Foersterling, 2011; confirmed
by Warny) and in several instances in the lower section of the core (Griener et al., in

prep). Grain size analysis of Nothofagidites lachlaniae pollen indicate a decrease in

moisture availability from the Late Eocene through the Early to Mid Miocene, which
likely influenced the decline in palynomorph diversity and abundance observed in
Antarctica during this time (Griener et al., submitted). However, δH analysis on leaf

waxes indicate a brief period of increased moisture in Antarctica at or near the MMCO
(Feakins et al., 2013). The continued deterioration of Antarctica’s climate over the

past~35 Ma have led to the demise of tundra and extinction of most plants on the

southernmost continent. The ultimate collapse of vegetation in Antarctica is believed
to have happened by ~13.85 Ma in the Dry Valleys (Lewis et al., 2006) and after ~12.8
Ma on the Antarctic Peninsula (Anderson et al., 2011).

Two primary theories exist as to why severe cooling and aridification

occurred on the southernmost continent. Kennett (1977) introduced the theory that

the separation of Antarctica from Australia and the tip of South America led to the
development of the Antarctic Circumpolar Current, effectively causing Antarctica

to become “thermally isolated” by preventing the warm waters of the tropics from
reaching the continent. DeConto and Pollard (2003), on the other hand, suggest that

a reduction in pCO2 at the E/O Boundary caused rapid cooling as the atmosphere

became depleted in greenhouse gases.

However, each of these theories is not without its faults. Kennett’s theory,

though intriguing, is complicated by a poor understanding of the timing of the

formation of the Antarctic Circumpolar Current. For example, most scientists agree

that the age of the ocean floor in the Drake Passage is ~28 Ma or perhaps much

older. Indeed, paleontological data of Antarctodolops and Eurydolops polydolopid

mammals indicate that this group was isolated on the Antarctic Peninsula prior to the
early Eocene after the disappearance of a landbridge between Antarctica and South
9

America (Woodburne and Zinsmeister, 1984; Ivany et al., 2009). Additionally, Scher
and Martin (2006) used neodymium isotope ratios from the Agulhas Ridge to indicate

an initial opening of the Drake Passake (between South America and Australia) as
early as the Middle Eocene, indicated by an influx of Pacific Ocean water into this
region by that time. However, some argue that the development of the ACC is unlikely

to have been coincident with this age, as prominent ridges along the ocean floor
would have prevented the significant flow of water until ~22±2 Ma or later, when

the ridges cleared (e.g. Barker and Burrell, 1977). Livermore et al. (2005) concluded
that, while a shallow seaway may have developed by the middle Eocene, deepening

likely did not develop until the Late Eocene/Early Oligocene (~34-30 Ma). Even if the
Drake Passage was relatively deep by 30-28 Ma, as some argue, continental fragments

to the east may have precluded the development of the ACC until much later (Barker,
1995). Magnetic anomalies east of the South Tasman Saddle (between Antarctica and

Tasmania) have been identified to 79-66 Ma (Royer and Rollet, 1997; Gee and Kent,

2007) and, if correct, may put the onset of seafloor spreading in this region in the
Campanian to Maastrictian, though Gaina et al. (1998) argue that the opening of the
Tasman Sea began at ~87 Ma and that spreading ceased by the early Eocene (Gaina

et al., 1998). Increased thermal input generated from spreading center migration in
the Late Eocene to Early Oligocene may have caused seafloor uplift and effectively
prevented deepening, though Lawver et al. (2011) point out that any elevation may
have been slight and that the South Tasman Rise would likely have begun to subside

by 37 Ma after passing over a fixed hot spot, further convoluting our understanding of
the thermal isolation concept.

However, this is not the only theory without complications. DeConto and

Pollard (2003) argue that the abrupt decline in pCO2 at the E/O Boundary was the

primary driver behind significant Antarctic climate change. Data compiled by Royer
(2006) and illustrated by Zachos et al. (2008) indicate that the sharp decline in
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pCO2 at the end of the E/O Boundary coincided with an abrupt increase in marine

δ18O values. Indeed, increases in pCO2 coincide with decreases in δ18O values (and
vice versa) in several instances since the Cretaceous, notably at the Early and Mid-

Eocene Climatic Optimums. More recent evidence from Pagani et al. (2011) provides
additional support that the drop in pCO2 was concurrent with climate change at the
end of the Eocene. However, studies done in the last few years provide evidence that

the Antarctic continent was already cooling prior to the dramatic decrease in pCO2

(e.g. Anderson et al., 2011; Warny and Askin, 2011a). If atmospheric CO2 had been the

cause behind Antarctica’s deterioration, decreases in moisture availability and plant

abundance/diversity would likely not have been observed until at the E/O Boundary,
or even slightly after it.

1.5.1 Eocene and Oligocene SHALDRIL geological background

The geological background of the Weddell Sea region is complex and debated,

as mentioned above. Lawver et al. (2011) argue that there was no deepwater Drake

Passage in the middle Eocene, as the Antarctic Peninsula had been placed against

the southern margin of Tierra del Fuego, the result of major plate motions between
South America and Africa as well as Africa and Antarctica. Major plate motions of
the late middle Eocene predict that the Antarctic Peninsula was east of Tierra del

Fuego (Cunningham et al., 1995). Data from Scher and Martin (2006) suggest the flow

of Pacific water masses into the southernmost Atlantic by ~41 Ma, indicating that

the Drake Passage may have been open at this time, at least to some extent. Plate
motion reconstructions from Lawver et al. (2011) suggest that a deepwater seaway

was possibly clogged by continental fragments until ~30 Ma, but was likely cleared of
those by ~28 Ma. The SHALDRIL 3C and 12A sediments, sourced at least in part from

the tip of the Antarctic Peninsula, record Antarctic palynology potentially prior to and

after the opening of the Drake Passage (as per Lawver et al.’s (2011) reconstructions).
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Seaward dipping strata around the Antarctic continent have largely been eroded by

advancing ice sheets. The goal of the SHALDRIL II project was to collect short cores
of strata lying below these Pleistocene sediments using seismic data. As a result, the
SHALDRIL II 3C and 12A cores were collected.

1.5.2 Miocene ANDRILL 2A geological background

The ANDRILL core covers an interval dating from early Miocene to Pleistocene

(Acton et al., 2009) from the Ross Sea in the southwest region of the South McMurdo

Sound, Antarctica. The location of the ANDRILL 2A core is of particular interest

because it lies at the confluence of three key geological components: (1) the Victoria
Land Basin (VLB); (2) the TAM; and (3) the Erebus Volcanic Province, and the location
is influenced by the East Antarctic Ice Sheet (EAIS), West Antarctic Ice Sheet (WAIS)

and Ross Ice Shelf (RIS; e.g. Florindo et al., 2009). Rifting-associated subsidence
adjacent to the TAM provided accommodation space (Fielding et al., 2006), and the

rising TAM provided a high sediment supply to the VLB, a 350 km-long half-graben.

The combined effects of TAM sediment supply and VLB thermal subsidence helped the
basin to preserve strata and protect them from erosive glacial activity (e.g. Florindo

et al., 2009). A large sedimentary wedge (1.5-2.0 km-thick), increasing in thickness to

the east, was deposited as a result of sedimentation equaling or exceeding the rate of
subsidence (Wilson, 1999).

1.6 Introduction to Antarctic palynology and paleobotany
Many studies in recent decades have focused on Antarctic terrestrial palynology

and paleobotany. We can think of these in terms geologic time, but it is also important

to note that each study largely focuses on one of three broad and widely-separated

geographic locations: (1) Antarctic Peninsula/Seymour Island; (2) McMurdo Sound
(West Antarctica); (3) Prydz Bay (East Antarctica).
12

1.6.1 Cretaceous

The majority of our Pre-Paleogene understanding of Antarctic paleobotany

comes from the Antarctic Peninsular sediments, including the surrounding islands

and from erratics. Prior to the late Eocene, plant assemblages were relatively diverse,
and terrestrial palynomorphs from these sediments were abundant. On the Antarctica
Peninsula, palynological assemblages from the Albian/Cenomanian contain abundant

podocarp pollen as well as other Araucariaceae (ancient coniferous) tree palynomorphs

(e.g. Dettmann and Thomson, 1987; Baldoni and Medina, 1989). Cryptogram spores
are also recognized from throughout the Late Cretaceous (e.g. Askin, 1990a; Askin
et al., 1991). In addition to spores and gymnosperm pollen palynomorphs, Albian/

Cenomanian sediments from the Antarctic Peninsular region yielded angiosperm
leaves (Rees and Smellie, 1989). Podocarp leaves from the Upper Cretaceous were
recovered from King George Island (Fontes and Dutra, 2010). Forests of the Late
Cretaceous northern AP were characterized by podocarp and araucarian trees, with

an angiosperm understory (Askin, 1992). However, angiosperms began to diversify
significantly, until nearly half of the angiosperm taxa were endemic to the AP by the
latest Cretaceous (Askin, 1989). Across the Cretaceous/Tertiary (K/T) Boundary,

much of the terrestrial palynomorph assemblage remained unchanged (Askin, 1988;
Askin, 1990b). However, some diagnostic spore and pollen taxa did appear at the latest
Cretaceous or earliest Paleogene (Askin, 1990b), but rather than an abrupt shift, there
was a gradual transition to a new assemblage, possibly as a result of cooling through
the early Maastrichtian and Paleocene (Askin, 1988).
1.6.2 Paleocene

Paleocene plant fossils have been found on the AP as far back as 1980 (Jefferson).

These early Tertiary palynomorphs reflect some of the earlier Nothofagidites sp.

specimens from the western side of the AP (Jefferson, 1980). Today, Nothofagus is
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recognized as one of the key genera of Antarctic paleovegetation (discussed below).

Indeed, remnants of these plants have been found in multiple AP localities from

Paleogene, as the genus proliferated the AP. While the genus did come to dominate
many Antarctic plant assemblages (e.g. Macphail and Truswell, 2004; Warny et al.,
2009; Warny and Askin, 2011a; Griener et al., in prep), Nothofagus in the Paleocene

was only one genus of a relatively diverse assemblage of plants. Birkenmajer and

Zastawniak (1986) recorded fossil leaf impressions and remains of a number of
angiosperms from the Dufayel Island Group, dated to the Paleocene. These include

Cochlospermum, Dodonea, Leguminosites, Nothofagus, Myrtaceae, Sterculia, Tetracera
patagonica and others (Birkenmajer and Sastawniak, 1986). Francis and Poole (2002)
recovered abundant fossil wood within Cretaceous through early Tertiary sediments
from the northern AP. Indeed, a mix of subtropical to cool temperate plants appears
to have existed during the Paleocene (Troncoso, 1986). It is likely that warm, humid
conditions prevailed in the Antarctic Paleocene, allowing for the diverse assemblages
of angiosperms, conifers, and ferns (e.g. Askin, 1992).
1.6.3 Eocene

This trend continued through the Early Eocene. Case (1988) recovered fairly

large fossil Nothofagus leaves in the La Meseta Formation, dating from the upper
lower/middle Eocene. Even through the latest Eocene, terrestrial palynomorphs from
Nothofagus plants and conifers were relatively abundant, suggesting that the climate
was still fairly warm and conducive to plant growth (Anderson et al., 2011; Warny

and Askin, 2011a). In a different locality of West Antarctica, McMurdo Sound, erratics

dated from the Middle to Upper Eocene, yielded a diverse assemblage of terrestrial

palynomorphs: 7+ species of Nothofagidites spp., common podocarps, 13+ species of

Proteaceae pollen, and additional angiosperms with rare occurrences (Askin, 2000).
On the other side of the continent, sediments recovered from Prydz Bay (Site 1166),
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East Antarctica, included a diverse assemblage of multiple Nothofagidites species,

araucarian flora, and podocarp pollen (Macphail and Truswell, 2004). Their presence
indicates a temperate rainforest with precipitation of 1200-2500 mm/yr (Macphail

and Truswell, 2004). Phyllocladidites mawsonii and Trichotomolsulcites subgranulatus

complex were also identified and may reflect a freshwater swamp (Macphail and
Truswell, 2004). Further investigation of these sediments in 2009 indicated that,
despite the diverse assemblage at the latest Eocene, most palynomorph species were
rare in the Prydz Bay sediments, with the exception of Nothofagus pollen (Truswell

and Macphail, 2009). Truswell and Macphail (2009) argued therefore that the latest

Eocene section reflects the presence of krumholtz trees, shrubs, and herbaceous
plants, and an overall environment similar to a taiga in the Prydz Bay region, and
that this taiga reflects a transition from a boreal forest to tundra. Palynological data
from Anderson et al. (2011) is from intervals both shortly before and after the E/O

Boundary on the AP. Palynological counts from these sediments on the AP indicate
a similar decline in Antarctic forests in the latest Eocene, as Nothofagus-dominated

forests declined, most notably at or around the E/O Boundary (Anderson et al., 2011;
Warny and Askin, 2011a).
1.6.4 Oligocene

On the AP and surrounding islands, vegetation continued to decline through

much of the Oligocene, and the palynomorphs present in these sediments are
largely dominated by species of Nothofagidites and Podocarpidites (e.g. Warny and

Askin, 2011b; Kymes, 2013). This is consistent with data from Cape Roberts Project

in Victoria Land Basin. Prebble et al. (2006) found that sediments recovered from
the Early and Late Oligocene (~31 and ~24 Ma, respectively; CRP-2A core) were
dominated by three species of Nothofagidites and four species of Podocarpidites, with

two additional taxa in the younger sediments. Prebble et al. (2006) interpret the
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low diversity assemblage as mosaic tundra to lowland scrub. Similarly, palynological

evidence from the CRP-3 core showed a strong dominance of Nothofagidites spp. and

Podocarpidites spp. palynomorphs, and overall low-diversity assemblages in the Early
Oligocene (Raine and Askin, 2001). Raine and Askin (2001) note that this is a decrease
in the species richness observed in the Eocene McMurdo erratics from Askin (2000).
1.6.5 Late Oligocene – Miocene

Late Oligocene to Early Miocene sediments from the AP region yielded

relatively sparse concentrations of palynomorphs compared to Eocene and Oligocene

sediments of the same region (Anderson et al., 2011). Similar to latest Eocene and
Oligocene sediments, Nothofagidites spp. remained the dominant palynomorph
genus in this region and in the McMurdo Sound. Askin and Raine (2000) found little

evidence for significant vegetation in McMurdo Sound after the Oligocene. They

analyzed palynomorphs from the CRP-2A Oligocene-Early Miocene core and found
that both species diversity and abundance was poor (Askin and Raine, 2000). Indeed,

most of the samples they analyzed were palynologically barren, and samples that did
contain palynomorphs were very sparse, with the exception of several brief increases

in Nothofagidites spp. and Podocarpidites spp. palynomorphs. Wrenn et al. (1998)

also reported generally sparse sediments dominated by dinocysts and leiospheres,
suggestive of a climate that deteriorated upcore in the Late Miocene.

Early Miocene sediments analyzed by Griener et al. (in prep, this volume)

indicate a similar dominance of Nothofagidites spp. palynomorphs in the McMurdo
Sound region, with relatively low diversity and abundance compared to Eocene and

Early Oligocene samples from the same region (Askin, 2000; Raine and Askin, 2001;
Prebble et al., 2006). In addition, Antarctic Miocene sections are characterized by
the absence (or near-absence) of terrestrial palynomorphs in most samples, with

brief, episodic increases in palynomorphs (e.g. Warny et al., 2009; Foersterling, 2011;
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Griener et al., in prep). Warny et al (2009), Foersterling et al. (2011), and Griener et

al. (in prep) all recorded episodes of increased terrestrial palynomorph counts in the

Early to Middle Miocene that exceeded other palynological counts from the McMurdo
Sound during the same time (e.g. Askin and Raine, 2000), but only for brief intervals.

Overall, plants were thought to have persisted on the Antarctic Peninsula until ~12.8
Ma, after which they disappeared from Antarctica altogether as the continent became
progressively cooler and drier (Anderson et al., 2011).
1.6.6 A note on plant migration

It is worth noting here that, in addition to the complex history of vegetation

evolution and response to climate change in Antarctica since the Albian, the question
of plant migration across the continent and between continents is of considerable
debate and interest in the paleobotanical community. While many of the early

Tertiary plants similar to Antarctica and Australia are likely to have been shared
Gondwanan elements (e.g. Truswell and Macphail, 2009), several geographic links

remain of interest: East Antarctica to Tasmania and Australia, and West Antarctica to

South America. Understanding plant migration between Antarctica and surrounding

landmasses is primarily a question for pre-Oligocene palynological analyses (when
land bridges between these continents were still in tact) and is of less relevance to the

Miocene palynological analysis presented in Chapter 4. However, it does illustrate the

need to have a comprehensive understanding of Antarctica’s palynological records, as

a complete record will allow palynologists and paleobotanists not only to understand
Antarctic climate change but also intra- and inter-continent plant migration patterns.
1.7 Nothofagus: a key genus in Antarctic paleobotanical studies
Nothofagus is the genus of Southern Hemisphere beech trees. Pollen specimens

belonging to this genus are some of the most abundant in Antarctic core material (e.g.
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Truswell and Macphail, 2009; Warny et al., 2009; Warny and Askin, 2011a, 2011b;
Anderson et al., 2011; Griener et al., in prep.) See Figure 1.2. This genus is known

to have existed in Antarctica at least since the early Campanian (Askin, 1992 and

references therein). Nothofagus fossil pollen grains are often found in sediments
dated to post-E/O Boundary that contain no or very few specimens belonging to other
genera. As such, an ample understanding of the ecological affinities and evolutionary
abilities of this genus can greatly improve our understanding of Antarctic terrestrial

environments of the past. Because of its abundance in the SHALDRIL 3C and 12A and

AND-2A cores, a great portion of this dissertation focuses on Antarctic Nothofagidites

spp. pollen grains (Chapters 2 and 3 entail projects focused on this genus). Therefore,
a general understanding of this genus is beneficial.

Nothofagus makes for a particularly rewarding genus to study for several

reasons. Prominent trees from this genus are found throughout the Southern

Hemisphere (with known environmental affinities); Nothofagus fruit has very poor
dispersal; and the fossil record, particularly that of Nothofagus pollen grains (i.e.

Figure 1.2 SEM image taken by K. W. Griener and S. Warny of modern Nothofagus fusca
specimens. The image on the left was featured on the cover of the July 2011 issue of
PNAS and in the California Academy of Sciences Earthquake Exhibit. The image on the
right was featured as part of a NASA press release about climate change in Antarctica.
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Nothofagidites), is widespread (Hill and Dettmann, 1996). Moreover, pollen specimens
are recognized for their unique stephanoaperturate morphology, making it easy to
distinguish this genus from others, though distinguishing species becomes more
complicated due to the variation in grain morphologies (see Figure 1.2).

Nothofagus has a complex and debated history across the Southern

Hemisphere. Arguments have been made that the original evolution of Nothofagus
probably took place during the Campanian in the Austro-Antarctic region (Hill and

Dettmann, 1996), though the reasoning behind this age of appearance is debated
(Hill et al., 1996). Nothofagus likely emerged in New Zealand near the same time and
became established by the late Cretaceous (McGlone et al., 1996), with the oldest

known macrofossils coming from the Otago region (southern New Zealand) in the late
Cretaceous (Pole, 1992). The oldest record in the New Guinea/New Caledonia region
also dates back to late Cretaceous (Read and Hope, 1996). Records of Nothofagus
in the Western Hemisphere date back to Campanian-Maastrichtian in the Antarctic
Peninsula (e.g. Dettmann, 1989; Baldoni, 1992). Further evolution of individual

Nothofagus species from these regions since their respective appearances is complex
and poorly understood (ex. Hill and Dettmann, 1996).

Research conducted on modern Nothofagus from Southern Hemisphere regions

has led scientists to question the potential effects of climate change, such as global
warming, on Nothofagus (e.g. Veblen et al., 1996) as well as the effect of moisture/

precipitation changes on this genus (e.g. Suarez et al., 2004). Previous studies have
shown that some species of Nothofagus may not be able to respond at a rate suitable

to survive significant, rapid climate change, though these studies have been conducted
over comparatively short time spans (e.g. Wardle and Coleman, 1992). More extensive

studies on fossil Nothofagus pollen (Nothofagidites) over long periods of time (kyr

to Ma) are imperative for understanding the complex history of this genus and its
response to climate change.
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CHAPTER 2. DECLINING MOISTURE AVAILABILITY ON THE
ANTARCTIC PENINSULA DURING THE LATE EOCENE*
2.1 Abstract
Paleobotanical data have indicated that the Antarctic landscape shifted from

a beech (Nothofagus)-dominated forest to a more sparsely vegetated taiga-like

woodland and tundra during the Late Eocene, coincident with progressive cooling and

glacial growth. Reduced moisture availability may have contributed to this vegetation

change, but there is limited evidence for assessing the Late Eocene hydrologic regime.
We evaluated the relationship between Nothofagus δ13C and moisture availability

by determining δ13C of modern Nothofagus pollen, sporopollenin, and leaves and

comparing these results to precipitation data. To assess plant moisture availability and

vegetation composition just prior to the Eocene-Oligocene boundary, we measured

δ13C of fossil Nothofagus sporopollenin (Nothofagidites) from the SHALDRIL 3C cores
(which date to ~35.9 My) and evaluated these results in the context of temporal
variation in pollen assemblages from the same sediments. Values of carbon isotope

discrimination (∆) for modern Nothofagus sporopollenin range between 18.1 and

22.4‰. These values are positively correlated with precipitation amount, as well

as pollen and leaf ∆, which suggests that fossil sporopollenin ∆ records the level of
plant moisture availability. ∆ values obtained from Nothofagidites sporopollenin

from the SHALDRIL 3C sediments range between 17.9 and 20.2‰ and generally
decline through time. These results suggest a decrease in plant moisture availability

on the Antarctic Peninsula during the Late Eocene, perhaps as a result of declining
*This chapter previously appeared as “Declining moisture availability on the Antarctic Peninsula during
the Late Eocene” by Griener, K.W., Nelson, D.M., and Warny, S. in Palaeogeography, Palaeoclimatology,
Palaeoecology. It is reprinted with permission from Elsevier and Palaeogeography, Palaeoclimatology,
Palaeoecology. (see Appendix 1). KWG, DMN, and SW originated concept and research. KWG requested
all modern samples. KWG and SW requested all fossil samples. KWG collected all modern samples from
herbaria sheets. KWG completed isotopic analysis on all fossil specimens. KWG and DMN completed
isotopic analysis on modern specimens. KWG, DMN, and SW wrote manuscript.
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precipitation and/or soil moisture. Therefore, moisture stress experienced by
Nothofagus likely contributed to the shift to a more sparsely vegetated Late Eocene

landscape. Our results show that carbon isotopic analysis of pollen from C3 plants may

aid understanding how variations in moisture availability contribute to shifts in plant
community composition in the paleorecord.

Keywords: Nothofagus, Nothofagidites, Antarctica, moisture availability, Eocene, Δ13C
2.2 Introduction
During the Early and Middle Eocene, Antarctica was relatively warm, with

mild, frost-free winters and moisture availability (>1000 mm/yr) sufficient to

support tropical and temperate rainforests (e.g. Poole et al., 2005; Francis et al., 2008;
Pross et al., 2012). Starting ~2 My before the onset of continental-scale glaciation

at the Eocene/Oligocene (E/O) boundary (~33.7 My; Peters et al., 2010; Dallai and
Burgess, 2011), glaciers began to wax and wane, and the landscape underwent

a shift from a lush, Nothofagus-dominated woodland to a more sparsely vegetated
taiga-like woodland and tundra (e.g. Askin, 2000; Anderson et al., 2011; Warny and
Askin, 2011). These large-scale changes in vegetation composition, along with a low

diversity and high abundance of dinoflagellate cysts in nearshore marine sediments,

suggest decreased temperatures during the Late Eocene (Warny and Askin, 2011).
Shifts in moisture availability may have also influenced these vegetation changes, as

modern studies document significant Nothofagus mortality during periods of drought

(Hosking and Kershaw, 1985; Hosking and Hutcheson, 1988; Suarez et al. 2004).
However, although the nature of temperature change and extent of glaciation are

reasonably well constrained for the Late Eocene in Antarctica (e.g. Zachos et al., 2001;

Pagani et al., 2005; Zachos et al., 2008; Pearson et al., 2009; Kirshner and Anderson,
2011), there remains uncertainty with regard to the influence of hydrologic variation
on Late Eocene vegetation changes.
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There are contrasting estimates of the Antarctic hydrologic regime during

the Eocene. For East Antarctica, inferences from paleobotanical data (MacPhail and

Truswell, 2004) and bulk major element geochemistry (Passchier et al., 2013) suggest

annual rainfall during the Late Eocene of 1200-2500 mm/yr and 1000-1250 mm/yr,
respectively. Similarly, Francis et al. (2008) estimate that mean annual precipitation
(MAP) on Seymour Island (Antarctic Peninsula) was around 1534 mm/yr. In contrast,

climate models for the land area of Antarctica suggest that conditions were drier, with

MAP of ~500 mm/year before the E/O boundary (Thorn and DeConto, 2006). This
discrepancy may be the result of maritime locations in Antarctica (e.g. the Antarctic

Peninsula, Prydz Bay, and Seymour Island) having generally wetter conditions
than the interior of the continent and/or the uncertainty associated with using the

nearest living relative approach to estimate climate parameters (e.g. Wolfe, 1995)
in the Paleogene. Regardless, a better understanding of the relationships among

temperature, moisture, and plant communities is important for constraining the
impact of climate on shifts in plant community composition during the Late Eocene in
Antarctica.

Pollen from C3 plants is relatively well preserved and abundant in Antarctic

sediment cores, and stable carbon isotope analysis of the pollen provides a unique
approach for reconstructing past hydrologic variability (e.g. Loader and Hemming,

2001; Jahren, 2004; Loader and Hemming, 2004; Descolas-Gros and Scholzel, 2007,

Nelson, 2012). The basis of this approach is that carbon isotope discrimination (D)
during photosynthesis is influenced by the ratio of intercellular to atmospheric CO2

(Ci/Ca), which is controlled by the proportion of net photosynthetic assimilation and

stomatal conductance (Farquhar et al., 1982; Farquhar et al., 1989). In leaves of C3
plants, ∆ often declines with decreased water availability (e.g. Ehleringer and Cooper,
1988; Dawson et al., 2002; Kohn, 2010), and a similar relationship appears to occur

in pollen of C3 plants. For example, Nelson (2012) analyzed 13C of small quantities
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(10-30 grains) of pollen and sporopollenin from herbarium specimens of the C3 plants

Ambrosia and Artemisia and found strong relationships between values of ∆ and
historic records of moisture availability.

We conducted d13C analysis on modern Nothofagus pollen, sporopollenin,

and leaves, as well as fossil Nothofagus sporopollenin (Nothofagidites) from the Late
Eocene SHALDRIL 3C sediment cores. Our objectives were to (1) assess the relationship

between ∆ values of modern species of Nothofagus and water availability; (2) infer
shifts in plant water availability during the Late Eocene on the Antarctic Peninsula;

and (3) decipher how variations in plant community composition were influenced by
changes in water availability.
2.3 Materials and methods
2.3.1 Modern samples

Nothofagus (the genus of Southern beech) is extant in the Southern Hemisphere.

Leaves and pollen were obtained from ten herbarium specimens of Nothofagus that

were collected from locations within or near the range of MAP thought to have
occurred during the Late Eocene in Antarctica (~500-2500 mm/yr after Thorn

and DeConto, 2006; MacPhail and Truswell, 2004). The specimens came from the
Harvard University Herbarium and the Herbarium at the Museum of New Zealand

(Table 2.1). The specimens represent eight different species of each of the four

subgenera of Nothofagus (Hill and Read, 1991). All species analyzed are monoecious
and flower in the Austral spring, with the exception of N. discoidea, which flowers in

the New Caledonian wet season from January to April (van Steenis, 1971; Donoso,
1974; Ogden et al., 1996). Years of collection span the period 1911-1984 (Table 2.1).

23

Flowering Time

Spring (Sept-Dec)7
Spring (Sept-Dec)7
Summer (Jan-April)6
Spring (Sept-Dec)7
Spring (Sept-Dec)7
Spring (Sept-Jan)3
Spring (Sept-Jan)3

Nothofagus species

N. antarctica
N. betuloides
N. discoidea
N. obliqua
N. pumilio
N. solandri*
N. truncata*
* fusca group1
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Minimum Temperature
Tolerance
-23 to -13ºC2
-13 to 0ºC5
Possible frost damage9
-15 to -10ºC2
-18 to 0ºC5
-20 to -5ºC2
-10 to -7ºC4

Can exhibit dwarfism
(stunted or shrub form)
Yes8
Yes9, 10
Krummholz8
-

S. Chile & Argentina
S. Chile & Argentina
New Caledonia
Chile & Argentina
S. Chile & Argentina
New Zealand
New Zealand

0-2000m8
0-1200m8
300-1200m11
0-600m8
0-2000m8
0-800m3
0-800m3

Geographical location Altitude Range

Table 2.1. Traits of modern Nothofagus specimens collected from herbaria with references: 1 (Hill and Jordan, 1993); 2
(Sakai and Wardle, 1978); 3 (Ogden et al., 1996); 4 (Sakai et al., 1981); 5 (Alberdi et al., 1985); 6 (van Steenis, 1971); 7
Table 2.1. Traits of modern Nothofagus specimens collected from herbaria with references: 1 (Hill and Jordan, 1993); 2 (Sakai and Wardle, 1978); 3 (Ogden et al., 1996); 4 (Sakai
(Donoso,
al., Steenis,
1996);1971);
9 (Donoso,
(Donoso,
P., 1988);
111996);
(Read
Hope,
1996).
et
al., 1981); 1974);
5 (Alberdi8et(Veblen
al., 1985);et
6 (van
7 (Donoso,1996);
1974); 810
(Veblen
et al., 1996);
9 (Donoso,
10and
(Donoso,
P., 1988);
11 Read and Hope (1996)

2.3.2 SHALDRIL samples

The sediment samples came from the SHALDRIL NBP-06-02A 3C cores

obtained in 2006 from the James Ross Basin in the Weddell Sea near the Antarctic

Peninsula. Diatom and dinoflagellate biostratigraphy indicate an age between 37 and

33.7 My for the cores (Bohaty et al., 2011). This range is confirmed by a more precise

age estimate of 35.9 ± 1.1 My from a single strontium date (Bohaty et al., 2011).

Seismic stratigraphy of the site indicates that the cores represent a short period
of time, likely no more than 200 kyr based on typical accumulation rates for these
types of sediments (J.B. Anderson, per. comm.). The cores thus represent a <200 kyr
period that occurred approximately 1.1-3.3 My before the E/O boundary (Bohaty et

al., 2011). Although dating uncertainties prevent precise correlation with records of

atmospheric CO2 concentrations (e.g. Pagani et al., 2011) and marine d18O (e.g. Zachos

et al., 2008), CO2 concentrations ranged from 600-980 ppm (Zachos et al., 2008) and

d18O generally increased (e.g. Zachos et al., 2008) within the 1.1-3.3 My period before

the E/O boundary.

Ten samples from the SHALDRIL 3C cores were used in the present study;

the samples are numbered 1 to 10 from youngest to oldest (Table 2.2). A previous
study on the same SHALDRIL 3C cores (Warny and Askin, 2011) indicates that the

palynomorphs in samples 3-10 are thought to be in situ. Some reworking likely

occurred in the shallower sections of the cores (samples 1-2), which is addressed in
further detail in the discussion. We observed a few Nothofagidites palynomorphs that

showed obvious signs of reworking (e.g. fragmentation and/or discoloration), and
these grains were avoided when selecting grains for isotopic analysis.
2.3.3 Pollen isolation and isotopic analysis

δ13C analysis was performed on untreated pollen from each herbarium specimen

and the remaining pollen (if available) was treated to isolate the chemically resistant
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9
10
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7
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3

2

1

Sample

Core Number & Sample Depth
(cm)
Core Section NBP0602A-3C-1
49-50
Core Section NBP0602A-3C-2
20-21
Core Section NBP0602A-3C-3
50-51
Core Section NBP0602A-3C-4
50-51
Core Section NBP0602A-3C-5
51-52
Core Section NBP0602A-3C-6
20-21
60-61
Core Section NBP0602A-3C-7
10-11
20-21
40-41
19.07
19.15

2
2
2
4
4

1220
1260
1360
1370
1390

26

19.31

2

1151

19.51
19.16
20.15

18.77

950

3

18.02

18.10

17.90

2

1

0.72
0.59
0.49

0.59
0.72

0.10

0.24

0.60

0.18

NA

Δ13C
Standard Deviation
(VPDB, ‰) (VPDB, ‰)

2

800

420

349

Composite Depth n
(cmbsf)

Table 2.2. Δ13C data from Eocene Nothofagidites sporopollenin obtained from grains extracted from the
SHALDRIL
cores.
Data
were
corrected from
δ13C to obtained
Δ13C using
Eocene
δ13CCO2
estimate
of -6.1‰
Table 2.2. Δ133C
C data
from
Eocene
Nothofagidites
sporopollenin
froman
grains
extracted
from
the SHALDRIL
3C
13
13
13
(Tipple
et al.,
cores. Data
were2010).
corrected from δ C to Δ C using an Eocene δ CCO2 estimate of -6.1‰ (Tipple et al., 2010).

sporopollenin exine. Treatment of the pollen from the herbarium specimens followed
standard pollen preparation techniques modified to exclude carbon-containing

chemicals (Nelson et al., 2006; 2007; 2008), but without treatment with HF or HCl
since they have been shown to have little influence on pollen d13C (Jahren, 2004) and
because the pollen was not being extracted from sediments. Pollen from ten sediment

samples (10-20 g) spaced throughout the SHALDRIL 3C cores was extracted in the
same manner, except that HF and HCl were used.

For comparison with pollen and sporopollenin d13C data from the herbarium

specimens, leaves from each specimen were also analyzed for d13C. Approximately 0.5
g of leaf material from each specimen was homogenized and placed in a tin capsule.

Each capsule was combusted in a Carlo Erba NC2500 elemental analyzer and the
evolved CO2 sent to a Thermo Delta V+ isotope ratio mass spectrometer. The analytical
precision for leaf d13C measurements was 0.12‰.

Isolation and d13C analysis of pollen followed Nelson (2012), as summarized

below. All pollen grains were isolated using a micromanipulator and rinsed in
nano-pure water at 200X magnification on a microscope slide. The grains were
then transferred to a 0.5 μm drop of nano-pure water. Each drop was applied to a

spooling-wire microcombustion device interfaced with a Delta V+ isotope ratio mass

spectrometer (SWiM-IRMS; moving wire; Sessions et al., 2005; Eek et al., 2007).
Blanks (nano-pure water to which pollen grains were added and then removed) were

analyzed concomitantly with each sample. A threshold of 0.8 nmol of carbon was set

so that the accuracy and precision of the obtained pollen d13C data were no worse

than ~1‰. The use of, on average, 13 grains of untreated modern Nothofagus pollen

(range: 10-30 grains), 21 grains of modern Nothofagus sporopollenin (range: 15-30
grains), and 49 grains of Eocene Nothofagidites sporopollenin (range: 40-75 grains)
in each analysis produced yields sufficient to exceed this threshold; samples below

this threshold were excluded from data analysis. Larger numbers of grains of Eocene
27

than modern sporopollenin were needed to produce sufficient yields because the
Eocene grains were of smaller size than the modern grains (on average 25 vs. 33 μm

in diameter, respectively). Sample data were normalized to VPDB (Vienna Pee Dee
Belemnite) using a two-point normalization curve with in-house standards calibrated
to USGS40 and USGS41.

2.3.4 Data processing and analysis

To correct our δ13C data for variation in δ13CCO2 within the modern record and

between the modern record and the Eocene, all obtained δ13C values were converted

to values of carbon isotope discrimination (Δ), using the equation:
Δ (‰) = (δa – δp)/(1 + δp),

where δa is the approximate δ13C of atmospheric CO2 (δ13C CO2) at time the plant was

growing and δp is the δ13C value of the sample (Farquhar et al., 1989; Read and Farquhar,

1991). δ13CCO2 values associated with each herbarium specimen were determined

using plant collection dates and ice-core records of δ13CCO2 (Francey et al., 1999), with

the exception of two specimens for which there was no collection date (Table 2.1). For

these two specimens, the average δ13CCO2 from the collection years of all herbarium

samples (1911-1984) was used. δ13CCO2 of -6.1‰ was used for calculation of Δ for the

Late Eocene samples (Tipple et al., 2010).

To assess the relationship between moisture availability and Nothofagus

Δ, we compared Δ from modern specimens with precipitation records. Monthly

precipitation data were obtained from the BIOCLIM database (Hijmans et al., 2005)
for the location and year represented by each herbarium specimen. MAP and growing

season precipitation (defined here as the austral spring, October-November) were

calculated for each specimen. The range of total MAP represented by the specimens
was 174 to 1721 mm/yr. Relationships among pollen, sporopollenin, and leaf Δ values

were assessed using reduced major-axis regression (Smith, 2009). Relationships
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among precipitation and pollen, sporopollenin and leaf Δ values, respectively, were
assessed using ordinary least squares regression (Smith, 2009). Regressions were
performed using the PAST software package (Hammer et al., 2001).
2.4 Results and discussion
2.4.1 Validation of carbon isotope discrimination of Nothofagus pollen as an indicator
of water availability
A total of 81 δ13C measurements were made of modern Nothofagus pollen

and sporopollenin from the ten herbaria specimens. δ13C values range from -28.0 to

-23.1‰ for untreated pollen, -30.6 to -24.6‰ for sporopollenin, and -28.6 to -23.7‰
for leaves. The average δ13C values of sporopollenin are lower than those of untreated

pollen (Table 2.1). The average difference between δ13C values of sporopollenin and

untreated pollen is 1.7‰ (range: 0.9 to 3.6‰), which is similar to the value of 1.5‰
reported for Ambrosia and Artemisia (Nelson, 2012). There is a positive correlation
between Δ of untreated pollen and sporopollenin (r2 = 0.64, p < 0.03 n = 7; Figure 2.1,

a) and thus we refer primarily to sporopollenin in the discussion. Leaf Δ values are

positively correlated with those of sporopollenin (r2 = 0.63, p < 0.04, n = 7; Figure 2.1,
b) and untreated pollen (r2 = 0.54, p < 0.02, n = 10; Figure 2.1, c). Pollen, sporopollenin,

and leaf Δ each exhibit significant positive correlations with MAP and growing season
precipitation (Figure 2.2).

Our results from Nothofagus herbaria specimens are consistent with those

of Nelson (2012) who found a significant relationship between sporopollenin Δ and

moisture for the C3 herbaceous taxa Ambrosia and Artemisia. Together, these results

provide confidence for using Δ of sporopollenin as an indicator of community-level

moisture availability in the paleorecord. King et al. (2012) found that inter-flower

variation in δ13C of pollen from individual Hibiscus plants ranged from 0.4-3.2‰

(average of 1.6‰), and they suggested that this variation may hinder the use of pollen
δ13C data for paleoenvironmental reconstruction. However, our results suggest that
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Figure 2.1 Reduced major axis regression relationships among mean Δ (with 1σ error
bars, which represent the standard deviation of multiple analyses of individual samples) of untreated pollen, sporopollenin, and leaves of modern Nothofagus species.
The dashed lines indicate 1:1 relationships. The solid lines represent linear regressions through the data. a) Relationship between Δ of untreated pollen and sporopollenin. The major-axis slope of the line is 0.90; the 95% confidence interval of the slope
is -0.03-1.35. b) Relationship between Δ of sporopollenin and leaves. The major-axis
slope of the line is 1.08; the 95% confidence interval of the slope is 0.75-2.78. c) Relationship between D of untreated pollen and leaves. The major-axis slope of the line
is 0.90; the 95% confidence interval of the slope is 0.47-1.26. VPDB stands for Vienna
Pee Dee Belemnite.
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Figure 2.2 Ordinary least squares (OLS) regression relationships between a) untreated
pollen, b) sporopollenin, and c) leaf D values and mean annual precipitation (left column) and growing-season precipitation (right column; defined as the austral spring,
from October to November). Solid lines indicate linear regressions through the data.
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such variation does not impede Nothofagus Δ from indicating moisture availability, as
the observed relationships between sporopollenin Δ and precipitation are significant
(Figure 2.2). Furthermore, fossil pollen assemblages integrate pollen from multiple

flowers and plants, which would likely minimize intra-plant variation in sporopollenin
Δ in the paleorecord.

2.4.2 Late Eocene water availability inferred from carbon isotope discrimination of
sporopollenin
Values of Δ for Nothofagidites sporopollenin (Table S2) exhibit a range of 17.9-

20.2‰ and an overall decreasing trend (Figure 2.3). There is a decline in Δ of 1.0‰
between samples 10 and 9. Values of Δ show small (< 0.3‰) variations around a mean

of 19.2‰ between samples 9 and 5 and further decline by 1.4‰ between samples 5
and 3. They then vary around a mean of 18.0‰ above sample 3. The most significant
decline in Δ occurred between samples 5 and 3.

We consider several potential explanations, besides changes in moisture

availability, for the declining trend in Δ of Nothofagidites sporopollenin in the SHALDRIL
3C cores. Variation in diagenetic alteration of sporopollenin is unlikely for several

reasons. First, there was lack of evidence of diagenetic alteration of sporopollenin
δ13C in a previous surface-sediment calibration study (Nelson et al., 2008). Second,

sporopollenin is highly resistant to degradation (van Bergen et al., 1993). Finally, the

Nothofagidites sporopollenin that we analyzed showed no signs of strong diagenetic
alteration (Warny and Askin, 2011).

Varying pCO2 during the Late Eocene (Figure 2.3) may have altered plant

Ci/Ca and thus plant δ13C values. Although some prior studies indicate that pCO2

values similar to those of the Late Eocene should not significantly influence δ13C of
C3 plants (e.g. Arens et al., 2000), a more recent study found that pCO2 does affect

plant fractionation of carbon isotopes and that this effect is most pronounced at low
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Figure 2.3 a) Atmospheric CO2 concentrations (from sites 929 and 925 in Pagani et al.,
2011) and δ18O (from Zachos et al., 2008) around the E/O Boundary. The dashed line
indicates the E/O Boundary. The dotted line indicates 35.9 My. b) A comparison of fossil
Nothofagidites sporopollenin Δ (dashed line; right y-axis) and Nothofagidites relative
abundance (solid line; left y-axis; from Warny and Askin, 2011) in the SHALDRIL 3C
cores. The dotted vertical line indicates the location of the ~35.9 My strontium age
for SHALDRIL 3C (Bohaty et al., 2011). The hashed line represents specimens that
likely contained reworked or partially reworked pollen (Warny and Askin, 2011).
The numbers represent the samples 1-10 (from youngest to oldest). cmbsf stands for
centimeters below sea floor.
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pCO2 (Schubert and Jahren, 2012). We corrected our data for pCO2 using equation 5 in
Schubert and Jahren (2012):

S = [(0.21)(28.26)2]/[28.26 + 0.21(pCO2 + 25)]2

where S is the increase in Δ per unit increase in pCO2. For this correction, we used

Eocene pCO2 values from Pagani et al. (2011) and modern pCO2 values from Francey
et al. (1999). These corrections had little effect on Eocene Nothofagidites Δ (average

of <0.3‰ difference) or modern Nothofagus Δ (average difference of <0.4‰ for

pollen and <0.3‰ for sporopollenin), and correcting our data for these differences
did not significantly influence the relationships between MAP and pollen Δ values or
MAP and sporopollenin Δ values (i.e. the r2 values in Figure 2.2 changed by <0.05 and

p-values remained significant). Finally, average Ci/Ca ratios calculated from modern
Nothofagus and Eocene Nothofagidites sporopollenin Δ [using the equation Δ = a +
(b – a)(Ci/Ca), where a = 4.4‰, b = 27‰; e.g. Farquhar et al., 1989; Ehleringer and

Cerling, 1995] remain relatively stable (average modern Nothofagus Ci/Ca = ~0.70

and Eocene Nothofagus Ci/Ca = ~0.64). Thus shifts in pCO2 between the Eocene and

historic period did not significantly change plant Ci/Ca, which supports the hypothesis
that Ci/Ca ratios remain relatively constant through time (e.g. Ehleringer and Cerling,
1995; Gerhart et al., 2011).

We note that the inclusion of older, reworked fossil Nothofagidites sporopollenin

from the Cretaceous, Paleocene, and/or Early-Middle Eocene in our samples could

have affected our results. Reworked material in the older sections of the SHALDRIL

core discussed in this paper (samples 3-10) comprised, on average only 3% (and
no more than 8%) of the overall total pollen abundance (Warny and Askin, 2011).
Reworking is of greater concern in the younger sections of core (samples 1 and
2,) where an average of 22% (and up to 35%) of the palynomorphs show signs of
reworking (Warny and Askin, 2011). However, reworked pollen grains are notably
darker and more fragmented, and care was taken to avoid selecting these grains for
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isotopic analysis. Furthermore, inclusion of reworked grains in our youngest samples

(1 and 2) would have likely skewed inferences of moisture based on Δ values toward
wetter conditions, as previous studies suggest that the Cretaceous, Paleocene, and

Early-Middle Eocene were generally wetter than the Late Eocene in Antarctica (e.g.
Poole et al., 2005; Francis et al., 2008; Pross et al., 2012).

Our results indicate that decreased moisture availability during the Late Eocene

on the Antarctic Peninsula was the primary driver of the shift toward lower values

of Δ for Nothofagidites sporopollenin. This interpretation of hydrologic variation is
independently supported by decreased smectite and kaolinite concentrations in the

SHALDRIL 3C cores (Wellner et al., 2011), which suggest reduced chemical erosion,
potentially as a result of reduced precipitation (e.g. Robert and Kennett, 1997). Other

studies also indicate a major change in the Antarctic weathering regime near the E/O

Boundary, from chemical weathering in a warm, humid climate to physical weathering
under cooler and drier conditions as a result of increased glaciation (Ehrmann and
Mackensen, 1992).

There are several potential explanations for the observed trend toward

decreased plant moisture availability during the Late Eocene in Antarctica. The
first is a decrease in precipitation amount. Precipitation in Antarctica was generally
greater during the Early than Middle Eocene (Pross et al., 2012), and the Miocene was

generally drier than the Eocene (e.g. Warny et al., 2009; Passchier et al., 2013), except

for short intervals of increased precipitation during the middle Miocene Climatic

Optimum (Lewis et al., 2006; Warny et al., 2009; Feakins et al., 2012). Thus, the
decrease in moisture availability evidenced by our data may indicate the continuation

of an overall trend of decreasing precipitation between the Early Eocene and Miocene.

Another possible explanation is that a decline in soil water content decreased
moisture availability independent of precipitation amount. For example, as glaciers
became more established on the Antarctic Peninsula during the latest Eocene (Warny
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and Askin, 2011; Kirshner and Anderson, 2011), production of meltwater may have
decreased during the spring and summer months, thus reducing moisture available
to plants. These changes in moisture availability could be caused by factors such as

pCO2-driven continental runoff (e.g. Betts et al., 2007; Steinthorsdottir et al., 2012),

shifts in atmospheric circulation patterns (Passchier et al., 2013), or orbital forcing,
but the age uncertainty of SHALDRIL 3C prevents detailed comparison of our Δ data
with other records (e.g. of pCO2).

Regardless of their cause, the observed shifts in water availability are notable

since the Antarctic Peninsula, with its more maritime conditions, would have

presumably been wetter than the interior of the continent. Moreover, the Eocene
Nothofagidites sporopollenin Δ values fall on the drier end of the global range of Δ
values for C3 plants (e.g. Diefendorf et al., 2010; Kohn, 2010) and of Δ values from

modern Nothofagus sporopollenin (Figure 2.2). Thus, our results suggest that plants in
Antarctica experienced generally dry conditions and a reduction in water availability
leading up to the E/O boundary.

2.4.3 Influence of plant moisture stress on Late Eocene vegetation dynamics

The declines in moisture availability inferred from Nothofagus Δ values

coincide, or slightly precede, declines in the relative abundance of Nothofagidites
pollen from the same sediments (Figure 2.3). For example, between samples 10 and 5,

Nothofagidites Δ values remain >19.1‰ and the relative abundance of Nothofagidites

pollen was relatively high (1249-1409 cmbsf, centimeters below sea floor; Warny

and Askin, 2011). A decrease in Nothofagidites Δ by ~1.4‰ between 1151 and 800
cmbsf (samples 5 and 3) suggests increased aridity before the decline in the relative

abundance of Nothofagidites pollen at 388 cmbsf (Warny and Askin, 2011). This offset

may suggest that Nothofagus tolerated changes in water availability up to a point,

beyond which conditions likely became too dry or were perhaps coupled with other
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factors (e.g. decreasing temperatures) that ultimately led to the significant decline in
Nothofagus relative abundance from 76% at 763 cmsf to 45% at 431 cmbsf (Figure

2.3). The species of Nothofagus that survived in Antarctica during the Late Eocene (N.
fusca group) are similar to extant New Zealand species of Nothofagus (e.g. N. fusca, N.

truncata, N. solandri) that are cold tolerant (Sakai and Wardle, 1978; Sakai et al., 1981;
Read and Brown, 1996) and can form stands on supraglacial debris and in-transit

moraines (Veblen et al., 1989), which suggests that colder conditions were not the

only driver of the shift to a more sparsely vegetated Late Eocene landscape. Aridityinduced mortality likely also contributed to decreased abundance of Nothofagus on

the Antarctic Peninsula during the Late Eocene. The consecutive nature of decreased
moisture availability followed by changes in plant community composition suggests
that changes in fossil plant Δ may provide forewarning of vegetation changes induced
by changes in plant moisture availability in the paleorecord.

Our results complement recent studies that have provided insights into the

relationships between temperature and moisture availability in Antarctica during

the Cenozoic, including the effect of variation in water availability on vegetation
change. For example, Pross et al. (2012) used palynology and organic geochemical

approaches to infer that a transition to cooler and drier conditions during the Middle
Eocene led to a shift from wet tropical, to drier temperate, rainforest taxa. Feakins

et al. (2012) used leaf-wax δD data to show that short periods of increased summer
temperatures and precipitation coincided with increased plant productivity during
the Middle Miocene in the Ross Sea region. Our results, in conjunction with existing

inferences of temperature and terrestrial vegetation composition from the SHALDRIL
sediments (Warny and Askin, 2011), suggest similar climate-vegetation relationships

during the Late Eocene on the Antarctic Peninsula such that a shift from warmer/

wetter to cooler/drier conditions led to a shift from Nothofagus-dominated forests to
more sparsely vegetated woodland and tundra plant communities.
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2.5 Conclusions
Recent advances in organic geochemistry provide new opportunities to infer

paleohydrologic change in Antarctica (Feakins et al., 2012). Here, we used

C of

13

sporopollenin to assess changes in the availability of moisture to Nothofagus on the

Antarctic Peninsula during the Late Eocene. Our results suggest that declining moisture

availability contributed to the shift from Nothofagus woodland to a more sparsely
vegetated woodland and tundra on the Antarctic Peninsula around 35.9±1.1 My.

Elucidating such changes in moisture availability is fundamental for parameterizing
and assessing the accuracy of climate models used to project effects of environmental
change. Overall, our results illustrate how pollen δ13C and assemblage data can

provide an improved understanding of the nature of past hydrological changes and
their impact on vegetation.
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CHAPTER 3. NOTHOFAGUS POLLEN GRAIN SIZE AS A PROXY FOR
LONG-TERM CLIMATE CHANGE: AN APPLIED STUDY ON ANTARCTIC
EOCENE, OLIGOCENE, AND MIOCENE CORES*
3.1 Abstract
Understanding the nature of moisture availability in the Antarctic Eocene,

Oligocene, and Miocene is imperative for climate reconstructions and for understanding
the potential influence of future climate change on modern landscapes. Previous
studies have used traditional palynological techniques, fossil leaf margins, hydrogen
isotope leaf waxes, and palynomorph δ13C values to indicate changes in moisture on

the southernmost continent. Here, we explore the relationship between pollen size
and climate as a potential indicator of changes in moisture availability in Antarctica, a
technique that had not been widely applied previously. To date, studies of pollen grain

size response to environmental stress and the applicability of using fossil pollen grain

size as a climate change proxy are limited. In this paper, we explore the relationship
between pollen grain size and environmental stress (desiccation intensity) and
whether such a relationship can be applied to fossil pollen from Antarctica. We

measured the widths of 157 modern specimens of Nothofagus spp. (the genus of
Southern beech) pollen from throughout the Southern Hemisphere and compared

them with mean annual precipitation records to assess the relationship between
pollen grain size and moisture availability. The widths of 458 Antarctic Nothofagidites

lachlaniae pollen grains (from Eocene, Oligocene, and Miocene cores) were then
measured and compared to other paleoenvironmental proxies to evaluate whether or
not a significant trend in size variability can be associated with a change in moisture
availability through geological time. Modern data show a significant relationship

*KWG and SW originated concept and research. KWG and SW selected Eocene, Oligocene, and Miocene
samples. KWG selected and processed all modern herbaria specimens. KWG measured specimens and
created figures and tables. KWG and SW wrote manuscript. This manuscript was submitted in February
2014 to Review of Palaeobotany and Palynology.
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between decreased moisture availability and increased pollen grain size and are
consistent with a previous study, providing confidence for using changes in pollen

grain size as an indicator of moisture. Fossil data show a 23% increase in average
pollen grain size from the Late Eocene through the Early to Mid Miocene, indicating a
decrease in moisture availability in Antarctica during this time.

Keywords: Nothofagus; Nothofagidites; pollen; size; morphology; climate change;
moisture availability; Antarctica
3.2 Introduction
Pollen viability is the capacity of a pollen grain to live, grow, germinate or

develop (Lincoln et al., 1982), regardless of whether or not it undergoes germination.
Pollen longevity is the period in which pollen retains its viability, or germinability
(Dafni and Firmage, 2000). Pollen viability and longevity are dependent on several

factors. Nepi et al. (2001) regard the duration of pollen viability (i.e. pollen longevity)
as being dependent on the potential for a grain to retain water while maintaining

its efficiency through intact plasma membranes, and indicated that the viability of
dehydrated pollen (as opposed to pollen with a naturally low water content) typically
decreases with water loss (desiccation).

Ejsmond et al. (2011) hypothesized that pollen grain size and shape may

affect pollen longevity through desiccation, and established a relationship between

the pollen grain sizes of eight species of the Rosaceae genus and desiccation stress.
Principle component analysis of pollen grain-size data empirically indicated that grain

size increases under desiccation stress for the three groups of pollen they analyzed
(Rubus gracilis, Rosa, and Crategus; Ejsmond et al., 2011). An increase in pollen grain
size, corresponding with increased volume and a decrease in the relative surface area
to volume ratio, could increase the amount of time to pollen desiccation,
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thereby prolonging the viability of a grain, i.e. increasing pollen longevity (Esjmond
et al., 2011).

It is therefore reasonable to consider that pollen grain size of at least some

angiosperm species will change over time as a response to changes in humidity
and/or moisture availability in an environment. Moisture availability in Antarctica

is thought to have decreased since the Eocene, when temperatures were relatively
high and the southernmost continent experienced mean annual precipitation levels
greater than 1000 mm/yr (e.g. Poole et al., 2005; Francis et al., 2008; Pross et al.,

2012; Griener et al., 2013), though a possible post-Eocene increase in precipitation
likely occurred around the Mid Miocene Climatic Optimum, as evidenced by hydrogen

isotopes in leaf waxes (Feakins et al., 2012). Palynological analyses conducted on cores

from the southernmost continent indicate a deterioration of the climate through the
late Eocene (e.g. Warny and Askin, 2011a) and into the Oligocene (e.g. Warny and

Askin, 2011b) and Miocene, where several, short warming intervals are apparent

(e.g. Warny et al., 2009; Griener et al., in prep). Many Antarctic palynological studies
show a dominance of a single genus of terrestrial palynomorph, Nothofagidites spp.,

the genus of Southern beech (e.g. Macphail and Truswell, 2004; Warny et al., 2006;

Warny et al., 2009; Anderson et al., 2011; Griener et al., in prep). This genus, which is
extant throughout the Southern Hemisphere today in regions such as Australia, New

Zealand, and Patagonia, is thought to be sensitive to changes in water availability (e.g.

Griener et al., 2013). We hypothesized that Nothofagidites lachlaniae pollen grain size
increased as Antarctica became progressively drier from the late Eocene until the
Early to Mid Miocene. (We note that, although many authors generally indicate pollen

grain size to be fairly constant within a species and therefore a defining characteristic,
some variation does exist. For example, Truswell and Macphail (2009) saw a variation

in Antarctic Nothofagidites lachlaniae pollen that appears to range from ~25 – 32μm.)
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It is reasonable to believe that Nothofagidites lachlaniae pollen would

experience an increase in grain size through time, increasing the volume to surface
area ratio, in order to retain more water and prolong the time to desiccation. In this

study, we measured the sizes of pollen grains from nineteen modern Nothofagus spp.

plants. We compared the relationship of grain size with known precipitation data from
their respective growing locations to assess the relationship between Nothofagus
spp. grain size and water availability. We then measured Nothofagidites lachlaniae

pollen grains from Antarctic Eocene, Oligocene, and Miocene cores and compared

these data with palynological and Δ13C paleoenvironmental records. We hypothesize
that increases in the size of Nothofagidites lachlaniae pollen will correlate with other
paleoenvironmental proxies that indicate a decrease in water availability and that

show an overall decrease in the abundance of N. lachlaniae pollen through the Eocene,
Oligocene, and Miocene, as the southernmost continent became drier.
3.3 Materials and methods
3.3.1 Modern specimens

Modern Nothofagus pollen grains were collected from 19 herbaria specimens

obtained from the Harvard University Herbarium and the Herbarium at the Museum

of New Zealand. The herbaria specimens were collected between 1907 and 1982 from
Argentina, Chile, New Caledonia, New Guinea, New Zealand, and Papua (see Table 3.1

for latitudes, longitudes, and other collection data). The specimens represent thirteen
species of Nothofagus, and include members from all of the four Nothofagus subgenera
(Brassospora, Fusocospora, Lophozonia, and Nothofagus).
3.3.2 Fossil specimens

Fossil specimens were collected from three Antarctic cores. The SHALDRIL

NBP06-02A 3C (SHALDRILII 3C) and SHALDRIL NBP06-02A 12A (SHALDRILII 12A)
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Subgenus

Nothofagus
Nothofagus
Brassospora
Brassospora
Brassospora
Brassospora
Brassospora
Nothofagus
Nothofagus
Fuscospora
Fuscospora
Lophozonia
Brassospora
Fuscospora
Fuscospora
Fuscospora
Brassospora
Brassospora
Fuscospora

Species

N. betuloides
N. betuloides
N. brassii
N. carrii
N. carrii
N. carrii
N. discoidea
N. dombeyi
N. dombeyi
N. fusca
N. grandis
N. obliqua
N. rubra
N. solandri
N. solandri
N. solandri
N. starkenborghii
N. starkenborghii
N. truncata

Herbarium

Harvard
Harvard
Harvard
Harvard
Harvard
Harvard
Harvard
Harvard
Harvard
New Zealand
Harvard
Harvard
Harvard
Harvard
New Zealand
New Zealand
Harvard
Harvard
New Zealand

Collection
Year
1973
1972
1945
1977
1982
1972
1980
1926
NA
1924
1982
NA
1966
1961
1924
1946
1974
1975
1907
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Latitude
(°N)
-53.5
-53.3
-1.3
-5.6
-6.0
-6.2
-22.2
-39.5
-41.1
-39.3
-6.3
-40.4
-6.0
-42.9
-39.3
-40.9
-6.2
-5.5
-41.2

Longitude
(°W)
-71.8
-71.6
133.9
144.7
143.7
143.7
166.5
-73.1
-71.3
176.4
144.0
-73.2
143.0
171.6
176.4
172.5
144.0
151.3
175.0

Average Grain
Size (μm)
31.7
31.7
23.7
21.4
20.7
21.3
32.1
26.7
29.9
26.8
18.2
34.6
24.1
25.2
25.9
29.1
22.0
24.2
30.1

Standard
Deviation (μm)
6.8
2.5
1.0
1.8
1.2
0.8
1.6
0.8
1.2
2.8
1.3
0.0
1.0
1.3
1.6
0.6
1.5
1.5
1.5

3
3
7
10
8
8
9
6
5
30
10
1
7
13
3
7
12
7
7

n

MAP
(mm/yr)
1000
829
3148
2755
2560
2934
1591
1879
980
2221
3624
1378
2879
3778
2221
2706
2871
2560
1721

Table
3.1 Summary
of all
allsize
sizedata
datacollected
collected
from
modern
Nothofagus
pollen
obtained
from
theZealand
New Zealand
Herbarium
and HarTable 3.1.
Summary of
from
modern
Nothofagus
pollen
obtained
from the
New
Herbarium
and Harvard
Univard
University
Herbarium.
Location
data and
collection
years were
obtained
via herbaria sheets.
versity
Herbarium.
Location data
and collection
years
were obtained
via herbaria
sheets.

cores were collected in 2006 from the James Ross Basin of the Weddell Sea, off the

coast of the Antarctic Peninsula. The SHALDRILII 3C core provided thirteen sediment
samples from the latest Eocene. A single strontium age date obtained for this core

indicates an age estimate of 35.9 ± 1.1 Ma (Bohaty et al., 2011), and is confirmed by
diatom and dinoflagellate biostratigraphy, which indicates a range in age between 37

and 33.7 Ma (Bohaty et al., 2011). This core likely spans a short period (≤200 kyr),
as evidenced by seismic stratigraphy of the site and typical sedimentation rates (J.B.

Anderson, pers. comm.). Ten Oligocene samples were collected from the SHALDRILII

12A core. Diatom and calcareous nannofossil biostratigraphic age dating indicates
an age between 28.4 and 23.3 Ma for this core (Anderson et al., 2011; Bohaty et

al., 2011). Miocene sediments were collected from the ANDRILL 2A core from the
Southern McMurdo Sound in the Ross Sea. Ten samples from the lower section of the

core (707.25 – 1139.5 mbsf) were used in this study. This section is dated at >20Ma
(1139.5 mbsf) to 17.235-17.533 Ma (707.25 mbsf) based on magnetostratigraphic

data tied to bio- and isotope stratigraphy (Acton et al., 2008). See Table 3.2 for a list of
samples obtained from the ANDRILL and SHALDRILII cores.
3.3.3 Sample processing and data collection

Unprocessed modern specimens were mounted to microscope slides using

glycerine jelly. Fossil specimens were processed according to standard palynological

techniques (e.g. Brown, 2008). Sediment samples were treated with hydrochloric

acid and hydrofluoric acid to remove all calcareous and siliceous sediment material.
Samples were sieved at 6-100 μm fraction to remove additional inorganic material.
The remaining palynomorph residue was mounted on microscope slides using
glycerine jelly.

Modern and fossil Nothofagus pollen grain sizes were measured using an

Olympus BX40 microscope interfaced with QCapture microscope software. Modern
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Table 3.2 Summary of all size data collected from fossil Nothofagidites lachlaniae comTable
3.2. Summary
all size
data collected
from
Nothofagidites
complex
plex pollen
obtainedoffrom
Antarctic
ANDRILL
2A,fossil
SHALDRIL
II 12A,lachlaniea
and SHALDRIL
II
pollen
obtained
from
Antarctic
ANDRILL
2A,
SHALDRILII
12A,
and
SHALDRILII
3C
cores.
3C cores.
Core

Age

ANDRILL 2

Miocene

SHALDRIL 12A

SHALDRIL 3C

Composite Depth Average Grain
Size (μm)
707.25 mbsf
28.36
716.99 mbsf
28.36
745.95 mbsf
26.51
908.13 mbsf
26.6
996.85 mbsf
36.4
1019.8 mbsf
29.1
1021.2 mbsf
27.1
1050.0 mbsf
35.08
1126.75 mbsf
31.17
1139.5 mbsf
31.96

Standard
Deviation (μm)
0.99
2.66
2.43
4.9
0
3.6
2.89
0
7.13
0

n

Oligocene

14 cmbsf
32 cmbsf
62 cmbsf
95 cmbsf
323 cmbsf
359 cmbsf
392 cmbsf
434 cmbsf
522 cmbsf
552 cmbsf

30.9
24.3
27.5
26.03
23.7
25.3
25.8
25.8
26.6
24.8

0
2.4
1.8
2.7
2.05
3.2
3.6
2.6
1.5
2.02

1
4
9
13
6
17
5
14
4
11

Eocene

354 cmbsf
388 cmbsf
410 cmbsf
429 cmbsf
809 cmbsf
845 cmbsf
910 cmbsf
949 cmbsf
1116 cmbsf
1210 cmbsf
1249 cmbsf
1356 cmbsf
1407 cmbsf

25.8
24.8
23.9
24.2
25.3
23.6
25.3
25.3
24.5
24.7
22.3
24.18
24.2

2.7
4.7
2.3
2.5
3.4
2.8
3.4
3.5
3.3
3.6
2.5
3.2
3.05

7
6
14
12
15
14
36
24
40
32
22
26
34
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3
14
13
12
1
12
30
1
5
1

and fossil specimens were identified to species level during data collection. Each pollen

grain specimen was photographed. At least one length measurement was taken for
each of the 157 modern and 458 fossil specimens. Although most species we analyzed
were fairly circular in polar view, multiple width measurements were taken on 22

modern specimens in order to assess any potential intragrain width variations. Some

modern pollen grains showed obvious width variations. For consistency, we used only

measurements that were taken at the widest apparent transect for comparison with
precipitation data.

3.3.4 Data processing and analysis for modern samples

Multiple grains were measured from each herbarium Nothofagus plant to

assess any intraplant variation in pollen size. The pollen grain measurements were

then averaged for each plant. To assess the relationship between pollen grain width
and water availability, we compared average grain width with precipitation records.

The collection year and approximate location for each plant specimen were obtained
via herbaria sheets, and monthly precipitation data for the collection year and location

were accessed using the BIOCLIM database (Hijmans et al., 2005) and processed
using ArcGis (Environmental Systems Research Institute, Redlands, California, USA).

MAP was calculated for each specimen using the obtained data and ranged from 829
mm/yr to 3778 mm/yr. The relationship between MAP and pollen grain width was

assessed using ordinary least squares regression (OLS; Smith, 2009). Regression
analysis was performed using PAST software (Hammer et al., 2001).
3.3.5 Data processing and analysis for fossil samples

For this study, we considered only fossil pollen grains assigned to Nothofagidites

lachlaniae in order to minimize any variation between species and because the
majority of fossil specimens were identified as belonging to this species complex,
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thereby providing the largest possible fossil data set. Average pollen grain widths

were calculated for all Nothofagidites lachlaniae specimens for each core depth. We
compared fossil pollen grain widths with palynological records and plant Δ13C values

from the same cores in order to assess the validity of using fossil pollen as an indicator
of paleoenvironmental climate change.
3.4 Results and discussion
3.4.1 Modern specimens: evidence for pollen grain size as an indicator of moisture
availability

A total of 157 measurements of modern Nothofagus spp. pollen widths were

taken from the nineteen herbaria specimens. These pollen grains exhibited a wide

range of widths: 16.52 to 34.88 μm for subgenus Brassospora species; 23.36 to 34.89
μm for subgenus Fuscospora species; and 23.95 to 36.50 μm for subgenus Nothofagus

species. Only one pollen grain was available for a species of the Lophozonia subgenus,
with a width of 34.58 μm (see Table 3.1). Intraplant variation in pollen grain size was

very small (<2 μm) for sixteen of the nineteen herbaria specimens and ranged from
2.5 to 6.8 μm for the remaining three. Nothofagus spp. pollen grain size exhibited a

significant positive correlation with MAP (r2 = 0.66, n = 19, p = 0.0001; Figure 3.1).
When assessed separately, members of the Brassospora and Nothofagus subgenera,
respectively, both showed significant positive correlations with MAP (r2 = 0.73, n =

9, p < 0.02 for Brassospora; r2 = 0.89, n = 4, p < 0.17 for Nothofagus), and members of

the Fuscospora subgenus showed a positive correlation with MAP (r2 = 0.37, n = 5, p

< .03). See Figure 3.2. Specimens from the Brassospora group exhibited differences

in intragrain widths (multiple widths from a single pollen grain) ranging from 0.1 μm

to 9.4 μm (average = 4.4 μm, n = 17). Specimens from the Fuscospora group exhibited
differences in intragrain widths ranging from 0.1 μm to 0.6 μm (average = 0.2 μm, n = 6).
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Mean Annual Precipitation at Specimen Collection Site (mm/yr)

4000

r2 = 0.66; n = 19; p = 0.0001
Subgenus Brassospora
Subgenus Fuscospora
Subgenus Lophozonia
Subgenus Nothofagus
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Figure 3.1 Ordinary least squares (OLS) regression relationships between modern
Nothofagus pollen size (μm) and mean annual precipitation (mm/yr). The dashed
line indicates the linear regression through the modern data.
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r2 = 0.37; n = 5; p < 0.3
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Figure 3.2 Ordinary least squares (OLS) regression relationships between average
modern Nothofagus pollen size (μm) and mean annual precipitation (mm/yr) for: a)
subgenus Brassospora; b) subgenus Fuscospora; c) subgenus Nothofagus.
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Our results from modern Nothofagus pollen are consistent with the empirical

results of Esjmond et al. (2011), who found that grains were larger under desiccation
stress. These results provide confidence for using changes in Nothofagus spp. pollen

grain size as a proxy for changes in moisture availability. The wide variation in

intragrain widths exhibited by Brassospora group specimens is due to the morphology

of these pollen grains (see Plate 3.1, a-c). For consistency, only measurements taken
at the widest point of these grains were considered for OLS regression analysis, as
these represent the maximum potential width attained by these grains. Intragrain

size variations of specimens from the Fuscospora group were negligible (< 0.6 μm).
Regardless, our results suggest that the variations in intragrain width do not prevent

pollen grain size from reflecting changes in moisture availability, as long as the longest

transect is consistently measured. Moreover, Antarctic fossil Nothofagidites lachlaniae
specimens do not exhibit the variation in width associated with the pollen grains from

many of the species of the Brassospora group (see Plate 3.1, d-f). Consequently, pollen

grains from the N. lachlaniae species exhibit minimal intragrain width variation (see
Plate 3.1, g-i).

Interestingly, many modern Nothofagus species are anemophilous and pollen

may therefore be exposed to harsh environmental conditions (i.e. aridity) after
shedding (e.g. Báez et al., 2002). As some Nothofagus species have been shown to be

reproductively self-incompatible, cross-pollination is imperative for much Nothofagus

germination (e.g. Riveros et al., 1995, 1998; Palma et al., 1996). Palma et al. (1996)
estimated that the percentage of viable pollen that reaches the stigmas is as low as
47% in some modern Nothofagus species, and Nothofagus pollen viability drops as

low as 21% after six months of storage (Báez et al., 2002). The anemophilous nature of
Nothofagus, combined with the need for reproductive cross-pollination, and apparent

sensitivity to desiccation stress after shedding may explain the observed response of
Nothofagus pollen grain size to changes in moisture availability presented here.
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a

b

c

d

e

f

g

h

i

Plate 3.1 Examples of modern and fossil Nothofagus specimens. Images a-f are modern
Nothofagus. Figures g-i are fossil Nothofagus specimens. Brassospora subgenus:
a) N. rubra, EFS S28/1; b) N. starkenborghii, EFS K5/3; c) N. discoidea, EFS V17/2.
Fuscospora subgenus: d) N. grandis, EFS R16/3; e) N. solandri, EFS R26/3; f) N. fusca,
EFS R27/3. Antarctic N. lachlaniae complex specimens: g) ANDRILL 2 Core, 745.95
mbsf, EFS U36/3; h) SHALDRILLII 12A Core, 262 cmbsf, EFS O34/3; i) SHALDRILII 3C
Core, 29 cmbsf, EFS R22/3.
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Sarkissian and Harder (2001) observed large and small Brassica rapa pollen

under artificial selection over three generations. Third generation pollen from small-

pollen lines of B. rapa decreased in size from their initial generation, and pollen

from large-pollen lines increased through the generations (Sarkissian and Harder,
2001). The authors suggest a scenario for the cause behind a heritable change in

pollen size: if larger pollen grains of a species better contend for fertilization, pollen

grain size will increase over time, as pollen size is heritable (Sarkissian and Harder,
2001). Similarly, if larger Nothofagus spp. pollen grains are better adapted to resisting

desiccation after shedding, pollen grain size will increase as a result of heritable pollen
traits. Notably, Sarkissian and Harder (2001) observed a tradeoff between pollen

diameter and number of grains produced; small-pollen lines produced more pollen

grains through the generations, while large-pollen lines produced fewer grains. This
trend is not linear, however, as the tradeoff will create a pollen size that balances the
advantages of a larger average grain size with the disadvantage of reduced pollen

production (Sarkissian and Harder, 2001). The trend observed between modern
Nothofagus spp. and MAP in our study may, therefore, plateau or flatten out as pollen

grain size increases (i.e. pollen grain size will not continue to increase unchecked at

the expense of pollen production). Regardless, our modern data give confidence for
using Nothofagus spp. pollen grain size as a proxy for moisture availability.

3.4.2 Fossil specimens: shifts in moisture availability in Antarctica in the Eocene,
Oligocene, and Miocene

We present measurements from Nothofagidites lachlaniae complex specimens

from Antarctic Eocene (SHALDRILII 3C), Oligocene (SHALDRILII 12A), and Miocene
(ANDRILL 2A) cores. Eocene specimens ranged in size from 22.3 – 25.8 μm (average
24.5 μm; n = 13). Oligocene specimens ranged in size from 23.7 – 30.9 μm (average

26.1 μm; n = 10). Miocene specimens ranged in size from 26.6 – 36.4 μm (average

30.2 μm; n = 10). There is an overall increasing trend in pollen grain size from the
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Eocene through the Miocene (see Figure 3.4). This represents a significant average
size increase of 23% from the Eocene to the Miocene.

Esjmond et al. (2011) suggest several factors that could complicate the

application of this method to fossil specimens (i.e. using pollen grain size as a

paleoenvironmental indicator). Each is discussed in detail below. (1) Any observed
changes in average pollen grain size may be due to changes in species assemblages
(e.g. species with typically larger grains may replace species with typically smaller

grains over time, as a result of environmental changes or other factors). Here, we
examine the average grain sizes only for specimens assigned to the Nothofagidites
lachlaniae species, one of the most common morphospecies observed in Antarctic

fossil records (e.g. Warny et al., 2009; Truswell and MacPhail, 2009). Although some

variability is observed in members of this species complex, we believe that limiting the
fossil dataset to the Nothofagidites lachlaniae complex is appropriate, as it excludes

any morphologically and physiologically dissimilar species. (2) Esjmond et al. (2011)
also point out that sedimentary processes may contribute to reworking grains and

grain size distributions. Warny and Askin (2011a, 2011b) observed primarily in

situ pollen grains in the SHALDRILII 3C (Eocene) and SHALDRILII 12A (Oligocene)

cores. Moreover, grains that exhibited obvious signs of potential reworking (e.g.
thermal alteration, tearing, etc.) in the SHALDRILII 3C, 12A, and ANDRILL 2A cores
were excluded from analysis. Lastly, Esjmond et al. (2011) point out that sedimentary
processes may reflect temporal climate variations. We accept this premise, but argue

that assessing broad temporal climatological shifts provides valuable information
about climate change over long periods of time (i.e. millions of years).

Our results indicate an overall decrease in moisture availability in Antarctica

from the Eocene through the Miocene. We consider several potential causes behind the
observed change in moisture availability experienced in Antarctica over the Eocene,

Oligocene, and Miocene. Several studies give evidence for a decrease in precipitation
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Figure 3.4 Change in average Nothofagidites lachlaniae complex grain size through
time. a) Average sizes of N. lachlaniea complex specimens in the SHALDRIL 3C
Eocene Core. The dashed line indicates a strontium age date of 35.9 Ma (Bohaty et
al., 2011). Measurements of fossil pollen are reflected in μm, and depth below sea
floor is measured in cmbsf. b) Average sizes of N. lachlaniae complex specimens in the
SHALDRIL 12A Oligocene Core. Measurements of fossil pollen are reflected in μm, and
depth below sea floor is measured in cmbsf. c.) Average sizes of N. lachlaniae complex
specimens in the ANDRILL 2 Miocene core. The dotted line represents an age date
of 17.533 Ma, and the dashed line represents an age date of 18.524 Ma (Acton et al.,
2008). Measurements of fossil pollen are reflected in μm, and depth below sea floor
is measured in mbsf.
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amount from the Eocene to the Miocene (e.g. Warny et al., 2009; Pross et al., 2012;

Passchier et al., 2013). Increasing glaciation on the southernmost continent during
this period (e.g. Warny and Askin, 2011a, 2011b; Kirshner and Anderson, 2011) may
have contributed to a decline in moisture availability. Additionally, factors such as

atmospheric circulation pattern shifts or orbital forcing could play a role (see Griener
et al. (2013) and references therein for a discussion of the potential factors behind
changes in moisture availability in the Antarctic).

Griener et al. (2013) found that Δ13C values of SHALDRILII 3C Nothofagidites

fusca group specimens decreased throughout the Late Eocene, indicating a decrease in
moisture availability. Pollen grain measurements from the same core (presented here)
correlate to the Δ13C values from Griener et al. (2013); as pollen grain size increases,

pollen Δ13C decreases (and vice versa) in the SHALDRILII 3C cores, indicating that the

two separate environmental proxies give similar results. For the most part, increases
in pollen grain size coincided with decreases in palynological counts of Nothofagidites

lachlaniae from the same cores (Warny and Askin 2011a, 2011b; Griener et al., in prep).
This observation is consistent with those of Sarkissian and Harder (2001) who noted
the tradeoff between pollen size and pollen production discussed above. Together,

these results provide further evidence that overall changes in pollen grain size reflect
changes in moisture availability in Antarctica and, perhaps more importantly, that

observing changes in pollen grain size presents a viable tool for studying changes in
moisture availability.
3.5 Conclusions
Antarctic paleoclimate research presents a unique set of challenges, such as

the difficulty and expense of travelling to the southernmost continent, obtaining cores
below ice-sheets, and the scarcity of exposed and accessible outcrops. In addition to
standard palynological techniques (e.g. Warny et al., 2009; MacPhail and Truswell,
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2004; Warny and Askin, 2011a, 2011b), organic geochemical methods have been

applied to Antarctic paleoclimate studies, specifically to understanding changes in

moisture (e.g. Feakins et al., 2012; Griener et al., 2013). However, these techniques are
often time consuming, require the use of specialized laboratories, and may contain

inherent restrictions (for example, Kohn (2010) showed that the relationship between
water and plant δ13C may only be linear when MAP < ~1500mm/yr). Therefore, the

development of additional climate proxies is essential to studying past climate change.

Here, we provide evidence for the validity of using changes in Nothofagus pollen grain

size as a proxy for climate change, specifically moisture availability. In addition to
exhibiting the viability of this technique using modern Nothofagus specimens, we

present an applied study to Antarctic paleoclimates. Measurements taken on fossil
specimens of a single species complex display a 23% increase in average pollen

size from ~35.9 to 17.5 Ma. Modern analogous data provided here indicates that

this significant size increase likely evidences a decrease in moisture availability,

which may have been the result of increased glaciation, decreased runoff, decreased

precipitation, or a combination of these or other factors (e.g. Griener et al., 2013 and
references therein).
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CHAPTER 4. EARLY TO MIDDLE MIOCENE VEGETATION HISTORY
OF THE ROSS SEA REGION, ANTARCTICA PROVIDES EVIDENCE
FOR ECCENTRICITY-PACED INTERVALS OF WARMING DURING THE
ANTARCTIC ICEHOUSE PHASE
4.1 Abstract
Progressive cooling of Antarctica during the Cenozoic, most notably at the

Eocene/Oligocene Boundary, led to deterioration of vegetation abundance and
diversity on the southernmost continent. Recent palynological evidence from the
upper section of the ANDRILL 2A (AND-2A) core in the Ross Sea showed unusually high

abundances of marine and terrestrial palynomorphs in a brief interval during the Mid
Miocene Climatic Optimum (MMCO), indicating a relatively warm period ~15.7 Ma.

However, the nature of other Miocene climate fluctuations in Antarctic remains poorly
resolved. Here, we present new palynological data from the lower section of the AND-

2A core, below 664 mbsf, that reveal additional intervals of increased palynomorph
abundance and diversity during the Antarctic Early to Middle Miocene. This evidence
is consistent with a relatively dynamic Early Miocene Antarctic icehouse climate with

intervals of increased temperature and moisture, prior to the MMCO. Comparison

with previous AND-2A studies indicates that periods of increased palynomorph
abundance in the lower stratigraphic section largely coincide with ice sheet minima,

distal ice conditions, and the presence of freshwater. Decreases in plant productivity
mostly coincide with increased glaciation, decreased freshwater, and ice-proximal

conditions during the Antarctic Miocene. Finally, we present a possible interpretation
for low frequency, eccentricity-paced shifts in palynomorph assemblages during the

Early and Middle Miocene. Palynomorph assemblages reflecting generally warmer
*KWG and SW originated research concepts. KWG and SW selected sampling intervals. KWG counted
all palynology samples. KWG, SW, and RA identified palynomorphs. GA provided high resolution age
dating. KWG, RA, and SW wrote paper with input from GA. We anticipate submitting this document for
publication to Global and Planetary Change in April 2014.
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conditions are largely associated with 400-kyr eccentricity maxima, while assemblages

indicative of colder conditions coincide with 400-kyr eccentricity minima.

Keywords: Antarctica, palynology, Miocene, climate, ANDRILL 2A, eccentricity
4.2 Introduction
Current global climate change has prompted scientists and politicians alike

to turn to paleoenvironmental studies to answer questions regarding the frequency,

severity, and impact of climate change. Here, we present evidence for past climate
change that helps answer these questions. Palynological, mineralogical, and

sedimentological data indicate periodic warming in the Antarctic Miocene, during
a time when the southernmost continent had reached its current “icehouse” phase.

Understanding the nature, onset, and length of these past climate fluctuations may
help us to better understand the nature of current and future climate change and

the impact of climate change on water availability, temperature, and global climate
patterns.

Palynological studies on Antarctic cores dated within the last ~35 Ma illustrate

the demise of vegetation on the southernmost continent (e.g. Raine, 1998; Askin and
Raine, 2000; Raine and Askin, 2001; Prebble et al., 2006; Warny et al., 2009; Warny

and Askin, 2011a, 2011b; Anderson et al., 2011). Vegetation was relatively rich in

diversity and abundance prior to the Eocene/Oligocene (E/O) Boundary (e.g. Askin,
1992, 1997, 2000; Truswell and MacPhail, 2009; Anderson et al., 2011), ~34 Ma.
Winters were likely mild and frost-free during this time (MAT>10°C; Francis et al.,

2008; Pross et al., 2012) with precipitation sufficient to support temperate rainforests
(>1000 mm/yr; Poole et al., 2005; Francis et al., 2008). An abrupt decline in terrestrial

palynomorph concentrations at or around the E/O Boundary suggests a shift in the
climate (Warny and Askin, 2011a) and is supported by palynomorph δ13C data that

indicate decreasing moisture availability during this time (Griener et al., 2013).
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These trends coincide with an abrupt increase in the marine δ18O and decrease in the

pCO2 records (Zachos et al., 2008; Pagani et al., 2011) and with the growth of a large

Antarctic ice sheet (Zachos et al., 2001). Following the initial shift in atmospheric CO2
and marine δ18O values, vegetation levels continued to decline into the Oligocene and

Miocene (e.g. Warny et al., 2009; Warny and Askin, 2011b), as pCO2 levels decreased

to current levels (e.g. Zachos et al., 2008). Ultimately, this led to the demise of most
land plants in Antarctica, by ~13.85 Ma in the Dry Valleys (Lewis et al., 2006) and after
~12.8 Ma on the Antarctic Peninsula (Anderson et al., 2011). Studies have shown very
little evidence for significant vegetation in Antarctica after the Oligocene (eg. Raine,
1998; Askin and Raine, 2000), with the exception of a brief interval during the Mid
Miocene Climatic Optimum (MMCO; Warny et al., 2009). Likely, moisture availability

had also declined significantly by this time (e.g. Griener and Warny, submitted), but

evidently increased briefly at the MMCO (Warny et al., 2009; Feakins et al., 2012).
This increase in moisture is significant as it is probably one of the key factors that

contributed to vegetation re-colonization. The cause behind Antarctica’s climate shift
to the icehouse phase is still actively debated, with most climate scientists aligning

themselves with one or a combination of two valid mechanisms: the onset of the
Antarctic circumpolar current and subsequent thermal isolation of the continent (e.g.

Kennett, 1977); or a decline in pCO2, primarily at the E/O Boundary (e.g. DeConto and
Pollard, 2003; Pagani et al., 2011). Better understanding these mechanisms and how

they relate to Antarctic climate change is essential for answering questions about how
evolving current atmospheric CO2 levels will effect our global climate and the various

feedback mechanisms such as changes in vegetation cover.

Palynological analysis of the Miocene AND-2A core in the Ross Sea provides

a unique way for testing these hypotheses. The AND-2A core was drilled in 2007
from a fast-ice platform in southern McMurdo Sound, adjacent to the Transantarctic

Mountains. Accommodation space was created as a result of rifting-associated
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subsidence (Fielding et al., 2008a). The rising Transantarctic Mountains provided a
high sediment supply to the basin via alpine or outlet glaciers. A 1.5-2.0 km-thick

sedimentary wedge (increasing in thickness to the east) was deposited as a result

of sedimentation that equaled or exceeded the rate of subsidence (Wilson, 1999).
The 1138.54-meter core covers the interval from 20.1687 to 14.29 Ma and exhibits a

remarkable 98% recovery rate (Harwood et al., 2009), providing ample sediment for
multiple analyses.

Unlike many other Antarctic cores and outcrop where recovery is poor,

dating is vague, or the recovered interval is short, the AND-2A core provides a

unique opportunity for palynological data to be accurately compared with other
paleoenvironmental proxies (e.g. δ18O, pCO2) using precise dating available on a core

that spans a long period of time (Ma as opposed to kyr). For instance, 40Ar-39Ar laser
analyses on AND-2A volcanic rocks (Di Vincenzo et al., 2010) indicate that the interval

from 358–1093 mbsf is a Early Miocene (~16.0 to ~20.1 Ma) stratigraphic section
comprising a series of sedimentary cycles (e.g., Fielding et al., 2011). Biostratigraphic,

magnetostratigraphic, and radiometric dating techniques have yielded a precise
age model for the core (Acton et al., 2008; Marcano et al., 2009). Since its original

publication, the age model has been updated to fit additional paleomagnetic,

radiometric, and biostratigraphic age constraints in the interval 296.34-1138.54 mbsf

(Acton et al., unpublished data). Rather than use a constant sedimentation rate over
this whole interval, as was done by Acton et al. (2008), the new age model accounts for

changes in sedimentation rates as well as hiatuses, which together improves the fit of
the age model to the constraints and presumably increases the accuracy of the model.

Overall, the new model gives ages that are mostly within 100 k.y. of ages estimated by
Acton et al., (2008). For this study we use the updated, unpublished age model.

Initial palynological characterization was carried out at intervals throughout

the AND-2A core (in Taviani et al., 2008). In this study, we analyzed additional samples
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from the lower section of the core, below 664 mbsf. Our results are presented

together with previously obtained palynological data from the upper section of the
AND-2A core (Warny et al., 2009; Foersterling, 2011) and compared with other AND2A studies and global climate proxies.
4.3 Methods
Ninety new samples from the lower section of the AND-2A core between

664.00 and 1126.75 mbsf were analyzed in this study. Samples were selected
primarily based on preliminary results in Taviani et al. (2008). Intervals of inferred

changes in precipitation and temperature in the lower section of AND-2A (Feakins et

al., 2012) were also targeted. It is important to note that fine-grained sediments were
preferentially selected for sampling when possible, as palynomorphs are generally
better preserved in these sediments. See Appendix B for a list of all samples.

Samples were chemically processed to extract all palynomorphs. Dry sediment

was weighed and spiked with a known quantity of Lycopodium spores to allow for

calculation of palynomorph concentrations. Dry sediment was successively treated
with hydrochloric acid, hydrofluoric acid, and heavy liquid separation (e.g. Brown,

2008). Samples were sieved between a 10 and 250 μm fraction, and the remaining

residue was mounted to microscope slides using glycerine jelly. All samples were
stained with Safranin red dye. As palynomophs are generally sparse in the AND-2A
core, entire slides were counted for palynomorphs, with the exception of two samples

in which palynomorph counts exceeded 300. After palynomorphs were tabulated
and tallied, palynomorph concentration was calculated for each specimen using the
equation from Benninghoff (1962): c = (Pc x Lt x T)/(Lc x W), where C = concentration

(per gram of dried sediment, gdw-1), Pc = the number of palynomorphs counted, Lt

= the number of Lycopodium spores per tablet, T = the total number of Lycopodium
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tablets added per sample, Lc = the number of Lycopodium spores counted, W = the
weight of dried sediment.

Results obtained from this study were combined with summary data from

72 samples from the middle section of the core (229.15-618.48 mbsf) studied by
Warny et al. (2009) and Foersterling (2011). Summary data from the upper and

lower sections of the core were compared with other palaeoenvironmental proxies
such as pCO2 (Royer, 2006 and references therein), leaf wax C28-acid abundance and

hydrogen isotopes of leaf waxes (Feakins et al., 2012), and Nothofagidites pollen grain

size (Griener and Warny, submitted), as well as other ANDRILL studies (e.g., Paschier,
Taviani, etc.).
4.4 Results
4.4.1 Palynology of the lower section of AND-2A

Results from the lower section of AND-2A indicate that in situ pollen

concentrations (gdw-1) increased during several intervals (Figure 4.1). The highest

peaks in terrestrial palynomorph concentrations in the lower section of the AND-

2A core are at 872.99 (385.7 gdw-1 concentration) and 908.13 mbsf (236.4 gdw1

concentration), respectively. Obvious reworking was minimal at 908.13 mbsf

(concentration of reworked palynomorphs was <16 gdw-1), but more pronounced
at 872.99 mbsf (concentration of reworked palynomorphs was <48 gdw-1). In situ

palynomorph concentrations peak in other AND-2A samples as well (>110 gdw-1 at

1126.8, 1025, 1021.2, 1010, 1004, 939.26, and 933.27 mbsf, respectively). In the upper
section of the core analyzed by Warny et al. (2009) and Foersterling (2011), several

intervals have concentrations that are this high or higher. Specifically, the interval from
434.02 to 431.90 mbsf is associated with terrestrial palynomorph concentrations that

are unmatched anywhere else in the core (>980 gdw-1 in 4 of the 5 samples from this

interval), but this level lacks the high concentration in in situ dinoflagellate cysts that
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are seen in the 310 mbsf layer. Terrestrial palynomorph concentrations >110 gdw-1

are also present in other samples from this section (450.01, 426.99, 422.79, 418.59,
and 404.72 mbsf, respectively). See Figure 4.1.
4.4.2 Reworked specimens

Reworking is a tangible issue in the lower section of the AND-2A core, and,

in the initial palynological survey, it was also noted (in Taviani et al., 2008) that a

significant portion of the terrestrial palynomorphs in some samples from the lower

section might be reworked. While some inclusion of reworked palynomorphs in
counts is inevitable, we consider the counts presented here to largely represent
the penecontemporaneous vegetation. Care was taken to avoid obviously reworked

palynomorphs (i.e., palynomorphs that exhibited discoloration, darkening or with a

LAD predating the Miocene). To avoid circular reasoning (i.e., taxa previously believed
to disappear from the Antarctic record at the E/O cooling transition are thus excluded
from the in situ count), we include taxa such as certain Proteaceae, Nothofagidites

brassii group, and certain podocarp conifers (such as Phyllocladidites mawsonii) and

denote their uncertain inclusion with an asterisk (*) in Figure 4.2. It is still not known

with certainty when many of these plant taxa actually disappeared from the Antarctic
vegetation, due to the incomplete record and the prevalence and ease of recycling in

Antarctic sediments. N. brassii group palynomorphs as well as some of the Proteaceae
taxa occur as single or rare specimens, and therefore do not significantly increase the
in situ count.

Reworked marine and terrestrial palynomorphs were found in most samples

from the lower section of AND-2A. The concentrations of reworked material range from

0 gdw-1 (1118.98, 1050, 933.27, 885, 877.20, 811.50, and 808.50 mbsf, respectively)

to 307.01 gdw-1 (836 mbsf). Reworking was particularly evident in samples from
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Figure 4.1 Composite palynology data of the AND-2A core, including both upper
and lower sections. From left to right, the columns represent: sample depth (mbsf),
key ages (Ma; Acton, unpublished data), sedimentology (Fielding et al., 2008b),
concentrations of palynomorphs (gdw-1), and interpreted palynological intervals. The
groups of palynomorphs represented are: Nothofagidites spp., Podocarpidites spp.,
other angiosperm pollen, cryptogam spores, freshwater algae, and dinoflagellate cysts.
Data above the dashed line were analyzed by Warny et al. (2009)., supplementary
samples (430.58-439 mbsf) was summarized in Foersterling (2011), a MS thesis
supervised by Warny, Askin, and Bart. Data below the dashed line represent the new
data analyzed for this paper. Grey bars indicate intervals of increased palynomorph
concentration. Palynologically defined intervals are indicated by roman numerals in
the rightmost column.
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Figure 4.2 Detailed palynology of the lower section of the AND-2A core. The data
represented is as follows: depth (mbsf) and concentration of palynomorphs (gdw-1).
Species are grouped as follows: terrestrial spores and pollen and spores, freshwater
algae, dinocysts, acritarchs, and reworked material. The intervals defined based on
palynology of the lower section of AND-2A are listed in the first column. Asterisks
indicate specimens that are possibly reworked.
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860.50 mbsf (85.68 gdw-1), and 836 mbsf (307.01 gdw-1), respectively.
4.4.3 Marine specimens

Abundant leiospheres and sparse dinoflagellate cysts were recovered

throughout the lower section of the core. The presence of copious amounts of in
situ leiospheres may be an indicator of sea ice conditions, which were likely during

the Middle Miocene icehouse in Antarctica. The finding of considerable numbers
of Leiosphaeridia specimens (up to 1400 gdw-1) is consistent with other Antarctic

Miocene studies (e.g. Hannah et al., 2000; Warny et al., 2006; Warny et al., 2009).

Fragmented specimens of reworked Eocene Vozzhennikovia apertura were recovered

throughout the lower section of the core, similar to reports by Warny et al. (2009)

and Foersterling (2011). Unlike what was found in the 310-312 mbsf interval, many
well-preserved specimens of Operculodinium centrocarpum or Pyxidinopsis braboi

concurrent with the dramatic increases in terrestrial palynomorphs were not observed
in the lower section of AND-2A, though we did observe increases in indistinguishable
dinoflagellate fragments that are possibly reworked.
4.4.4 Freshwater algal spores

Unlike the upper section of the AND-2A core, freshwater algal spores such as

Pediastrum and Scenedesmus were not observed in the lower sections of the core,
though spores of Zygnemaceae were identified in several samples. These freshwater
algae are often observed in shallow, stagnant waters (e.g. van Geel and Grenfell,

1996). The overall concentrations of freshwater spores in the lower section of AND-

2A were comparable to those of the upper section of the core (<7 gdw-1). Despite their
relatively low concentrations, their presence is a likely indicator of freshwater.
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4.4.5 Terrestrial palynomorphs

Two abrupt increases are observed in the terrestrial signal, at 908.13 and

872.99 mbsf. Although variable, terrestrial palynomorph concentrations are generally
high (>25 gdw-1) from 1029.50 to 867.00 mbsf. The assemblage of spores and pollen

in the lower sections of the AND-2A core has low diversity, and is mainly composed
of Nothofagidites fusca group pollen. Pollen of these southern beeches are the most
common palynomorphs found in Antarctic palynological records (e.g. Truswell
and Macphail, 2009; Warny et al., 2009; Anderson et al., 2011; Warny and Askin,

2011a; 2011b). The most common species observed in AND-2A are N. lachlaniae
and the Nothofagidites sp. cf. N. flemingii – N. saraensis complex, both members of
the N. fusca group, generally thought to be more cold tolerant than other Nothofagus

groups. Although specimens of the N. brassii group were sparse, their presence was
noted because they are associated with more temperate environments. However,

these may be reworked, so further interpretation based on their presence was

avoided. Several species of Podocarpidites sp. (podocarp conifer) were observed,

including Podocarpidites c.f. exiguus. Additional bisaccate pollen grains, identified
as Phyllocladidites mawsonii, were identified throughout the lower section of the

drillhole, and they may be reworked. Well preserved triporate proteaceous specimens
were observed in many samples and include Proteacidites pseudomoides, P. ?angulatus

(as per Dettmann and Jarzen’s (1996) categorization of triporate pollen), as well as

various other undifferentiated triporate pollen specimens. Multiple Chenopodipollis

sp. specimens, considered in situ and not modern contaminants, were often found in
samples where other terrestrial palynomorphs were sparse or nonexistent. See Plate
4.1.
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Plate 4.1 Key palynomorphs from the AND-2A core. 1-8. AND-2A terrestrial
palynomorphs: 1. Nothofagidites lachlaniae, 757.1 mbsf, EFS_M31/3; 2. Nothofagidites
sp. cf. N. flemingii - N. saraensis complex, 908.13 mbsf, EFS_L33/4; 3. Chenopodipollis
sp., 794.03 mbsf, EFS_G32/3; 4. Proteacidites sp., 1021.2 mbsf, EFS_G40/1; 5.
Tricolpites sp., 933.27 mbsf; EFS_R43/1; 6. Podocarpidites sp., 877.2 mbsf, EFS_M42/2;
7. Myricipites harrissii, 997.42 mbsf, EFS_S42/3 (possibly reworked); 8. Coptospora
sp. (coarse grained), 1021.2 mbsf, EFS_Q17/2; 9-11. AND-2A marine specimens: 9.
Leiosphaeridia sp. (thin), 664 mbsf, EFS_E36/3; 10. Leiosphaeridia sp. (thick), 872.99
mbsf, EFS_L24/4; 11. Micryhstridium sp., 877.2 mbsf, EFS_S42/3; 12. Zygnemaceae
spore, 997.42 mbsf, EFS_O12/1; Scale bars = 25 μm.
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Plate 1. Key palynomorphs from the AND-2A core. 1-8. AND-2A terrestrial palynomorphs: 1. Nothofagidites lachlaniae, 757.1 mbsf, EFS_M31/3; 2. Nothofagidites
sp. cf. N. flemingii - N. saraensis complex, 908.13 mbsf, EFS_L33/4; 3. Chenopodipollis sp., 794.03 mbsf, EFS_G32/3; 4. Proteacidites sp., 1021.2 mbsf, EFS_G40/1; 5. Tri75
colpites sp., 933.27 mbsf, EFS_R43/1; 6. Podocarpidites sp., 877.2 mbsf, EFS_M42/2;
7. Myricipites harrissii, 997.42 mbsf, EFS_S42/3 (possibly reworked); 8. Coptospora
sp. (coarse grained), 1021.2 mbsf, EFS_Q17/2; 9-11. AND-2A marine specimens: 9.

4.5 Discussion
4.5.1 Discussion of AND-2A palynology

Despite the challenges inherent with considerable reworking and sparse

terrestrial assemblages with low diversity, broad intervals were identified in the

lower section of AND-2A during which warmer (up to, at most, 10°C of summer
temperature, compared to today) paleoenvironmental conditions prevailed. These

warmer intervals are distinguished based on four palynological criteria. First, higher
terrestrial palynomorph concentration (gdw-1, Figure 4.3) are indicative of favorable

plant growing conditions. Presumably, the most extensive vegetation expansions

occurred during intervals most conducive to plant growth (generally warm and moist).

Second, the lack or decrease in leiospheres is indicative of sea-ice minima (Mudie,
1992; Warny et al., 2006). Third, low relative abundance in reworked material is also

interpreted as a sign of decreased glacial activity. And fourth, the presence of spores

of Zygnemaceae is considered as an indicator of fresh, melted water presence, hence
temperatures above freezing. Note that these occasionally occur during intervals

under which no vegetation expansion occurred (discussed below). In addition to
acknowledging broad intervals of different paleoenvironments in the lower section

of the core, we distinguished similarly categorized subdivisions within the upper
section of the core analyzed by Warny et al. (2009) and Foersterling (2011).
4.5.1.1 Interval I: 1126.75-1033.5 mbsf (20.1587-20.0795 Ma)

The combined presence of reworked terrestrial material, reworked Eocene

Vozzhennikovia apertura specimens, and leiospheres indicates conditions of seaice presence. Indeed, in the lowermost interval of the AND-2A core examined, the

concentrations of leiospheres are remarkably high (2181 gdw-1 at 1120.96 mbsf,

1939.61 gdw-1 at 1093.25 mbsf, and 649.13 gdw-1 at 1050 mbsf, respectively). The
concentration of in situ terrestrial palynomorphs is also extremely low during this
76

Figure 4.3 (a-g): Comparison of AND-2A palynology with other AND-2A proxies: (a)
Terrestrial palynomorph concentrations (gdw-1). Intervals are indicated by roman
numerals. The approximate beginning and ending ages of intervals are supplied. (b, c)
Leaf wax abundance (μg gdw-1) and hydrogen isotopes of leaf waxes (δDC28-acid; Feakins
et al., 2012). (d) Lithofacies representing conditions of ice proximity from most- (9)
to least- (1) ice proximal (Fielding et al., 2011). (e) Percent volcanic glass volumes
(Panter et al., 2008). (f) Facies characterization from Passchier et al. (2011). White
indicates diamictite-dominated facies association that characterize polar continental
shelves and glacial advance, and grey indicates stratified diamictite and mudstone as
well as mudstone-dominated facies associations that characterize open-shelf settings
under meltwater influence. Dashed boxes indicate periods of ice sheet minima. (g)
Presence of mollusks in AND-2A (Beu and Taviani, 2014). (h-m): Comparison of AND2A palynology with other global climate proxies: (h) Atmospheric CO2 (p.p.m.v.) levels
from foraminifera δ13C (Pagani et al., 1999a, 1999b, 2005) and marine boron δ11B
(Demicco et al., 2003; compiled by Royer, 2006). (i) Global eustatic sea level curve
(Haq et al., 1988). (j-m) Insolation and Milankovitch curves for the Early to Middle
Miocene (Laskar et al., 2004). The right vertical axis is scaled to the AND-2A age model
(Ma; Acton et al., unpublished). The left vertical axis is scaled to age (Ma) for global
curves. The line between (g) and (h) represents the break in the different age models.
Dashed lines indicate key peaks of terrestrial palynomorph concentration. Intervals
marked by green shading are interpreted as warmer intervals in the AND-2A core.
To the right, intervals marked by green shading represent a possible alternative age
model for the AND-2A core based on the global insolation curve.
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interval (<14 gdw-1 in 8 of the 9 samples analyzed from this interval). These factors

strongly suggest sea-ice advance under cold conditions. There is, however, a spike

of freshwater alga Zygnemaceae at 1115 mbsf, which suggests slightly warmer
conditions allowing meltwater at that time, as discussed below. This is perhaps due

to briefly increasing temperatures that caused meltwater accumulation, but were too
brief for vegetation expansion.

4.5.1.2 Interval II: 1033.5-997.2 mbsf (20.0795-20.0487 Ma)

Interval II is interpreted as a fluctuating but overall warmer interval than

Interval I. This is indicated by the dramatic decrease in leiospheres at 1040 mbsf
(to 151.77 gdw-1, from 1939.61 gdw-1 at 1093.25). In situ terrestrial palynomorph
concentrations also increased starting at 1040 mbsf until they reached 208.7 gdw-1 at

1007 mbsf. In addition, Zygnemaceae specimens were observed at 1029.5 mbsf. The

presence of these freshwater algal spores reflects increases in meltwater, runoff, or
precipitation, possibly as a result of increasing temperatures.

4.5.1.3 Interval III: 997.2-917.01 mbsf (20.0487-19.2029 Ma)

The concentration of in situ terrestrial palynomorphs decreased dramatically

at 997.2 mbsf to <30 gdw-1, suggestive of a cooler period. Although the concentration

of reworked material is only moderate (49.75 gdw-1) at 940.23 mbsf, the leiosphere
concentration is notable (1268.75 gdw-1). Together, these factors strongly suggest sea-

ice advance conditions during this interval. Possibly, conditions were slightly more

conducive to vegetation expansion at ~933.27 mbsf when the terrestrial palynomorph
concentration increased slightly, coincident with moderate levels of leioshpere cysts
and low appearances of reworked palynomorphs.
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4.5.1.4 Interval IV: 908.13-867 mbsf (19.2034-19.0529 Ma)

Terrestrial palynomorph concentration at 908.13 mbsf increases significantly

(236.4 gdw-1), but is not accompanied by the presence of Zygnemaceae spores,
although they did occur immediately below. The palynomorphs found in this sample

were extremely well preserved, and the concentration of reworked material was
remarkably low (15.63 gdw-1), suggesting that this was an interval of warming and

sea-ice retreat.

Zygnemaceae freshwater algal spores were common at the depth of exceptionally

high terrestrial palynomorph production and relatively low concentrations of reworked
palynomorphs at 872.99 mbsf. Here, the concentration of Zygnemaceae spores is 2.52

gdw-1 at 872.99 mbsf, concurrent with an increase in in situ terrestrial palynomorph

concentration of 385.7 gdw-1. Although reworking was apparent at this interval (47.89
gdw-1 concentration), the combined presence of in situ terrestrial palynomorphs and

Zygnemaceae specimens, and relatively high diversity (compared to other sections of
AND-2A) suggests that these sediments were deposited under slightly warmer and
moister conditions. We thus identify the palynomorph assemblage in Interval IV as
suggestive of the warmest interval in the lower ~500m of core.
4.5.1.5 Interval V: 867-664 mbsf (19.0529-17.4097 Ma)

Terrestrial palynomorph concentrations remain extremely low from 860.5

to 778.49 mbsf. Concentrations of spores and pollen are <20 gdw-1 in 20 of the 24

samples analyzed from these depths. Moreover, considerable reworking occurred at
860.5 mbsf (>85 gdw-1 concentration), and all palynomorphs found at 836 mbsf were
likely reworked (>307 gdw-1). Varied concentrations of leiospheres were noted in the

interval from 860.5 to 778.49 mbsf (1.16 to 127.93 gdw-1, average: 53.48 gdw-1). This
interval is thought to reflect increased glaciation and sea-ice conditions because of

the dramatic increase in reworked terrestrial palynomorphs as well as the presence
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of leiospheres and reworked dinoflagellate cyst Vozzhennikovia apertura. At 815.00

mbsf, there is a 4.25-fold increase in the number of Chenopodipollis specimens, but

Nothofagidites specimens are notably absent. This is consistent with herbaceous
flowering plants Chenopodiaceae and Caryophyllaceae (both of which produce pollen
included in Chenopodipollis) having a higher tolerance for drought and cold than

woody plants, hence their presence in otherwise barren sediments (Figure 4.2). For
example, Chenopodipollis pollen were also reported in Pliocene cores off the northern

Antarctic Peninsula, and represent weedy plants growing in similar, barely-tenable
conditions (Warny and Askin, 2011b).

Possibly, a very brief period of warming occurred between 764.99 to 745.95

mbsf (17.7535 – 17.7091 Ma), when terrestrial palynomorph concentrations slightly
increased to between 50.4-77.4 gdw-1. Leiospheres are notably absent from the

sediments analyzed at 764.99, suggesting a possible reprieve from sea-ice conditions.

However, the concentrations of both leiospheres and reworked palynomorphs
increase upcore, concurrent with an in situ terrestrial palynomorph concentration

decrease to an essentially barren situation (<4 gdw-1), suggesting that, overall, cooler
conditions prevailed in Interval V from 860.5-664 mbsf (Figure 4.2).
4.5.1.6 Possible intervals in the upper section of AND-2A

Possibly, Phase V extends into the upper section of the core analyzed by Warny

et al. (2009) and Foersterling (2011), from 867-458.11 mbsf (17.7535 – 16.5619

Ma), with a second brief peak in the terrestrial signal at ~600 mbsf (17.283017.2703 Ma; Figure 4.3). The same trend of sparse palynomorph recovery continues
until the interval from 458.11 – 403.47 mbsf (16.5619 – 16.4538 Ma) when in
situ palynomorph concentrations increase (marked as Interval VI on Figure 4.3).

Palynomorph concentrations once again decrease to <5 gdw-1 from 403.47 – 311.43

mbsf (16.4538-15.6379 mbsf), indicating an interval of increased cooling/aridity
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(marked as Interval VII on Figure 4.3). Warny et al. (2009) observed a final increase in
terrestrial palynormoph concentrations to ~80 gdw-1 concurrent with an increase in

the concentration of Zygnemaceae spores and other freshwater algae and a significant

increase in warmer-water dinoflagellate cysts around the interval from 311.49 –
289.93 mbsf (15.6379 to a more poorly constrained age of 15.89-14.54 Ma; marked
as Interval VIII on Figure 4.3), suggesting that there was a brief interval of wetter and
warmer temperatures in the uppermost section of AND-2A (Figure 4.1).
4.5.2 Comparison with other evidence from AND-2A

Previous studies conducted on Antarctic Nothofagidites pollen suggest that their

parent plants, Nothofagus, might have been highly sensitive to water availability (e.g.
Griener et al., 2013; Griener and Warny, submitted). Changes in moisture availability

(deduced from palynomorph Δ13C and grain size, respectively) corresponded to changes
in Nothofagidites sp. pollen abundance; as water availability decreased, so did pollen

abundance, and vice versa (Griener et al., 2013; Griener and Warny, submitted). It is
therefore reasonable to assume that fluctuations in the abundance of Nothofagidites
are controlled as much as, or possibly more than by changes in moisture availability
as by temperature. Indeed, Bran et al. (2001) noted that abnormally low rainfall

following strong La Niña conditions in 1998-1999 led to massive mortality of modern
Nothofagus dombeyi trees in Patagonia. A more detailed investigation indicated that
juvenile Nothofagus dombeyi trees, trees with variable growth rates, and trees that

had previously been subjected to stress or disturbance were more likely to die as

a result of drought (Suarez et al., 2004). Likewise, trees grown under conditions of
episodic climate fluctuations, such as in Antarctica, might have been more sensitive

to decreased moisture. Abrupt shifts in the abundance of Nothofagidites pollen in the

AND-2A core may suggest short intervals of rapid glaciation and deglaciation, which
would greatly affect water availability. Pollen grain size around 872.99 mbsf, when
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in situ terrestrial palynomorph concentrations rose to 385.7 gdw-1, was relatively

small (~25 μm in diameter, as opposed to ~35 μm in other sections of the ANDRILL
core, where concentrations were lower), indicating increased moisture availability

during this time (Griener and Warny, submitted). This is consistent with an increase

of Zygnemaceae spores, indicative of freshwater availability. The overall decreasing

concentrations of Nothofagidites pollen suggest that the southernmost continent was

becoming increasingly arid through the Early and Middle Miocene intervals. There are,
however, several exceptions to the increasingly arid trend in the Miocene. Feakins et al.

(2012) analyzed hydrogen isotopes of plant leaf waxes from the AND-2A core to infer

shifts in temperature and moisture availability. When compared with palynomorph
concentrations from the upper sections of AND-2A, Feakins et al. (2012) noted that

increases in palynomorph concentrations in the upper section of the core were
coincident with increases in leaf wax C28-acid abundance and hydrogen isotope δDC28-acid

values, consistent with increase in plant production under conditions of increased
precipitation and temperature. We note a similar, though less exaggerated, trend in

the lower section of the AND-2A core. Although Feakins et al. (2012) data do not
extend as far in depth in AND-2A, it appears as though both leaf wax C28-acid abundance

and δDC28-acid are elevated in the lowermost samples analyzed by Feakins et al. (2012),

consistent with the increases in terrestrial palynomorphs and inferred warming in
Interval II. More notably, an increase in the hydrogen isotope of leaf waxes, interpreted
by Feakins et al. (2012) to suggest an increase in temperature and precipitation, is

concurrent with the increase in terrestrial palynomorph concentration in Interval IV.
A brief decrease in C28-acid (μg gdw-1) in Interval IV is concurrent with a decrease in
terrestrial palynomorph concentrations in the same interval (Figure 4.3).

Interpretations based on palynological analyses are also supported by

other AND-2A studies. Passchier et al. (2011) categorized the sedimentary facies
of the AND-2A core. They found three primary facies associations: (1) a diamictite83

dominated facies with massive diamictites; (2) a stratified diamictite-mudstone

facies with clastic and biosiliceous mudstones, interlaminated clastic sandstones
and mudstones, diamictites and conglomerates; (3) a mudstone-dominated facies.

Passchier et al. (2011) interpreted the diamictite-dominated facies as characteristic

of polar continental shelves and cold ice masses, with massive diamictites indicating

glacial advance. Stratified diamictite was interpreted as an open-shelf setting under

meltwater conditions; and mudstone facies were interpreted as conditions under
ice sheet minima (Passchier et al., 2011). These interpretations were confirmed by a

heavy mineral analysis of the upper 650 meters of core conducted by Hauptvogel and

Passchier (2012), who found that outlet glaciers in this region had largely receded
during the MMCO, after a period of ice-sheet presence between 17.7 and 17.1 Ma.

Generally, increases in the terrestrial palynomorph signal are concurrent with stratified

diamictite-mudstone and mudstone-dominated facies, reflecting meltwater conditions
and glacial minima, respectively. Specifically, the warmest intervals identified by

palynomorph assemblages (Intervals II, IV, VI, and VIII) were all consistent with these

types of facies. The largest peaks in terrestrial palynomorph productivity in both

the upper and lower sections of the core occurred during the interpreted ice sheet
minima from Passchier et al. (2011), with the exception of the lowermost increase

in terrestrial palynomorph concentrations in Interval V. However, this palynomorph
concentration peak is much less significant than those found in Intervals II, IV, VI,
and VIII. See Figure 4.3. As discussed above, Interval I is characterized by reworking

and in situ assemblages (primarily leiospheres), suggesting sea-ice presence and

glacial advance, similar to the lowermost interval discussed in Passchier et al. (2011;
Figure 4.3). The uppermost section of AND-2A is also characterized by low terrestrial

palynomorph concentrations, consistent with the facies characterization of Passchier
et al. (2011).
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Fielding et al. (2011) identified seventy-four high-frequency sequences within

thirteen longer-term sequences and recognized six stratigraphic motifs interpreted

to represent ice proximity (greater or less proximal) and climate (temperate to
subpolar/polar). Their data indicate a glacially-dominated section of the core from

1138-901 mbsf (20.2-19.4 Ma), punctuated by an interval of distal ice conditions
from 20.1-20.05 Ma (Fielding et al., 2011). While this is largely consistent with our
findings in Intervals I and III (characterized by abundant leiospheres and reworking),
palynological data suggest a longer period of warming around 20 Ma. However, it is

worth noting that, while we did see notable numbers of terrestrial palynomorphs
in this interval, they were primarily of the cold-loving Nothofagidites fusca group,

which may suggest that while conditions were slightly warmer, glacial conditions
may have largely persisted throughout Intervals I-III. Some modern specimens of
Nothofagus dombeyi have been found growing on glacial moraines (Veblen et al.,

1989). Interestingly, we did see an interval of increased diversity within Interval II

(from 1012.455 – 1000 mbsf; 20.0617-20.0596 Ma), which included the presence
of Zygnemaceae spores (Figure 4.2) indicating that perhaps there was a secondary,

brief punctuation of distal-ice conditions after the interval of distal ice conditions
from 20.1-20.05 Ma that was identified by Fielding et al. (2011). Overlying these

sediments, a mudrock-dominated interval recording primarily ice-distal conditions
was observed between 901 – 775 mbsf (Fielding et al., 2011), consistent with our
findings of increased plant production at in Interval IV, most notably at 908.13 and

872.99 mbsf, respectively (Figure 4.3). However, most of the palynomorphs found
in Interval V were various leiospheres, which is perhaps more consistent with the
ice-proximal environment identified by Fielding et al. (2011) between 775 – 638. We
observed relatively few terrestrial palynomorphs between 867 – 664 mbsf, with the
exception of the brief section within Interval V discussed previously. Glacially proximal

conditions recorded from 607 – 471 mbsf (17.3-16.7 Ma; Fielding et al., 2011) are
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consistent with the absence of terrestrial palynomorphs in this section (Interval V).

Notably, the period of abundant palynomorphs peaking at ~434 mbsf (Interval VI)
occurs during or near the period of glacial retreat from 471 – 436 mbsf, though not

actually in the period of less ice proximal conditions (Fielding et al., 2011; Figure 4.3).

Increasingly proximal ice conditions recorded in the remaining uppermost section of

the core are consistent with palynological findings of absent or sparse palynomorphs,
with the exception of an increase in concentration at ~294 mbsf (Interval VIII). See
Figure 4.3.

Iacoviello et al. (2012) analyzed detrital smectites in the upper 440 m of core,

which indicated that physical weathering under cold and dry conditions persisted
during this time (as evidenced by the dominance of mica and abundance of chlorite).

This is largely consistent with palynology data from this section of the core (tentatively

labeled as Intervals V and VII in the upper section of the core), where terrestrial
palynomorphs were sparse, with the exception of the warming intervals tentatively

designated as VI (~434 mbsf) and VIII (295 mbsf). Franke and Ehrman (2009)
examined the AND-2A core for clay mineral composition using the X-ray diffraction

method and also found clay composition to indicate a cold and dry condition in the

interval from 440-225 mbsf. Interestingly, smectite (%) dropped off significantly at

434.52 mbsf from 62.4 to 5.3, while terrestrial palynomorph concentration increased

from 120 gdw-1 (450.01 mbsf) to 1133 gdw-1 (432.18 mbsf) and remained relatively
high until 404.72 mbsf. High concentrations of terrestrial palynomorphs during this
interval (Interval VI) and the interval around 294.49 mbsf (Interval VIII) indicate

that cold conditions were punctuated by warm intervals even after 440 mbsf (Figure
4.3), and the presence of Nothofagidites pollen indicates that intervals of increased

moisture availability were likely (e.g. Griener et al., 2013; Griener and Warny,

submitted). Smectites found in the lower sections of the core were authigenic, so
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further interpretation based on these clays was avoided as they are often altered by
diagenetic processes (Franke and Ehrman, 2010; Iacoviello et al., 2012).

Nyland et al. (2013) examined volcanic glass in AND-2A core likely from Mt.

Morning in the Erebus Volcanic Province. They compared the amount of volcanic glass
(vol.%; Panter et al., 2008) with ice proximal records (Fielding et al., 2011) and found
a strong correlation between the two; higher amounts of volcanic glass were found
in sediments from more ice-distal periods. Conversely, less volcanic glass was found

during periods of more ice-proximal conditions (Nyland et al., 2013 and references

therein). To test for the influence of glacial activity on volcanism, Nyland et al. (2013)
sampled one of the glacimarine cycles identified by Fielding et al. (2011). Nyland et

al. (2013) observed a strong correlation between changes in physical (angularity of
grains, vesicularity) and geochemical (ratios of barium to lanthanum, niobium, and

zirconium, respectively) attributes and ice proximity within the glacial cycle observed
by Fielding et al. (2011) and theorized that the thickness and extent of glaciers induced
or relieved stress on the upper crust, thereby affecting magma storage and influencing
magmatic geochemistry of Mt. Morning. We also found a relationship between the

concentrations of terrestrial palynomorphs and ice proximity (discussed above)
and percent of volcanic glass between 300-800 mbsf (Figure 4.3). As volcanic glass

increased, so did terrestrial palynomorph concentration, most notably in Interval VI

(Figure 4.3). The percent of volcanic glass was largely lower in sections of Interval V in

which palynomorph were nearly absent. Interestingly, an increase in percent volcanic
glass is concurrent with brief increases in terrestrial palynomorphs within Interval V,

which may provide additional support that these were, in fact, brief warming periods
within a period that we have interpreted to be otherwise colder. Overall, during ice
distal times between 300-800 mbsf, in which there is also an increase in the percent of

volcanic glass (Nyland et al., 2013), there is an increase in terrestrial plant production.
It is important to note that an increased percentage of volcanic glass is likely not a
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sole function of increased volcanic activity during glacial times, but rather also due to

open water conditions that allow more ash to enter sediments by settling through the
water column (Panter, pers. comm.).

We also compared palynological data with mollusk data from Beu and Taviani

(2014). Beu and Taviani (2014) found mollusks, including diverse Pectinidae, in
several AND-2A intervals. They interpreted the presence of Hiatella cf. arctica as
indicative of relatively warm sea temperatures (~5°C warmer than present Ross Sea

temperatures; Beu and Taviani, 2014). Most notably, fragments of multiple Pectinid

species and a complete Hiatella cf. arctica specimen were recovered at 430.54-.68
mbsf, and an additional mollusk was found in the immediately overlying sediments

(429.92-430.02 mbsf; Beu and Taviani, 2014; Figure 4.3). This is consistent with
palynological Interval VI, which contains the highest concentrations of in situ
terrestrial palynomorphs in AND-2A. In the lower section of AND-2A, mollusks are
found in palynologcal Interval II and between Intervals III and IV, which indicates that
the base depth for Interval IV may realistically be slightly lower (Figure 4.3).

Talarico and Sandroni (2011) and Sandroni and Talarico (2011) analyzed

sediments and clast assemblages from the lower and upper sections of the ANDRILL
core, respectively. Analysis of the lower 438 meters of core indicated three provenance
sources for gravel (Talarico and Sandroni, 2011). Data show that outlet paleo-glaciers

were the primary sediment source during the glacial minima at 996.69 – 904.66 mbsf

and 778.34-648.74 mbsf, respectively (Talarico and Sandrino, 2011). More locallysourced sediment derived from the paleo-Blue-Koettlitz glacier, that was likely the

source for sediment in the lowermost section of core 1138.54-1040.28 mbsf (Talarico

and Sandrino, 2011). Interestingly, very few non-Leiosphaeridia cysts were recovered
in this interval, with the exception of the samples at 1126.75 and 1120.955 mbsf,

respectively, while terrestrial palynomorph concentrations were much higher in

sediment sourced from more distal outlet glaciers. Provenance analyses of the upper
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section of AND-2A (Early to Late Miocene) indicated two different areas of sediment
source in two glacial scenarios (Sandroni and Talarico, 2011). The shift between the

two scenarios at ~17.35 is thought to correlate to the onset of the MMCO (Sandroni
and Talarico, 2011). This is consistent with Warny et al.’s (2009) data, which indicate a

peak in terrestrial plant productivity at 17.28 Ma (adjusted per Acton’s new ANDRILL
age model; 593.28 mbsf).

4.5.3 Comparison with global proxies

To better understand what the driving forces are behind the palynological

changes observed, we compared the ANDRILL palynological signal with global climate
proxies (Figure 4.3, h-m). Intervals of high terrestrial palynomorph concentrations
were compared with pCO2 (Zachos et al., 2008 and references therein), the Miller

et al. (2005) global sea level curve, and a modeled solution for cycles of insolation,

obliquity, precession, and eccentricity (Laskar et al., 2004). The relatively continuous
sedimentation rate and age interval covered by the ANDRILL 1B core drilled in

2006 allowed for obliquity-paced oscillations in West Antarctic ice sheets to be

observed (Naish et al., 2009). Unlike the ANDRILL 1B core, however, the AND-2A
core experiences a greater number of hiatuses as well as a somewhat more erratic

sedimentation rate, making correlation to global climate proxies, particularly higherfrequency orbital cycles (<100 kyr), difficult at best. Another limitation we considered
is the fact that the palynological sampling interval was partially controlled by sediment

type, as palynomorphs are generally better preserved in finer-grained sediments.
This inherently leads to an irregular sampling interval, which further complicates
observations of cyclicity in palynological data. Because of the uncertainties and

difficulties in tying the AND-2A core to cyclicity and other global climate proxies,
we present one of potentially several valid interpretations of orbitally-paced climate
change in Early to Middle Miocene Antarctica.
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Hiatuses in AND-2A are difficult to constrain and potentially numerous,

especially those lasting on a scale of thousands or tens of thousands of years, hence,
our interpretation is based on the most precise age model derived from a variety of
data (e.g., Sr dates, 40Ar/39Ar dates, various FADs and LADs, magnetostratigraphy).

Based on this age model, those surfaces determined to have the highest potential
for hiatuses (Acton et al., unpublished data) are shaded yellow (Figure 4.3). Primary

correlations to global climate proxies were made based on the terrestrial palynomorph
signal (shaded in green in Figure 4.3) and on samples of increased leiosphere cysts

and/or reworked specimens (blue dotted lines in Figure 4.3) in conjunction with

the age model and certainty of ages. Several secondary ties to global proxies were
made based on additional data from the AND-2A core (conditions of more or less ice

proximity, increased or decreased leaf wax abundance and δD, presence of Hiatella sp.
mollusks; hashed green and blue lines in Figure 4.3).

Overall, atmospheric CO2 declined slightly during the interval covered by the

AND-2A core (Figure 4.3), though abrupt fluctuations occurred during the Miocene
(e.g., Pagani et al., 1999a, 1999b; Demicco et al., 2003; Pagani et al., 2005; Royer et

al., 2006). Based on our interpretation and age control limitations, there were several

moderate correlations between increased terrestrial palynomorph concentrations
and elevated pCO2, though no pronounced observations are observed. For example,

Interval II coincides with increasing pCO2, and Interval IV and the warm peaks within
Interval V may coincide with moderately elevated pCO2. However, the brief peak

in terrestrial palynomorph concentrations observed within Interval III coincides
with decreasing pCO2, as does Interval IV. Under this interpretation, the terrestrial
palynomorph signal is also moderately in agreement with the relative sea level curve

(Miller et al., 2005), though there are several discrepancies. Increased terrestrial
palynomorph concentrations in Intervals II and VIII, and within Interval III coincide

with times of relative sea level rise (Miller et al., 2005), which are likely caused by
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decreased glaciation usually under warmer conditions (e.g. Haq et al., 1987). However,
the opposite is observed in Interval VI, when an increase in terrestrial palynomorph
concentrations coincides with relative sea level fall.

Because of the age control limitations and the difficulty inherent to working with

glacial/interglacial sediments, no previous attempts to tie the palynological signal to

precession and obliquity cycles have been published to our knowledge. Despite these

constrains, a 400-kyr cycle was observed in the palynological signal, most likely tied
to eccentricity variations. We observe increased terrestrial palynormoph signals in
Intervals II, IV, VI and VIII, and at ~600 mbsf in Interval V, all coincident with 400 kyr

eccentricity maxima (Figure 4.3, m). These increases in terrestrial palynomorphs are
concurrent with other indicators of slightly warmer climate, as discussed in section 4.3

[increased temperature and precipitation from leaf wax δD and abundance (Feakins
et al., 2012); more ice-distal conditions (Fielding et al., 2011); and the presence of

Hiatella sp. (Beu and Taviani, 2014)]. We observe one exception in which an increase
in the terrestrial palynomorph signal coincides with a 400-kyr eccentricity minimum

(from 17.7091-17.7535 Ma in Interval V). However, the slight increase in terrestrial

palynomorph concentrations here possibly correlates to a high frequency (100

kyr) eccentricity maximum. Secondary correlations of warmer conditions based on
non-palynological AND-2A data (green hashed lines in Figure 4.3) also suggest the
potential for a 400 kyr eccentricity-driven climate. Although there is not an increase in

the terrestrial palynomorph signal during the 400 kyr eccentricity maximum at ~16
Ma, the presence of Hiatella sp. (Beu and Taviani, 2014) and lithofacies suggestive

of less ice proximal conditions (Fielding et al., 2011) suggest that conditions may
have been warmer during this eccentricity maximum. An increase in leaf wax δD
concurrent with more ice distal conditions during Interval III also coincides with an
eccentricity maximum (at ~19.7 Ma) and an increase in relative sea level (Miller et al.,

2005), indicative of warmer conditions. Moreover, distal ice conditions of increased
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temperature and precipitation largely coincide with intervals of increased terrestrial
palynomorphs that correlate to 400 kyr eccentricity maxima, strengthening the
argument that these intervals are largely associated with more temperate conditions.

Intervals of relative cooling were largely coincident with 400-kyr eccentricity

minima. Samples with notable numbers of leiosphere cysts and reworked specimens
(consistent with sea ice and increased glaciation, respectively) are noted in

Figure 4.3 (dotted blue lines). Particularly high concentrations of leiospheres
and reworked material in Intervals I, III, and V are consistent with eccentricity

minima (Figure 4.3). Similarly, ice proximal conditions (Fielding et al., 2011) and
intervals of decreased temperature and precipitation (Feakins et al., 2012) largely

coincide with 400-kyr eccentricity minima (hashed blue lines in Figure 4.3).
This observed relationship between climate fluctuations and 400-kyr

eccentricity during the Early and Middle Miocene is interesting because the slight
increases in insolation during plant growing seasons and more prominent increases
in seasonality in the Antarctic during overall period of glacial climate, might have been

the difference between growth or demise of vegetative cover. Although eccentricity
(elliptical variation in Earth’s orbit) is thought to affect total annual insolation

very little (~0.03%; e.g. Maslin and Christensen, 2007), it can significantly affect

seasonality and insolation by modulating precession (e.g. Clemens and Tiedemann,
1997; Maslin and Christensen, 2007). Zachos et al. (2001) found that pre-Pleistocene

climates strongly responded to eccentricity at 100- and 400-kyr frequencies.
Modeling data from Liebrand et al. (2011) suggests that Antarctic ice sheet expansion

correlated to long- and short-term eccentricity cycles during the early Miocene. Ice-

sheet expansions on the southernmost continent coincided with 400 kyr eccentricity
minima (Liebrand et al., 2011). Similarly, the Mi-1 glaciation event coincided with

low frequency eccentricity oscillations (i.e. minimum 400-kyr eccentricity; Zachos
et al., 1997). Zachos et al. (2001) conclude that this observation, combined with
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evidence for other glacial maxima coinciding with eccentricity minima, indicate that
low-frequency glaciation (on a scale of 400-kyr) is paced by eccentricity minima.

Moreover, late Pleistocene ice core and other data suggest that temperature (and not
ice volume) is the primary response to eccentricity (Zachos et al., 2001). We observe

generally low concentrations of terrestrial palynomorphs during 400-kyr eccentricity

minima throughout the core. This is supported by the presence of leiosphere cysts and
reworked material, both indicative of cold temperatures at low frequency eccentricity
minima. Conversely, higher eccentricity, both on 100- and 400-kyr frequencies, may
have led to conditions of higher insolation and temperature, more conducive to glacial

retreat and vegetation expansion. Indeed, we observe palynomorph assemblages in

Intervals II, IV, VI, and VIII that are largely indicative of more temperate conditions
and coincide with 400-kyr eccentricity maxima (Figure 4.3).

Although we present evidence for an eccentricity-paced climate in the Antarctic

Miocene, several discrepancies remain unresolved. For example, there are several

increases in leiosphere cyst concentrations at depths within Interval II and just above

Interval II. Interval II is largely interpreted to be warmer and correlates to high 400-kyr
eccentricity (Figure 4.3), and the current age model predicts that the leiosphere-rich
deposits just above Interval II also correlate to high 400-kyr eccentricity. The reason

behind the presence of sea-ice indicative leiospheres during an eccentricity maximum
might be linked to the fact that leiospheres are known to be abundant mostly at the

limit between pack ice and seasonal sea ice (Mudie, 1992), so modest changes in sea
ice position would be represented in the fossil records. Another discrepancy where an

interval of increased 400-kyr eccentricity correlate to an interval of low palynomorph
concentrations is Interval VII (Figure 4.3). Possibly, this is a result of a palynological
sampling gap or poor palynomorph preservation in these sediments.

It may be possible to use data calibrated to 400-kyr eccentricity cycles in

combination with higher-frequency cycles (i.e. obliquity and precession) to fine-tune
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an orbital interpretation (as in Shackleton et al., 1999). For example, particularly high

peaks in terrestrial palynomorph concentrations during well-constrained eccentricity

maxima may be linked to changes in obliquity. High-obliquity induced summer
insolation increases at high latitudes (Milankovitch, 1941) have been shown to cause
increases in palynomorph signals (e.g. Barke et al., 2011), likely as a result of increase
plant productivity during these more temperate conditions. As such, it is possible that

the strong increase in the terrestrial palynomorph signal at ~434 mbsf correlates
to high obliquity at 16.450 Ma (Figure 4.3). Likewise, a notably high number of

reworked specimens at 836 mbsf, indicative of glaciation under cold conditions, may
correlate to particularly low obliquity at 18.940 or at 18.910 Ma, respectively (Figure

4.3). However, further interpretations based on this method require more precisely
constrained hiatuses, and are not likely to be feasible in an Antarctic setting.
4.6 Conclusions
Palynological assemblage data from the lower section of AND-2A allowed us to

identify five intervals of episodic climate fluctuations (Intervals I-V; Figure 4.2; Figure
4.3). In addition, we identified three intervals in the upper section of AND-2A based

on summary data from Warny et al. (2009) and Foersterling (2011; Intervals VIVIII). Data are largely consistent with other data from this section of the core, which

indicate cycles of increasing and decreasing temperature and moisture (e.g. Fielding
et al., 2011; Passchier et al., 2011; Feakins et al., 2012; Nyland et al., 2013; Griener and
Warny, submitted). Overall, palynomorph concentrations in AND-2A were low, with

the exception of brief intervals of increased pollen and spore counts. Nevertheless,
these data suggest that perhaps the southernmost continent experienced more
frequent intervals of favorable growing conditions during the icehouse phase than

originally thought. Peaks in the terrestrial palynomorph signal throughout the AND2A core confirm previous studies that indicate periods of ice sheet minima and distal94

ice conditions, in Intervals II, IV, and VI, (20-19.79, 19.22-19.01, and 16.51 – 16.24

Ma, respectively). Two intervals with minor warming were identified within Interval

V and all of Interval VIII (18.38 – 18.26 and 15.67 – 15.60 Ma, respectively). Intervals
of increased palynomorph concentration were short (<0.3 Ma), suggesting that a cold,
dry climate dominated during the Early to Middle Miocene and was only punctuated
briefly by episodic warming.

When combined with other data from the AND-2A core (Feakins et al., 2012;

Fielding et al., 2011; Beu and Taviani, 2014), the AND-2A palynological assemblages
give evidence for eccentricity-driven climate change in the Antarctic Miocene. Intervals

of increased terrestrial palynomorph concentrations were largely coincident with
400 kyr eccentricity maxima, as were other data indicative of increased temperature

and moisture and more distal ice conditions. Conversely, samples with increased

concentrations of leiosphere or reworked material (indicative of sea ice conditions
and/or increased glaciation) largely coincided with 400 kyr eccentricity minima,
consistent with previous studies that suggest increased glaciation coincided with

low-frequency eccentricity minima (e.g. Zachos et al., 2001). In sum, the palynological
analysis of AND-2A contributes to our understanding of Antarctica’s changing

landscape during the Cenozoic and presents new evidence as to the length, frequency,

extent, and possible drivers of climate fluctuations and plant productivity in the
icehouse world.
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CHAPTER 5. CONCLUSIONS
The results of the three projects presented here shed new light on Antarctic

earth science and paleoclimatology. Results from Δ13C analysis of Nothofagidites fusca

pollen grains from the Eocene SHALDRIL 3C core indicate that moisture availability

was decreasing prior to the E/O Boundary, and are consistent with other studies
that suggest that the Antarctic climate was deteriorating prior to the E/O Boundary

(e.g. Anderson et al., 2011; Warny and Askin, 2011a). These results help to better

define the onset of climate deterioration in Antarctica at the end of the Eocene. When
combined with palynological data from the same core (Warny and Askin, 2011a),

these data suggest that Nothofagus plants are highly sensitive to aridification. This will

be useful in interpreting future palynological analysis from throughout the Southern
Hemisphere, as they often include Nothofagidites spp.

A general increasing trend in N. lachlaniae pollen grain size from the Eocene

through the Middle Miocene (SHALDRIL 3C, 12A, and AND-2A cores, respectively)

suggests that the decline in moisture availability observed in the Late Eocene continued
through the Oligocene and Miocene. The combined results from the respective Δ13C

and grain size analyses of Nothofagidites spp. pollen from Antarctica as well as analysis
of modern Nothofagus spp. pollen from throughout the Southern Hemisphere suggest

that plants of this genus are sensitive to changes in moisture availability. Previously,
temperature changes were cited as the primary driver behind shifts in palynomorph

abundance, but these data indicate that other factors (e.g. water availability) also

contributed. Hence, our data further our understanding of the driving forces behind
palynomorph assemblage shifts in the rock record and the response of vegetation to
climate change.

Palynological results from the ANDRILL 2A core are consistent with previous

Antarctic studies that suggest the climate had largely deteriorated and that the
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southernmost continent was mostly free of vegetation by this time (e.g. Anderson
et al., 2011). Increases in terrestrial palynomorph abundance in the lower section

of the AND-2A core are not as exaggerated as at the MMCO (Warny et al., 2009;
Foersterling, 2011), but are nonetheless significant. Interestingly, peaks in pollen and

spore assemblages coincide with increases in pCO2 (Royer et al., 2006 and references

therein), indicating that pCO2 likely played an important role in driving Antarctic

climate change. Peaks in palynomorph concentrations largely correspond to periods
of distal glaciation or ice sheet minima (Fielding et al., 2011; Passchier et al., 2011).
Intervals of sparse palynomorph presence correlate to clay assemblages that indicate
cold, dry conditions (Di Vincenzo et al., 2010). Data indicate periods of glaciation

and deglaciation as the climate fluctuated during the Miocene. Incorporating these
data with the most recent age model that includes hiatuses (Acton et al., unpublished

data) and comparing them to global proxies such as relative sea level, pCO2, and
Milankovitch cycles may provide information about the driving forces of climate

change. Data from the AND-2A core indicate that possibly intervals of warming and
cooling were possibly paced by the 400-kyr eccentricity cycle.

In addition to deepening our understanding of the Antarctic Eocene, Oligocene,

and Miocene, the methodology presented as part of this dissertation increases our
potential for studying paleoclimatology. Palynomorphs are often more abundant

and readily available for study than other material such as macrofossils. The use of
applied palynological techniques therefore can greatly enhance our understanding

of past climates, particularly in areas where other materials are sparse (such as
Antarctica). The spooling-wire microcombustion device interfaced with an isotope

ratio mass spectrometer (SWiM-IRMS) had never before been used to analyze prePliocene pollen grains to our knowledge. As such, this study not only enhances our
understanding of the Antarctic hydrologic regime just prior to the E/O Boundary

but also has the potential to enhance future paleoclimate studies of other regions
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through the development of this methodology. Similarly, our study of applying pollen

grain size to paleoclimate studies not only increases our understanding of changing

water availability from the Antarctic Eocene through Miocene, but also furthers our

understanding of the relationship between pollen morphology and climate and the
applicability of this technique.

Finally, this research points to the potential for growth in these fields.

Specifically, additional work on Nothofagus pollen morphology should be pursued.

The research presented in Chapter 3 indicates that pollen grain morphology

(specifically amb size) may vary slightly within a single species. Additional studies

may conclude that other morphological features also vary slightly within a species or
even within multiple grains from a single plant (e.g. numbers of colpi). Understanding

any intraspecific variation may contribute to our understanding of the speciation
of Antarctic Nothofagidites, which is not well understood. Additionally, the research

and methodology of this technique and the moving wire technique may be applied
to other studies (e.g. to better understand fluctuations in moisture and precipitation
concurrent with the El Niño effect). Finally, the standard palynological analysis

presented in Chapter 4 points to the need for additional Antarctic studies. The needs
for these types of studies are multiple: to better understand the effects of climate

on vegetation and the response of vegetation to climate change; to understand the
contributing factors to climate shifts (e.g. orbital forcing); and to contribute to a more
complete palynological record of the southernmost continent.
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APPENDIX B: Table of all samples analyzed for palynomorphs
Table of all samples for palynological analysis. Samples are listed by top depth.
The linear age model is based off of dates from Gary Acton (see Acton et al., 2009) and
were estimated based on the nearest age estimate per sample depth. The recovery
column lists the palynomorph recovery as described by the processing lab. Lastly, the
total amount of material processed is listed in grams.
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