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The late Eocene to Oligocene transition (EOT) witnessed a major ice advance on Antarctica. Because 
of the paucity of accessible outcrops and difficult drilling logistics, little is known about hydrological 
conditions in the Antarctic Peninsula during the late Eocene prior to the major ice advance. Here we 
study hydrological conditions with proxy evidence from marine sediment core NBP0602A-3C, adjacent 
to the tip of the Antarctic Peninsula, with sediments dated to 35.9 ± 1.1 Ma providing a snapshot of 
conditions prior to the EOT. We reconstruct conditions during the latest Eocene based on plant leaf wax 
hydrogen isotopic evidence (δDwax) paired with previously-published evidence from pollen assemblages, 
and compared to climate model experiments simulating conditions before, during and after the transition. 
The pollen from late Eocene sediments of NBP0602A-3C indicate a Nothofagidites (southern beech) 
dominated landscape. In the same sediments, δDwax values average −202 ± 7� (1σ , n = 22) for the C28
n-alkanoic acid. Uncertainty around the appropriate net fractionation between water and wax (εwax/w) 
provides the largest degree of uncertainty in paleoprecipitation δD reconstructions and we therefore use 
two reasonable fractionations −100 and −60� to constrain the likely range of average precipitation δD
values to between −113 and −151�. Model experiments confirm that isotopic compositions show low 
sensitivity to temperature changes at the tip of the Antarctic Peninsula, in comparison to much larger 
changes in the continental interior. Across the interval sampled, a decline in pollen abundance from 
105 to 103 gdw−1 represents cooling and drying towards more tundra-like conditions. The 30� trend 
in δDwax values towards more positive values can best be explained by smaller fractionations as the 
vegetation shifted from forest to tundra, with greater water stress. Model results are broadly consistent 
with the data and quantify the cooling and drying across the full EOT from ca. 7 to 2 ◦C and 700 to 
600 mm a−1 with an isotopic shift in δD of only about −15� at the tip of the Antarctic Peninsula. Pollen 
and leaf wax proxies reconstruct vegetation and hydrological conditions prior to the transition, and model 
experiments through the EOT provide proxy-groundtruthed quantification of terrestrial transformations.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Antarctic Peninsula is a particularly sensitive region of the 
continent, extending to 60◦S and experiencing milder conditions 
than the interior continent. In recent decades, the region has been 
experiencing a dramatic warming trend relative to the global or 
Antarctic average (Cook et al., 2005) and 7 out of 12 ice shelves 
have been lost around the Peninsula, with a combined areal loss 
of 28 000 km2 (Cook and Vaughan, 2010). Examination of melt 
layers in a James Ross Island ice core have shown that current 
summer melting is unprecedented in the last 1000 yrs (Abram et 
al., 2013). In contrast extreme snowfall events have been leading 
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to mass gain on the East Antarctic Ice Sheet (Boening et al., 2012). 
Since changes at the margins have implications for the stability 
of the larger cryosphere, and particularly the West Antarctic Ice 
Sheet, there is intense interest in understanding these processes of 
ice loss and changes in snowfall. In a study of Holocene marine 
records, Southern Ocean temperatures at the western Antarctic 
Peninsula margin were found to be connected to changes in the 
position of the westerlies (Shevenell et al., 2011). Global circula-
tion patterns would have experienced even greater shifts across 
the Cenozoic. Given the sensitivity of the Antarctic Peninsula, the 
region may be particularly insightful into past Antarctic transitions, 
and none is larger than the dramatic cooling event and ice expan-
sion at the EOT that we explore here.

The Eocene–Oligocene boundary at ca. 33.7 Ma (Coxall et al., 
2005; Liu et al., 2009; Miller et al., 1987) was marked by an in-
crease in benthic oxygen isotope (δ18O) values globally on the 
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Fig. 1. Map of Antarctic Peninsula. Showing location of marine core NBP0602A-3C (red circle); modern snow samples (gray circles) from the Antarctic Peninsula and outlying 
islands (compiled by Masson-Delmotte et al., 2008); maximum Eocene coastline (dashed line; after Wilson et al., 2012; Wilson and Luyendyk, 2009). Basemap modern 
topography and bathymetry from GeoMapApp. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
order of +1.3� (Zachos et al., 2008). This transition includes a 
dramatic ice expansion on Antarctica, evidenced by a decline in 
global eustatic sea level of 55 m (Miller et al., 2005). Global tem-
peratures dropped substantially, with an average 5 ◦C cooling sug-
gested for the high latitudes (Hren et al., 2013; Liu et al., 2009). 
The cause of the transition has been linked to the thermal isolation 
of the Antarctic continent associated with the development of the 
Antarctic Circumpolar Current (ACC; Kennett, 1977). However, the 
timing of sea floor spreading and openings of the Southern Ocean 
gateways (Fig. 1) and the lag between later development of a vig-
orous ACC are still debated (Lawver et al., 2011). In addition the 
transition may be associated with declining levels of atmospheric 
pCO2 (DeConto and Pollard, 2003; Huber et al., 2004) from esti-
mated levels of between 800–1000 ppmV in the latest Eocene to 
as low as 450 ppmV corresponding to the Oligocene ‘superglacial’ 
(Oi1) at 33 Ma and likely no higher than 700 ppmV (Pagani et 
al., 2011). However there remain many open questions about the 
environmental conditions that enabled this transition from an ice-
free, vegetated Antarctica (Barrett, 2003), to the glaciated continent 
similar to today. Here we focus on extracting evidence for the hy-
drological conditions and temperatures immediately prior to the 
major Oligocene ice expansion, during the early stages of ice-sheet 
development.

The transition to a glaciated Antarctica is now primarily linked 
with declining global atmospheric pCO2 levels (DeConto and Pol-
lard, 2003; Pagani et al., 2011), and secondarily to tectonic changes 
that promoted the thermal isolation of Antarctica (Kennett, 1977). 
Although a robust ACC did not fully develop until the mid-Miocene 
(Shevenell et al., 2004) when a major deep seaway north of Aus-
tralia was closed, major events altered global circulation at or just 
before the EOT including: a deep seaway opening between the 
Kerguelen Plateau and Broken Ridge, the opening of Drake Pas-
sage, and possibly the opening of a deep-water passage between 
the South Tasman Rise and East Antarctica (Lawver and Gahagan, 
2003). These late Eocene tectonic events altered oceanographic 
conditions at a time when atmospheric pCO2 levels were declin-
ing, thus, both pCO2 and ocean circulation changes reduced heat 
and moisture delivery to the Antarctic Peninsula.

Our multi-proxy approach combining isotopic, palynological 
and climate model results provides a new view of latest Eocene 
hydrological and atmospheric conditions as the continent was 
transitioning into the glacial state that remains today. Our study 
was conducted on recently recovered sections from the Shal-
low Drilling II (SHALDRIL II) project sediments of marine core 
NBP0602A-3C (water depth 340 m) of late Eocene age (Anderson 
et al., 2011). Although short, this core is of interest because it cap-
tures a snapshot of time just prior to the transition from a largely 
ice-free to fully glaciated continent. The shelf margin sediments 
studied here notably contain well-preserved pollen, with morphol-
ogy and color that indicates deposition shortly after their dispersal. 
This is in contrast to the ‘reworked’ pollen that is a large frac-
tion of the younger deposits in other SHALDRIL II cores (12A, 5D 
and 6C/D) nearby (Warny and Askin, 2011a, 2011b). Here we fo-
cus on the significance of these ‘fresh’ or penecontemporaneous 
pollen assemblages in the latest Eocene age section and seek a 
complimentary molecular isotopic record from plant leaf waxes to 
elucidate hydrological conditions and climatic conditions immedi-
ately prior to the EOT.

The pollen assemblage in 3C is dominated by pollen of the 
Nothofagidites fusca group (Warny and Askin, 2011a) similar to ex-
tant Nothofagus (southern beech) across much of the mid-latitude, 
southern hemisphere, polar alpine ecosystems today. Although 
beech pollen is produced in large quantities and dispersed by 
wind, its dominance, preservation and species composition in 
the sediment indicates that a diverse southern beech popula-
tion was abundant on the adjacent landmass. Podocarp conifers 
pollen are the next most common type, including Podocarpidites, 
Phyllocladidites–Microalatidites and Podosporites–Trichotomosulcites
types. These taxa range from forest trees to stunted shrubs in tun-
dra. Tundra assemblages also include Coptospora spp., Caryophyl-
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laceae, Chenopodiaceae, Poaceae, Asteraceae, and Stylidiaceae. This 
latest Eocene pollen assemblage is similar to that in the mid-
Miocene Ross Sea sediments from the Cape Roberts Project (Askin 
and Raine, 2000; Raine and Askin, 2001), as well as the ANDRILL 
project (Warny et al., 2009), whose sediments also yielded leaf wax 
molecular evidence (Feakins et al., 2012).

The late Eocene palynological record from NBP0602A-3C re-
veals the changing assemblage of vegetation toward colder taxa 
(higher proportion of tundra species) as opposed to what was 
found in oldest Eocene sections (e.g. La Meseta Formation) sam-
pled on the nearby Seymour Island. In 3C we find cold tolerant, 
tundra taxa and a decline in absolute concentrations (at 1212 cm 
and above) and an increased reworked contribution, which could 
indicate a shift towards colder and/or drier conditions (Anderson 
et al., 2011). Since two genera, Podocarpidites and Nothofagidites, 
dominate the pollen assemblage, and assuming that pollen con-
centrations in the sediments mostly reflect pollen production, their 
decline over time is thought to represent a decrease in vegeta-
tion biomass. The dominant Nothofagus pollen have been isolated 
in order to analyze the carbon isotopic composition of sporopol-
lenin in comparison to a modern herbarium specimens around the 
southern hemisphere (Griener et al., 2013). The carbon isotopes in-
dicated a drying trend, however the analytical uncertainties were 
large. In order to further explore and quantify evidence for temper-
ature and hydrological changes, we seek complementary isotopic 
evidence from plant leaf proxies for the latest Eocene sediments. 
Younger sections of the SHALDRIL II project are not examined 
for leaf waxes since the earlier palynological work indicated high 
proportions of pollen derived from disturbance by ice-sheet ad-
vances of older soils containing stored pollen material (Anderson et 
al., 2011) including Cretaceous species (Warny and Askin, 2011b). 
While reworked pollen can be visually diagnosed, there is no such 
test for leaf waxes. Since it is assumed that this would also im-
ply reworked leaf waxes, we avoid these sections for compound 
specific isotopic analyses. Since the early Eocene was warm and 
rainforest species grew on Antarctica (Pross et al., 2012); reworked 
waxes would be expected to carry the heavier isotopic signatures 
characteristic of warmer climates.

Plant leaf waxes and their hydrogen isotopic composition have 
recently emerged as powerful proxies with which to explore past 
climatic change in the tropics (e.g., Schefuss et al., 2005) and 
in the high latitudes (Feakins et al., 2012; Holland et al., 2013;
Jahren et al., 2009; Pagani et al., 2006). δDwax has been shown 
to record the hydrogen isotopic composition of precipitation as 
well as the isotopic effects of evapotranspiration and biological 
fractionation (Feakins and Sessions, 2010; Kahmen et al., 2013a;
Sachse et al., 2012, 2004). Modern plant sampling in a study of the 
catchment of Lake El’gygytgyn in northeastern Siberia has eluci-
dated the processes in the high latitudes (Wilkie et al., 2013) with 
modern plants yielding a net fractionation between source water 
and leaf wax n-alkanoic acids of −107 ± 12� and lake sediments 
suggesting a fractionation of −96 ± 8�. Leaf waxes can be inter-
preted most robustly when examined in the context of past veg-
etation assemblages. Combined leaf wax and pollen studies have 
been applied in Africa (Feakins, 2013; Tierney et al., 2010), the 
Arctic (Jahren et al., 2009) and Antarctica (Feakins et al., 2012). Al-
though the mechanism of production and dispersal differs between 
pollen grains and the waxy coating on plant leaves, the combina-
tion provides information that is more source-specific than can be 
achieved from leaf waxes alone. In the mid-Miocene Ross Sea sedi-
ments, n-alkanoic acids were co-deposited with pollen grains from 
Nothofagidites and Podocarpidites, making these taxa the most likely 
source of leaf waxes (Feakins et al., 2012). In the NBP0602A-3C 
sediments these same taxa are dominant and similarly motivate 
assessment of co-deposited plant leaf waxes for their hydroclimatic 
information.
This study of NBP0602A-3C sediments provides leaf wax δD ev-
idence for changes in precipitation regime that can be compared to 
evidence from pollen. The pollen provides evidence for the species 
present on the nearby continent as well as visual evidence for 
preservation. The complementary information adds confidence to 
our interpretation of δDwax towards paleoprecipitation δD recon-
structions.

To further explore the implications of the proxy reconstructions 
we conducted experiments with an isotope-enabled General Circu-
lation Model (GCM). Proxy-model comparisons have previously in-
formed evaluation of mid-Miocene leaf wax δD and pollen records 
from the Ross Sea, where simplified experiments were employed 
using the isotope enabled aquaplanet model, iGRAM (Feakins et 
al., 2012). Isotope-enabled experiments have previously been con-
ducted for the warm Early/Middle Eocene using an atmospheric 
GCM with fixed sea surface temperatures (SSTs) (Speelman et al., 
2010). The model generated a substantial reduction in equator-
to-pole isotope gradients in response to an imposed reduction in 
the equator-to-pole SST gradient inferred from proxy reconstruc-
tions. Here we use an isotope-enabled GCM (Thompson and Pol-
lard, 1997; Mathieu et al., 2002; DeConto et al., 2008) with a 
slab ocean component and prognostic SSTs interactively coupled 
to a vegetation model (Kaplan et al., 2003), in order to resolve 
vegetation changes (similar to Thorn and DeConto, 2006) and pre-
cipitation isotopes over the tip of the Antarctic Peninsula close 
to the core site. We simulated conditions before, during, and af-
ter the transition by decreasing carbon dioxide levels while in-
creasing continental ice volume based on prior ice sheet simula-
tions (DeConto and Pollard, 2003) to represent an ice-free to fully 
glaciated continent. Boundary conditions and climate forcing cor-
responding precisely to the age of NBP0602A-3C sediments remain 
poorly constrained, making direct data-model comparisons some-
what arbitrary. Instead the model results shown here are meant 
to guide interpretation of proxy results and place them within the 
context of the broader EOT, while providing dynamical evidence 
for the processes involved in the climatic reorganization at that 
time.

2. Materials and methods

2.1. Proxy reconstructions

Hydrogen isotope analyses were performed on sediments col-
lected by the SHALDRIL II expedition that targeted Eocene and 
Oligocene sections exposed near the Antarctic Peninsula conti-
nental shelf seafloor (Anderson et al., 2011). Despite extremely 
harsh weather conditions and fast-moving sea-ice, the Research 
Vessel Ice-Breaker Nathaniel B. Palmer equipped with a drilling 
rig penetrated ∼20 mbsf and recovered sediments from 3.0–14.12 
mbsf (32% recovery) at borehole NBP0602A-3C (63◦50.861′S, 
54◦39.207′W, 340 m water depth, Fig. 1). The strata sampled are 
located immediately offshore and down dip of James Ross Island 
in the Weddell Sea, deposited in a shallow shelf depositional envi-
ronment with minimal glacial influence (Anderson et al., 2011).

NBP0602A-3C has been dated to the latest Eocene ca. 37–34 Ma 
(Bohaty et al., 2011). This general placement is based on diatom 
biostratigraphy (presence of Asterolampra insignis and Rylandsia in-
aequiradiata) as well as dinoflagellate stratigraphy (Bohaty et al., 
2011). The age control is improved by a single Sr-isotope mea-
surement on an aragonite shell fragment from the base of section 
5R (Bohaty et al., 2011). Comparison to the LOWESS fit of Sr-
isotope records (McArthur et al., 2001) adjusted to the Gradstein 
et al. (2004) timescale indicates an age of 35.9 ± 1.1 Ma (Bohaty 
et al., 2011). Based on sedimentation rates typical of these Antarc-
tic deposits, the latest Eocene section may span approximately 
50–200 kyr (Anderson, pers comm. May 3rd 2012). The late Eocene 
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section of core 3C (6–14.12 mbsf) is disconformably overlain by a 
thin Upper Pleistocene to Holocene section that is not included in 
this study.

Twenty two sediment samples were selected for compound 
specific isotopic analysis adjacent to the previously collected pollen 
samples (Warny and Askin, 2011a). Samples of ca. 20 gdw were 
freeze-dried with an organic-clean Virtis 2k unit and ground using 
a mortar and pestle to homogenize. Dry sediments were extracted 
under high temperature (100 ◦C) and pressure (1500 psi) with 
a solvent mixture 90% dichloromethane to 10% methanol using 
an Accelerated Solvent Extraction system (ASE 350®, Dionex). Ex-
tracts were separated by column chromatography (column: 5 cm×
40 mm Pasteur pipette, NH2 sepra bulk packing, 60 Å) eluting 
with 2:1 dichloromethane with isopropanol, followed by 4% formic 
acid in diethyl ether yielding neutral and acid fractions respec-
tively. Acid fractions were transesterified to corresponding fatty 
acid methyl esters (FAMEs) with 95% methanol (of known isotopic 
composition) to 5% hydrochloric acid at 70 ◦C for 12 hrs. Excess 
milliQ water was added to the hydrolyzed products and the lipids 
were partitioned into hexane, and dried by passing through a col-
umn of anhydrous sodium sulfate. They were further purified by 
column chromatography (column: 5 cm × 40 mm Pasteur pipette, 
5% water-deactivated silica-gel, 100–200 mesh) eluting with hex-
ane, followed by FAMEs eluted with dichloromethane.

δD values were analyzed using a Thermo Scientific Trace gas 
chromatograph (ZB-5ms column, 30 m × 0.25 mm × 1 μm) with 
a PTV injector operated in solvent-split mode connected via an 
Isolink pyrolysis furnace (at 1420 ◦C) to a Delta V Plus mass spec-
trometer. Peaks of hydrogen reference gas bracketed analytes, two 
of which were used for standardization of the isotopic analyses. 
Data were then normalized to the VSMOW/SLAP isotopic scale 
by comparison with an external standard containing 8 fatty acid 
methyl esters (i-C14 to i-C20; obtained from A. Schimmelmann, In-
diana University, Bloomington) with δD values ranging from −167
to −231�. The accuracy of replicate analyses of the external stan-
dard was 4.2 ± 1.2� (RMS error, n = 13). The H3 factor was de-
termined daily, averaging 4.518 ± 0.052 ppm mV−1. Correction for 
the isotopic composition of the methyl group, added for analytical 
purposes, was determined by derivatization of phthalic acid (iso-
topic standard from A. Schimmelmann, University of Indiana) and 
calculating δDmethanol = −198.3� ± 3.9 (n = 7). Correction for the 
methyl group added to n-alkanoic acids was then made by way 
of mass balance. The results are reported using conventional delta 
notation (δD�).

2.2. Climate model experiments

We used the 2011 version of the Genesis 3.0 GCM (Thompson 
and Pollard, 1997) interactively coupled to the BIOME4 equilib-
rium vegetation model (Kaplan et al., 2003) with water isotopes 
embedded in the atmospheric component (DeConto et al., 2008;
Mathieu et al., 2002). The model has been tested extensively in 
present day and paleoclimate scenarios and produces distribu-
tions of high latitude meteorological fields and potential vegetation 
close to observations (Gasson et al., 2014; Koenig et al., 2011;
Pollard and Group, 2000). The atmospheric component has 18 ver-
tical layers, a spectral resolution of T31 (∼3.75◦), and uses an 
adapted version of the National Center for Atmospheric Research 
Community Climate Model (NCAR CCM3) solar and infrared ra-
diation code (Kiehl et al., 1998). The model atmosphere is cou-
pled to 2◦ × 2◦ surface models including a 50 m non-dynamical 
slab ocean model with prognostic sea surface temperatures, dif-
fusive heat transport and dynamic-thermodynamic sea ice. Terres-
trial land surface components include multi-layer snow and soil 
models, and a land-surface-transfer scheme (LSX) that calculates 
momentum transfer and fluxes of energy and water between the 
atmosphere and ice, snow, soil surfaces, and upper and lower veg-
etation canopies. This version of the GCM has a sensitivity to a 
doubling of atmospheric CO2 mixing ratios of ∼2.9 ◦C, without 
vegetation, GHG, or ice sheet feedbacks (DeConto et al., 2012).

In the absence of latest Eocene and earliest Oligocene vegeta-
tion data with global coverage, potential equilibrium vegetation 
distributions are predicted by BIOME4 (Kaplan et al., 2003). The 
vegetation model predicts the distribution, community structure 
and biogeochemistry of 27 biomes using monthly climatologies of 
temperature, precipitation and clouds simulated by the GCM. In 
turn, the simulated vegetation provides the physical land-surface 
attributes in the GCM. CO2 atmospheric mixing ratios used by 
BIOME4 in calculations of net primary productivity and vegetation 
distributions are changed in each simulation to match the level 
used in the corresponding GCM atmosphere.

The water isotope component (Mathieu et al., 2002) passively 
tracks the hydrological cycle in the GCM atmosphere and applies 
relevant fractionation physics during phase transitions. The model 
considers H2

18O and HD18O and accounts for evaporative, conden-
sational, and post condensational processes. Reservoir effects are 
differentiated over ocean, land (vegetation), and ice sheets.

In the preindustrial (control) simulation, the isotopic composi-
tion of the ocean surface is prescribed according to modern ob-
servations. In the Paleogene paleoclimate simulations, the ocean 
is given a uniform global δD value of −14.4� (δ18O value of 
−1.2�), broadly appropriate for Late Eocene ice-free conditions. 
This value remains unchanged in all simulations, including those 
with an Antarctic ice sheet, to simplify the analysis of mod-
eled changes in the isotopic composition of precipitation over the 
Antarctic Peninsula.

Model geographic boundary conditions were taken from prior 
coupled GCM-ice sheet simulations of the EOT (DeConto and Pol-
lard, 2003), representing (1) the latest Eocene, just prior to any 
substantial ice sheet growth, (2) the mid-EOT transition, with in-
termediate Antarctic ice caps, and (3) the earliest Oligocene, with 
a fully developed Antarctic Ice Sheet and (4) colder Oligocene con-
ditions. For brevity, the simulations are henceforth named pre-EOT, 
EOT, and post-EOT and colder post-EOT, respectively. Global geog-
raphy, broadly representing 34 Ma, is unchanged in each simula-
tion, with the exception of Antarctica, where the prescribed ice 
sheet geometries evolve through the transition, along with adja-
cent land surface elevations affected by ice sheet loading. Paleolat-
itude is essentially unchanged, with rotation of less than −5◦ of 
longitude (Lawver and Gahagan, 2003).

Orbital parameters are the same in each simulation (except 
modern), and represent mean orbital conditions, with a circular 
orbit (making the choice of precession arbitrary), and an axial tilt 
of 23.5◦ . Atmospheric CO2 is progressively decreased in each simu-
lation to bracket the previously determined CO2-glaciation thresh-
old of the model (DeConto et al., 2008), which is consistent with 
CO2 proxy reconstructions for a drop in pCO2 across the Eocene–
Oligocene boundary (Pagani et al., 2011; Pearson et al., 2009) and 
with the absolute values in the most recent reconstructions (Pagani 
et al., 2011). CO2 mixing ratios in the pre-EOT, EOT, and post-
EOT and colder post-EOT simulations are 1000 ppmV, 750 ppmV, 
560 ppmV and 280 ppmV, respectively. Other greenhouse gasses 
including CH4 and N2O are left at their preindustrial levels and re-
main unchanged in each simulation.

All climate-biome-isotope simulations were run for 50 yrs to 
allow full equilibration between the GCM and evolving vegetation. 
Climatological means used in our calculations and figures were cal-
culated from the last 10 years of each simulation.



158 S.J. Feakins et al. / Earth and Planetary Science Letters 404 (2014) 154–166
Fig. 2. Late Eocene Antarctic vegetation and hydrological conditions relative to global climate. Global climate: Atmospheric pCO2 records from low latitude sites 925 and 929 
from alkenones (red symbol) error bars range of temperature based uncertainties; one data point >1000 ppm at 35.52 Ma is not shown here (Pagani et al., 2011). Stacked 
benthic foraminiferal δ18O (gray line) showing EOT ice volume expansion (Zachos et al., 2008). Antarctic Peninsula, NBP0602A-3C: age control based on Sr isotope age control 
(Bohaty et al., 2011), estimated duration based on sedimentation rates (see text) and diatom zonations (Bohaty et al., 2011); total pollen abundance (green circles; Anderson 
et al., 2011) and leaf wax δD values from the C28 n-alkanoic acid (blue circles, 1σ error bars). All samples have <8% reworked pollen except for 3 samples with 21–35% 
reworked pollen (open symbol). Right hand panel, pollen proportions showing the three major groupings: Nothofagus, conifers and reworked pollen (see Table 1 for tabulation 
and details). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
3. Results

3.1. Proxy results

We identified C16 to C32 n-alkanoic acids in the sediments of 
NBP0602A-3C. The even chain C26 to C32 n-alkanoic acids are as-
sumed to derive uniquely from terrestrial plant leaf waxes with 
the shorter chain compounds having other possible sources. The 
even over odd carbon preference index of the C26 to C30 com-
pounds is >4 and the modal chain length Cmax is C28, rep-
resenting a molecular abundance distribution that is character-
istic of terrestrial higher plant sources (Eglinton and Hamilton, 
1967). The C26 n-alkanoic acid is in a noisier part of the chro-
matogram and is therefore less reliable for isotopic determina-
tions, and the C30 and C32 n-alkanoic acids are of too low abun-
dance. Therefore we report data for the C28 n-alkanoic acid with 
a mean δD value of −202 ± 6.5� (Table 1), ranging from −212
to −183�, with a general trend towards less negative values up-
section (Fig. 2).

3.2. Climate model results

3.2.1. Biome results
Model results are tabulated for the tip of the Antarctic Penin-

sula (Table 2). The 1000 ppmV model experiment describes condi-
tions equivalent to ca. 40 Ma, after the Mid Eocene Climatic Opti-
mum (Zachos et al., 2008), with biome simulations indicating cool 
mixed forest (Fig. 3a). The 750 ppmV model experiment best ap-
proximates reconstructed pCO2 in the lead up to the EOT (Pagani 
et al., 2011), and generates discontinuous ice cover on Antarc-
tica with deciduous and evergreen taiga/montane forest biomes 
at the margin of the continent (Fig. 3b). In the 560 ppmV ex-
periment (Post-EOT scenario), the ice sheet expands to almost full 
size leaving only small pockets of tundra at some continental mar-
gins including the Antarctic Peninsula (Fig. 3c). The precipitous 
growth of the Antarctic ice sheet between 750 and 560 ppmV is 
consistent with thresholds identified in earlier proxy CO2 studies 
(Pagani et al., 2011) and ice sheet modeling experiments (DeConto 
and Pollard, 2003). Further, the strong coherence between modeled 
vegetation and pollen reconstructions through the EOT, suggests 
that the model sensitivity to pCO2 at these latitudes is appropri-
ate.

3.2.2. Isotope results
This version of the isotope enabled GCM yields seasonal and 

spatial distributions of δD close to present-day observed values, 
except in the highest elevations of the Antarctic interior, where 
model surface temperatures are warmer than observed and the δD
of precipitation is too heavy by up to 50� (DeConto et al., 2008;
Mathieu et al., 2002). Most isotope-enabled models have a positive 
bias over the East Antarctic ice sheet interior where precipitation 
values reach the most depleted values on the planet as low as 
−450� (Masson-Delmotte et al., 2008). This model fares better 
than most with −400� as the extreme depletion (Fig. 4D). This 
positive bias in the Antarctic interior does not affect the values at 
the tip of the Antarctic Peninsula, but it does lead to a shallower 
gradient along the peninsula (Figs. 4A and B). Over the tip of the 
peninsula the model approximates observations with −79� just 
offshore, similar to the islands, and the grid cell over the SHALDRIL 
core reports −110� with a surrounding 3-cell average of −128�
(Table 2).
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Conifer 
pollen

Prote-
aceae

Other 
Angio-
sperms

Cryp-
togam 
spores

Rewor-
ked

7 0 6 3 35
14 1 7 4 7

9 2 5 4 21
20 1 3 5 26
14 1 4 2 3
15 0 5 5 5
12 1 5 1 4
18 1 4 2 4
15 4 1 6 2
17 2 2 4 8
15 1 2 3 4
19 0 4 1 4
16 2 2 4 3
20 2 4 3 5
12 1 1 4 2

14 1 3 1 2
16 1 2 3 1

15 1 7 1 2

12 1 2 2 1

ted with ε of −60 and −100� respectively, constraining 
Table 1
Leaf wax and pollen results from 3C.

Leaf wax Pollen

Core Mid-
depth 
(cm)

Meas. Calc. Core Mid-
depth 
(cm)

Offset
(cm)

Palyno-
morph 
(count 
gdw−1)

Pollen 
(%)

δDC28

(�)
σ n Low δD

precip 
(�)

High 
δD
precip 
(�)

diffa Notho-
fagidites 
sp.fusca 
group

Notho-
fagidites 
brassii 
group

Notho-
fagidites 
menziesii 
group

3C-1 359 −197 2.0 3 −146 −108 38 3C-1 355 4 2100 47 1 0
3C-1 384 −191 1.6 2 −140 −101 38 3C-1 389 −5 1100 64 2 1
3C-2 418 −183 2.2 2 −130 −92 39 3C-2 411 7 2200 59 0 0
3C-2 437 −194 2.3 2 −142 −104 38 3C-2 430 7 3800 44 0 0
3C-3 764 −201 0.9 3 −150 −112 38 3C-3 762 2 10 800 75 0 1
3C-3 812 −202 0.9 3 −151 −114 38 3C-3 810 2 8100 69 0 0
3C-3 844 −198 0.3 2 −147 −109 38 3C-3 846 −3 3300 76 1 1
3C-4 913 −199 1.7 3 −148 −111 38 3C-4 911 2 6100 69 1 1
3C-4 953 −200 0.6 2 −149 −111 38 3C-4 950 3 30 800 69 3 0
3C-4 984 −205 1.8 3 −154 −116 38 3C-4 986 −2 3500 65 3 0
3C-5 1065 −206 0.4 2 −156 −118 38 3C-5 1061 4 13 900 72 2 0
3C-5 1108 −207 1.1 2 −156 −119 37 3C-5 1105 3 19 000 70 0 1
3C-5 1136 −207 1.2 2 −157 −119 37 3C-5 1134 2 33 300 70 2 1
3C-6 1209 −208 1.4 3 −157 −120 37 3C-6 1211 −2 14 200 64 2 1
3C-6 1252 −212 0.5 2 −161 −124 37 3C-6 1250 2 100 000 76 3 1
3C-6 1261 −205 0.4 2 −154 −116 38
3C-6 1279 −206 2.1 3 −155 −117 38 3C-6 1284 −5 44 700 79 0 0
3C-7 1359 −203 0.9 2 −153 −115 38 3C-7 1357 2 33 500 72 3 2
3C-7 1365 −202 2.6 3 −151 −114 38
3C-7 1392 −206 1.4 3 −155 −118 38 3C-7 1380 12 21 700 73 1 1
3C-7 1390 −206 2.0 2 −155 −118 38
3C-7 1416 −207 3.1 2 −156 −119 38 3C-7 1408 8 75 300 74 5 3
Mean −202 −151 −113 38
σ 7 7 7

a For uncertainties on δD precip reconstructions, the analytical error on δDwax is small compared to the uncertainty on ε . High and low precipitation δD values are calcula
the range for δDprecip values.
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4. Discussion

4.1. Vegetation and environment of the Late Eocene on the Antarctic 
Peninsula

Pollen counts across the latest Eocene sediments reveal a de-
crease in plant diversity and abundance up section (Warny and 
Askin, 2011a). The bottom of the core (ca. 1250 cm) has the high-
est concentration of 105 counts gdw−1 (gdw = gram dry weight 
of sediment) followed by an abrupt drop to 104 counts gdw−1 at 
1212 cm, and the decline continues up section reaching the low-
est 103 counts gdw−1 for the latest Eocene sediment sampled. 
While the age of the sediments and the time span is imprecisely 
known, the latest Eocene age of these strata clearly places this 
before the Oi1 glaciation, in an interval most likely spanning ca. 
36 to 35.8 Ma, documenting that the vegetation community of 
the Antarctic Peninsula experienced cooling and drying conditions 
prior to the EOT.

Other sedimentological and geochemical evidence documents 
late Eocene cooling around Antarctica. On the opposite side of 
Antarctica, in Prydz Bay, the mid-late Eocene saw tall woody 
ecosystems, likely supported by 1200 to 1500 mm a−1, disap-
pearing somewhere around the EOT although the timing is not 
well known (Macphail and Truswell, 2004; Truswell and Macphail, 
2009). In the Ross Sea region, weathering rates at 36–35 Ma were 
found to indicate dry and cold conditions (Sagnotti et al., 1998). 
Dallai and Burgess (2011) identified a non-permanent glacial phase 
in the Ross Sea region based on δD values of hydrothermally 
altered minerals of intrusive rocks, at roughly 36 Ma Ehrmann 
and Makensen (1992) report a strengthening of glacial conditions 
between 36.3 and 35.5 Ma based on clay mineralogy changes 
from smectite to illite and chlorite-dominated assemblages, indi-
cating weathering under cooler climates. These studies indicate 
widespread transitions around Antarctica. Closer to this study, 
cooling is recorded by the δ18O values of bivalves on Seymour 
Island to ∼5 ◦C at 41 Ma (Ivany et al., 2011). Fossil wood from 
the James Ross Basin and South Shetland find diverse mid-Eocene 
assemblages (Poole et al., 2005), with species similar those found 
on Seymour Island mid-Eocene sections (Askin, 1997). The pollen 
records from Seymour Island (La Meseta Formation) reveal a de-
cline in plant diversity from the mid-late Eocene (Askin, 1997)
with a loss of varied Nothofagus brassii group species (Chen, 2000). 
The late Eocene sections (Askin, 1997) have species assemblages 
similar to that seen in marine core 3C (Fig. 2) with Nothofagidites 
spp. fusca dominant and a secondary varied podocarp conifer com-
ponent (Warny and Askin, 2011b). Within marine core 3C, declin-
ing pollen proportions (Fig. 2) also show that cooling occurred in 
the latest Eocene (Anderson et al., 2011).

4.2. Paleoprecipitation reconstructions for the Late Eocene on the 
Antarctic Peninsula

We interpret the leaf wax δD values as a semi-quantitative 
proxy for paleoprecipitation isotopes. The largest uncertainty in 
the quantification of paleoprecipitation isotopes is in knowing the 
appropriate net fractionation (εwax/w) to use: an upper bound 
on this uncertainty is here assessed to be 38� (range, Table 1) 
and this notably dwarfs analytical uncertainties which are rou-
tinely <2� (1σ , instrument precision) and <5� (1σ , accuracy 
to the VSMOW-SLAP isotopic scale, see Methods). Recognizing this 
uncertainty, we take a conservative approach to estimating paleo-
precipitation and provide two reconstructions of paleoprecipitation 
δD values (Table 1), using fractionations of −60� for a “low” 
δDprecip reconstruction and −100� for a “high” δDprecip recon-
struction (Table 1).
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Fig. 3. Biome simulations with GENESIS-BIOME4 at (a) 1000 ppmV, (b) 750 ppmV and (c) 560 ppmV.
Evidence for fractionations close to −100� comes from mod-
ern vegetation collections at high northern latitudes surrounding 
Lake El’gygytgyn, NE Russia (Wilkie et al., 2013). In that study, 
modern plants (dominantly small herbs and grasses, with almost 
no woody plants) yield a net fractionation between source wa-
ter and leaf wax n-alkanoic acids of −107 ± 12� and lake sed-
iments of the last 200 yrs suggest a community-integrated frac-
tionation of −96 ± 8�. A net fractionation of −100� appears to 
provide reasonable precipitation isotope values in comparison to 
model experiments in this study as well as in the tundra envi-
ronments of the mid-Miocene Antarctic margins and model com-
parison in Feakins et al. (2012). Similar fractionations have been 
reported for modern plant n-alkanoic acids in southern Califor-
nia, which generate reasonable results in paleoclimate reconstruc-
tions of Holocene and late glacial sediments (Feakins et al., 2014;
Kirby et al., 2013).

Evidence for a fractionation of −60� comes from a modern 
vegetation study from a woody, dry tundra in the Canadian Arc-
tic (Shanahan et al., 2013). While this fractionation is smaller than 
many global estimates, there is mounting evidence for small frac-
tionations in a range of water-limited environments. Studies of 
modern vegetation reveal smaller fractionations under hot and 
dry conditions associated with leaf water transpiration and D-
enrichment (Feakins and Sessions, 2010; Kahmen et al., 2013a;
Sachse et al., 2012). Paradoxically below freezing, plants may also 
experience water shortage as water is locked up as ice, and they 
may experience D-enrichment of leaf waters during prolonged 
transpiration under extended hours of daylight (Shanahan et al., 
2013; Yang et al., 2009, 2011). Furthermore, it has also been 
demonstrated that plants emerging from dormancy may make 
more use of D-enriched NADPH during biosynthesis (Sessions, 
2006) and these biosynthetic differences (as well as the more fa-
miliar leaf water transpiration differences) may explain some of 
the small fractionations reported in the high latitudes.

Assuming a net fractionation between source water and leaf 
wax n-alkanoic acid of −100�, paleoprecipitation δD values are 
calculated to range between −124 to −92� with a mean value 
of −113 ± 7� (Table 1). With a net fractionation of −60�, pa-
leoprecipitation δD values are calculated to range between −161
and −130� with a mean value of −151 ± 7� (Table 1). The 
vegetation community integrated fractionation for this late Eocene 
section may fall at either extreme or in between, and that the frac-
tionation may shift during the course of the record associated with 
the drying inferred from the pollen and pollen isotopic evidence. In 
our analysis of the δD results from the SHALDRIL II core, through 
comparison with pollen records and model results, we evaluate 
whether variations observed downcore could be due to changes 
in (a) source water, (b) fractionation changes, or (c) reworked leaf 
waxes from earlier, warmer times.

4.3. Use of pollen to refine the leaf wax interpretations

Across the interval sampled, a decline in pollen abundance from 
105 to 103 gdw−1 documents a cooling trend. In contrast δDwax
values become 30� more positive through time, counter to the 
expected direction of temperature-dependent precipitation isotope 
changes. While we view a positive shift in precipitation isotopes 
during cooling extremely unlikely, we find two explanations for a 
shift towards tundra associated with a positive shift in δDwax that 
do not invoke a positive shift in δDprecip. In our first hypothesis, as 
the vegetation shifts from a forest to tundra community (Anderson 
et al., 2011) with greater moisture stress under polar desert con-
ditions (Griener et al., 2013), smaller fractionations may result in 
enriched δDwax values. Hypothesis 1 has considerable merit be-
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Fig. 4. Modern precipitation δD for the Antarctic Peninsula from observational and GENESIS model data. A, Temperature – δD relationship, B, Latitude-δD relationship. Modern 
surface snow samples (open circles) and precipitation samples (solid stars) collected from islands off the northern tip (Masson-Delmotte et al., 2008; and references therein). 
Frei Station precipitation mean (gray) and range (bar) shown (Simões et al., 2004). Leaf wax based late Eocene δDprecip high and low estimates as box and whisker plots, 
showing median (line), box interquartile range (box), range (whiskers), outlier (circle). Locations of observational data are shown in Fig. 1 and model grid cells are within the 
boxed region, in C and D. C, Control model run, polar view. Surface air temperature at 2 m and D, Precipitation δD values. Boxed region: Antarctic Peninsula.
cause aridity has been linked with smaller fractionations in a range 
of studies (Feakins and Sessions, 2010; Kahmen et al., 2013b;
Sachse et al., 2012, 2013).

A second hypothesis is that sedimentary processes may have 
produced the observed trend. While we are confident in the low 
influence of reworked material for most of this core (<8% re-
worked pollen; Table 1), this is not the case for three of the 
top four samples. These uppermost samples (at 354–431 cm – 
indicated by open circles, Fig. 2) yield up to 35% reworked pa-
lynomorphs, and thus δDwax values may include reworked wax. 
While the proportion of reworked pollen provides a useful guide, 
it is unknown if the proportion of mixing is the same for the mi-
crofossils and molecular fossils given the different sedimentary as-
sociations and particle sizes. A simple mixing model calculation for 
20–35% reworked leaf waxes predicts a +12 to +22� influence on 
the δDwax if the mixing were between the most D-depleted waxes 
in this section at −212� and more D-enriched endmember set 
at −150�. This upper bound was selected to represent an upper 
estimate of possible δDwax values during warm times of the Pa-
leocene, when angiosperm flora are reported from the La Meseta 
Formation on Seymour Island (Tosolini et al., 2013), although no 
leaf wax isotopic studies have been conducted at that site to our 
knowledge.

Although we cannot conclusively distinguish the options, we 
tentatively accept hypothesis 1 as the working hypothesis, that 
cooling and drying toward tundra conditions led to a reduced net 
fractionation of ∼20�, resulting in a positive δDwax shift, perhaps 
enhanced by 10� by reworked leaf wax contributions from an ear-
lier warmer time in 3 of the uppermost samples (hypothesis 2). 
Given the uncertainties in net fractionation and connections, any 
quantification of drying is highly speculative. Based on ∼3.3�. 
100 mm−1 sensitivity of net fractionation to drying in an Aus-
tralian survey (Kahmen et al., 2013a), this may imply a reduction 
of MAP on the order of 600 mm a−1; however we caution that 
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the net fractionation uncertainties are as large as the trend. Pollen 
δ13C estimates could be consistent with a similarly large shift how-
ever the analytical uncertainties are also here as large as the trend 
(Griener et al., 2013). While the proxy evidence for drying suffers 
from very large uncertainties and cannot be rigorously quantified 
at this stage, the data would allow for a greater degree of drying 
than observed in the model experiments where MAP drops from 
700 to 600 mm a−1.

4.4. Comparison of modern and past precipitation isotopes over 
Antarctica

Late Eocene paleoprecipitation reconstructions of −92 to
−161� (including sample variability of 7� and 40� range in 
fractionation uncertainty) can be compared to modern precipita-
tion isotopes (Fig. 4). Smaller ice volumes prior to the EOT imply 
the ocean was more D-depleted in the Late Eocene (−14.4�) 
than the modern ocean (0�) based on the δ18O value of ben-
thic foraminifera (Zachos et al., 2008). Adjusting for the differ-
ence in mean ocean values, the proxy-reconstructed Late Eocene 
precipitation is similar to values of ca. −100� seen today at 
the tip of the peninsula (Fig. 4A) and indistinguishable within 
proxy uncertainties and modern variability. To explore spatial 
patterns, snow sample locations (compiled in Masson-Delmotte 
et al., 2008) are mapped on Fig. 1 and δD values are plotted 
against temperature and latitude (Fig. 4). For context, we also 
consider temporal variability in precipitation isotopes. At Frei Sta-
tion (62.20◦S, 58.95◦W), off the northernmost tip of the penin-
sula, precipitation has been measured between −46 and −146�, 
i.e., 100� synoptic variability (Simões et al., 2004). On longer 
timescales and in the continental interior, δDice varies on the 
order of 70� in the Vostok ice core during the last 400 ka, 
90� at Dome C during the last 800 ka (Jouzel et al., 2007;
Petit et al., 1999). On the other side of the continent, during the 
Miocene, a leaf wax study of Ross Sea sediments found 50� vari-
ability in δDwax across 20–12 Ma (Feakins et al., 2012). In this con-
text, the negligible difference between modern and reconstructed 
precipitation isotopes at the peninsula tip is remarkable.

4.5. Comparison to climate model experiments

The similarity between Late Eocene precipitation isotopic recon-
structions (with no ice on what was then an island) and in situ
modern isotopic values (while ice-covered) is surprising as ice-
free conditions should imply warmer temperatures, which would 
normally imply more enriched isotopic values. Convergent isotopic 
compositions during demonstrably different environments require 
a dynamical test to evaluate the validity of this isotopic result, and 
we conduct such a dynamical test with the isotope enabled climate 
model. The model results confirm that the dramatic environmen-
tal change at the EOT would be represented by a relatively small 
magnitude isotopic shift in precipitation at the tip of the peninsula 
(Table 2, Fig. 5).

Isotopes in precipitation over the center of the continent are 
well known to be sensitive recorders of late Pleistocene envi-
ronmental change, however longer sedimentary deposits are for 
the most part not preserved where the largest signals would be 
recorded. The combination of proxy and model evidence is par-
ticularly powerful for establishing robust regional environmental 
interpretations from single marine core proxy reconstructions, as 
well as for establishing ideal target locations for the most sensitive 
locations to target in future drilling.

Model simulations also inform on spatial patterns and pro-
cesses associated with the climatic reorganization across the EOT. 
The EOT is well known to be associated with a cooling. The 
model experiments quantify the effect by latitude (Fig. 6) and 
Fig. 5. Model-derived differences in hydrogen isotopes in precipitation: EOT mi-
nus control. Black outlines in the Antarctic continental interior indicate the EOT 
ice sheet geometries shown in Fig. 3.

Fig. 6. Modeled zonal mean surface air temperature.

demonstrate the greatest sensitivity in the southern high lati-
tudes with 5 ◦C of cooling between the pre- and post-EOT sim-
ulations at the tip of the peninsula. Associated with the cooling, 
MAP declines for the 4 relevant Antarctic Peninsula grid cells from 
1.90 ±0.09 mm day−1 pre-EOT, to 1.61 ±0.15 mm day−1 post-EOT, 
equivalent to a drop from 700 to 600 mm a−1 (Table 2). The spa-
tial patterns of cooling and drying are illustrated for pre-EOT to 
EOT (Figs. 7A and B) and for the pre-EOT to post-EOT (Figs. 7C and 
D). Although the Antarctic Peninsula is sensitive to warming to-
day (Section 1), we note that model results demonstrate that the 
tip of the peninsula experienced much less cooling through the 
EOT than the interior continent where a major ice sheet developed. 
Precipitation changes were smaller than modeled for the coast ad-
jacent to the East Antarctic Ice Sheet. Further cooling and drying 
(to 400 mm a−1) had to await the lower pCO2 levels of the colder 
post-EOT scenario (Table 2). The development of substantial sea ice 
after grounded ice sheets developed may have been critical to the 
cooling and drying of the peninsula (DeConto et al., 2007).

4.6. Comparison to global climate records

The EOT represents the shift in global climate from the ‘green-
house’ world of the early Cenozoic to the ‘icehouse’ of the late 
Cenozoic with a major Antarctic ice sheet (Zachos et al., 2001). The 
icehouse is a fundamentally different mode for the global climate 
system with increased sensitivity to orbital forcing and resulting 
climate cycles. The expanding Antarctic cryosphere and declining 
temperatures of the deep ocean are represented by the increase in 
benthic foraminiferal δ18O values (Fig. 2).
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Fig. 7. Model-derived cooling and drying across the EOT. EOT minus pre-EOT: A, Temperature B, Precipitation. Post-EOT minus pre-EOT: C, Temperature D, Precipitation. 
Showing differences in mean annual conditions. Black outlines in the Antarctic continental interior indicate the EOT and post-EOT ice sheet geometries shown in Fig. 3.
This study of the late Eocene age sediments from marine core 
site NBP0602A-3C provides a window into the vegetation and hy-
drological conditions on the Antarctic Peninsula shortly before the 
initiation of Antarctic glaciations at the EOT. The sediments provide 
a snapshot of conditions that helps to build a picture of paleoe-
cological and hydrological conditions on the Antarctic continent 
before the major ice advance. This brief glimpse of terrestrial con-
ditions shows a crash in pollen and a rise in δD values, recording 
a shift towards tundra and possible drying leading up to the tran-
sition.

This is important because Antarctic vegetation and albedo 
changes have been shown to exert feedbacks on the Late Eocene 
climate. A series of earlier experiments with the GENESIS GCM, 
considered scenarios using different pCO2, orbital configurations, 
ice sheet geometries, and changes in vegetation (Thorn and De-
Conto, 2006). In addition to the importance of pCO2, their simu-
lations show that vegetation cover is a fundamentally important 
parameter: an Antarctic covered with tundra is significantly colder 
than an Antarctica covered with evergreen forests. Consistent with 
the model (Fig. 5), pollen demonstrates vegetation at 35.9 ±1.1 Ma
was at a transition from evergreen forest to tundra-type conditions. 
The diversity of Nothofagidites is reduced, concentrations are lower 
than in older Eocene sections, and in a tundra environment these 
are likely small-stature trees. The reduction in vegetation cover 
would have increased albedo, providing a feedback to terrestrial 
cooling at the end of the Eocene like that modeled by Thorn and 
DeConto (2006) and Liakka et al. (2014). Our pollen and leaf wax 
record provides a snapshot of conditions interpreted as a cooling 
and drying during the latest Eocene, and is consistent with model 
experiments across the transition.

While the brief snapshot of terrestrial conditions shown here is 
not directly comparable with relatively coarse and distant marine 
proxy records, the changes observed in our record are fully consis-
tent with >5 ◦C cooling of SST’s at DSDP Site 511 on the Falkland 
Plateau (Liu et al., 2009) ∼10◦ paleolatitude north of the Penin-
sula.

5. Conclusions

This study uses a combination of leaf wax δD, pollen and cli-
mate model experiments to resolve the vegetative and hydrological 
conditions during the lead up to the ice advance in the latest 
Eocene. The proxy results contribute new insights into hydrolog-
ical conditions and land cover before the transition and model 
results extend through the transition and quantify the magnitude 
of change in response to the greenhouse gas forcing. Although the 
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SHALDRIL II coring did not capture the full EOT, the marine core 
captures the hydrological conditions that preceded the major ice 
advance. Leaf waxes reveal that isotopes in precipitation were re-
markably similar to modern in this very coastal location at the 
tip of the Antarctic Peninsula. The positive trend in δDwax val-
ues may reflect reduced fractionations associated with drying (e.g. 
from εwax/w ∼ −100 towards ∼ −60�) and this interpretation is 
consistent with a drying trend identified from the declining abun-
dance of pollen (Anderson et al., 2011) and the carbon isotopic 
trends in pollen grains (Griener et al., 2013). A decline in vegeta-
tion cover from beech forest to tundra, and a reduction of apparent 
fractionations between precipitation and leaf wax δD would be 
consistent with cooling and drying simulated with a drop from 
1000 to 560 ppmV. In addition, model results support our data 
interpretations and quantify the cooling and drying across the EOT 
from ca. 7 to 2 ◦C and 700 to 600 mm a−1 (or perhaps larger 
based on the proxy interpretations), but with a cooling-associated 
δDprecip shift of only about −15� at the tip of the Antarctic Penin-
sula, as well as much larger magnitude changes which occurred 
inland. Our leaf wax, pollen and model results together provide 
compelling evidence of changes in terrestrial vegetation and hydro-
logical conditions in the lead up to the EOT. We directly link these 
terrestrial changes to the global-scale changes in climate via model 
experiments forced with pCO2 to extend our analysis through the 
EOT, finding that most drying occurs in the late stages of the tran-
sition to full Antarctic glaciation.
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