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It is generally believed that a large scale Antarctic ice sheet formed at the Eocene-Oligocene transition
(34.44-33.65 Ma). However, oxygen isotope excursions during the late Eocene (38-34 Ma) and geomorphic
evidence of glacial erosion suggest that there were ephemeral continental scale glaciations before the
0i-1 event. Here, we investigate the Antarctic ice sheet evolution over a multi-million year timescale
during the late Eocene up to the early Oligocene with the most recent estimates of carbon dioxide
evolution over this time period and different bedrock elevation reconstructions. A novel ice sheet-climate

Keywords: modelling approach is applied where the Antarctic ice sheet model VUB-AISMPALEO is coupled to the
Antarctica emulated climate from HadSM3 using the coupler CLISEMv1.0. Our modelling results show that short-
late Eocene lived continental scale Antarctic glaciation might have occurred during the late Eocene when austral
ice sheets summer insolation reached a minimum in a narrow range of carbon dioxide concentrations. The Antarctic
Eocelm:'O“gocene transition ice sheet first reached the coast in Prydz Bay and later in the Weddell Sea region, supporting the
emulator

glaciomarine sediments dated prior to the EOT.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC

license (http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

The Early Eocene Climatic Optimum (52-50 Ma) was the
warmest long-term episode in Cenozoic climate history and was
followed by a long-term cooling trend - interrupted by the Middle
Eocene Climatic Optimum (~40 Ma) - culminating at the Eocene-
Oligocene Transition (~34 Ma), when it is widely recognized that
a continental scale Antarctic ice sheet was formed (Coxall et al.,
2005; Lear et al., 2008). There is a long-standing discussion on the
decisive actors favouring Antarctic ice sheet growth at the Eocene-
Oligocene transition. The cooling and glaciation of the Antarctic
continent has been attributed to a long-term declining trend in
carbon dioxide concentrations as indicated by proxies (Pagani et
al., 2011; Zhang et al., 2013; Tremblin et al., 2016) and sup-
ported by modelling studies (DeConto and Pollard, 2003a; Ladant
et al, 2014). Others suggested that the cooling associated with
the opening of the Antarctic Seaways and the thermal isolation of
the Antarctic continent were the main driver for Antarctic glacia-
tion (Kennett, 1977; Bijl et al., 2013). More recently, Goldner et al.
(2014) concluded that oceanic cooling was a significant feedback
on Antarctic ice sheet growth.

New insights suggest that the Southern Ocean cooling might
have been caused by increased polar amplification with amplified
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temperature gradients and increased wind strengths that invig-
orated the Antarctic Circumpolar Current (Houben et al., 2019).
Hence, the main driver of Antarctic glaciation would be atmo-
spheric cooling rather than deepening of the Tasman gateway. On
the other hand, the opening of the Southern Ocean gateways led
to biological productivity changes and this might have caused a
decrease in CO, concentrations (Scher and Martin, 2006), pointing
towards an indirect causal effect of the ocean gateway opening.
The CO, threshold for Antarctic ice sheet glaciation at the EOT
is thought to have been somewhere between 790 ppmv (DeConto
and Pollard, 2003a) and 900 ppmv (Ladant et al., 2014), and esti-
mates of this threshold depend on the model and on the applied
boundary conditions (Gasson et al., 2014).

Deep sea benthic foraminifera suggest a global cooling in com-
bination with ice sheet growth at the Eocene-Oligocene Transition
(EOT; ~34 Ma). The benthic oxygen isotope record is marked by
a two-step increase of 1.5%o in the benthic oxygen isotope record
at 33.65 Ma. This marks the Oi-1 event, which is commonly inter-
preted as the signature of Antarctic ice sheet reaching a continen-
tal scale for the first time (Coxall et al., 2005; Lear et al., 2008). The
transition of the Eocene hothouse to the Oligocene icehouse is pre-
ceded by the so called middle to late Eocene ‘doubthouse’ (Abels
et al, 2011), when the climate cooled and ephemeral glaciations
on Antarctica took place. The overall atmospheric CO, concentra-
tion trend was downwards, but strong oscillations occurred and
CO; levels might have reached the glaciation threshold (Pagani et
al., 2011).
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Fig. 1. (a): Polar stereographic projection south of 50°S for the present-day topography and bathymetry of the Southern Ocean and Antarctica. The red dots are locations
where evidence for late Eocene glaciations is found: (1) sedimentological record from the Weddell Sea region (Carter et al., 2017), (2) sedimentological record from Prydz
Bay (Passchier et al., 2017), (3) geochemical evidence from Kerguelen Plateau (Scher et al., 2014), (4) sedimentological record from Sabrina Coast (Gulick et al., 2017). The
blue dot (5) indicates the location where the first glacial sediments date to 34.1 Ma (Galeotti et al., 2016). (b): Reconstructed palaeotopography and palaeobathymetry during
the late Eocene. Bedrock reconstruction after Paxman et al. (2019) and palaeogeographic reconstruction after Baatsen et al. (2016). SP = South Pole, DML = Dronning Maud
Land. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

The first stages of mountain glaciation likely began on the
Antarctic Peninsula between 37 Ma and 34 Ma (Anderson et al.,
2011). These short-lived glaciations are thought to have been small
and limited to the highest elevations of Antarctica. Recent interpre-
tations of Cenozoic sedimentary records from the Southern Ocean
(Gulick et al., 2017) and oxygen isotope records located close to
the Antarctic continent (Scher et al, 2014) show evidence for
ephemeral middle-late Eocene ice in Antarctica (Fig. 1). These late
Eocene glaciations are consistent with estimates of global sea-level
changes of up to 40 m (Peters et al., 2010). The Priabonian Oxygen
Isotope Maximum (PrOM) event at 37.3 Ma is interpreted as a first
continental scale glaciation (Scher et al., 2014). Carter et al. (2017)
attributes the deposition of glacial eroded material in the Weddell
Sea region between 36.5 Ma and 33 Ma to the existence of con-
tinental scale Antarctic glaciation well before the oxygen isotope
excursion at the EOT. In the vicinity of Prydz Bay, glaciomarine
sedimentation suggests that mountain glaciation was present at
35.9 Ma (Passchier et al.,, 2017) while in the Ross Sea, the first
glacial sediments are only found around 34.1 Ma (Galeotti et al.,
2016).

The geomorphic and isotopic evidence for late Eocene glacia-
tions has not been supported by experiments with numerical mod-
els. Simulations suggest a sharp transition towards a glaciated
state, and a strong hysteresis effect once the ice sheet reaches a
continental scale (DeConto and Pollard, 2003b; Pollard and De-
Conto, 2005). This implies that once the ice sheet grows to a fully
glaciated state, it is hard to make it disappear again. In this study,
the potential for ephemeral late Eocene glaciations is investigated
in order to see if the sedimentological data, that suggest continen-
tal scale ice sheet growth prior to the EOT, can be supported by
a modelling effort. The dynamics of the Antarctic ice sheet will
be assessed and insights in the timing and size of the ephemeral
glaciations will be acquired. Therefore, we present transient ice
sheet-climate simulations using a Gaussian process emulator over
a multi-million year timescale starting during the late Eocene (38

Ma) up to the early Oligocene (32 Ma). We make use of recent CO;
compilations in combination with the newest Antarctic bedrock to-
pography reconstructions for the late Eocene.

2. Model description

The different models used in this study are the climate model
HadSM3 and the ice sheet model AISMPALEO. The models in-
teract with one another through the Gaussian process emulator
CLISEMv1.0 (Van Breedam et al., 2021b).

2.1. Climate model HadSM3

The general circulation model HadSM3 (Williams et al., 2001) is
used in this study to provide the climate forcing. The atmospheric
component of the climate model has a horizontal resolution of
2.5° x 3.75°, with 19 levels in the vertical on a hybrid vertical
coordinate (Pope et al., 2000). The slab ocean model lacks ocean
dynamics and sea surface temperatures (SSTs) are prescribed based
on a best fit from observations for the late Eocene between 36 Ma
and 34 Ma (Evans et al., 2018; Fig. 2b). These SST are needed to
calibrate the anomalous heat convergence in a coupled slab ocean-
atmospheric model. The MOSES-1 land surface scheme is used to
calculate the fluxes between the surface and the atmosphere (Cox
et al,, 1999). The albedo on the Antarctic continent is representa-
tive for tundra-like vegetation except where ice is present and the
solar constant is 1360 Wm™2.

The palaeogeographic reconstruction for the simulations is
based on the method presented in Baatsen et al. (2016) and makes
use of the Gplates software. The reconstruction is representative
for the continental configuration at 39 Ma. The reconstructed ele-
vations take into account a middle to late Eocene mean sea level
that was 100 m higher than today, combining the effects of no land
ice, thermosteric sea-level rise from a warmer ocean and ocean
basin size changes (Wright et al., 2020). The method gives the
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Fig. 2. (a) Palaeogeography and palaeotopography for the late Eocene using the van
Hinsbergen et al. (2015) rotation. Reconstructions are performed with the GPlates
software. The palaeotopography is derived from Baatsen et al. (2016). (b) Sea surface
temperatures used as input for the slab ocean model as a best estimate (quadratic
fit) from the compilation of Evans et al. (2018) for the period from 34 Ma to 36 Ma.

choice for different rotational models. We applied the one by van
Hinsbergen et al. (2015). As a result of the rotational model, the
position of the Antarctic continent is slightly shifted with respect
to the present-day. The Antarctic bedrock elevation comes from
the Wilson et al. (2012) maximum bedrock elevation reconstruc-
tion at 34 Ma. Additional sensitivity runs with the ice sheet model
are performed for the Wilson et al. (2012) minimum bedrock to-
pography reconstruction and the minimum and maximum bedrock
elevation estimates from Paxman et al. (2019; Fig. 3). These recon-
structions are based on erosion models and models that take into
account thermal subsidence and plate movements. In order to cap-
ture the full uncertainty associated with the Wilson et al. (2012)
and the Paxman et al. (2019) reconstructions, the high resolution
reconstructions are regridded to the 40 km ice sheet model res-
olution. In each grid cell of the ice sheet model, the highest and
lowest value for respectively the maximum and minimum bedrock
topography estimates are selected and assigned to the ice sheet
model grid. Overall the Paxman et al. (2019) bedrock topogra-
phy reconstructions at 34 Ma have a lower topography than the
Wilson et al. (2012) reconstruction. This is most obvious in West
Antarctica and the Wilkes basin. The differences between the min-
imum and maximum bedrock topography estimate from Wilson
et al. (2012) are most pronounced in West-Antarctica with vari-
ations exceeding 1000 m. Another remarkable difference is that
the Paxman minimum bedrock topography lacks the Transantarctic
Mountains, while the other five reconstructions show a significant
elevation there.

2.2. Ice sheet model AISMPALEO

The Antarctic ice sheet model AISMPALEO is a three-dimen-
sional thermomechanical ice sheet/ice shelf model (Huybrechts,
2002). The model has been used most recently for simulating ice
sheet dynamics for periods in the past (Goelzer et al., 2016; Van
Breedam et al., 2021a) and the future (Van Breedam et al., 2020).
The Shallow Ice Approximation is used to calculate the grounded
ice flow, resulting from internal deformation and basal sliding
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where the pressure melting point is reached. AISMPALEO includes
an isostasy model taking into account the solid Earth response due
to ice mass addition and removal. This component consists of a
lithosphere with a certain rigidity on top of a viscous astheno-
sphere to allow for deviations from local isostatic loading. The
surface mass balance is computed using the computationally effi-
cient Positive Degree Day (PDD) method (Janssens and Huybrechts,
2000). This method calculates the yearly sum of daily average tem-
peratures above 0°C, which is used to determine the melt poten-
tial. To take into account the effect of random weather fluctuations
and the daily cycle, the standard deviation of the mean daily tem-
perature is included with a value of 4.2 °C. The difference in snow
and ice albedo in the ice sheet model is taken into account by us-
ing a PDD factor for snow melting of 2.7 mm ice equivalent (i.e.)
per °C per day and a PDD factor for ice melting of 7.9 mm i.e. per
°C per day. Monthly mean temperature and precipitation are used
from HadSM3 to estimate the PDD sum. The rain limit is chosen at
1°C and determines whether precipitation falls as snow or as rain.
A parameterization of meltwater retention allows runoff to be re-
tarded and/or to eventually refreeze in the snowpack. The ice shelf
model is included whenever the grounded ice reaches the ocean.
The ocean was warm compared to the present-day. Since it is im-
possible to reconstruct these past shelf melt rates, a constant shelf
melt rate of 10 m per year is applied everywhere. The grounding
line is calculated in a one grid cell wide transition zone between
the grounded ice and the floating ice where all stress components
are considered. The ice shelves also lose mass by surface ablation.
The ice sheet model is run at a resolution of 40 km to allow for
long time integrations.

2.3. The Gaussian process emulator: CLISEMv1.0

We use the Gaussian process emulator CLISEMv1.0 to estimate
the climate from a predefined number of climate model runs. The
set-up of the emulator is identical to EMULATOR_20 calibrated
on ice volume, presented in Van Breedam et al. (2021a, 2021b).
In short, 100 experiments are performed with the climate model
HadSM3 with each a different combination of orbital parameters,
CO3, and 20 predefined ice sheet geometries that differ in ice vol-
ume, albedo, elevation and vegetation (tundra albedo where no
ice is present) on the Antarctic continent. The ice volume used
in the emulator is between 0.236 x 10 km? and 32.9 x 10% km3
for the smallest and largest ice sheet geometry, respectively. The
ice sheet snapshots are chosen to have a good spread between all
geometries in terms of ice volume. The CO; interval ranges from
550 ppmv to 1150 ppmv, roughly equivalent to 2 x pre-industrial
CO; (280 ppmv) to 4 x pre-industrial CO;. CLISEMv1.0 is calibrated
based on the orbital parameters, the CO, concentration and the ice
sheet volume of a training set of 100 experiments. After the cali-
bration process, the emulator is able to predict the climatic model
variables used by the ice sheet model (temperature and precipita-
tion) for any combination of the external forcing parameters within
the domain of the training set. All simulations are ran with a cou-
pling time step of 500 years, since it has been shown that a larger
timestep might overestimate the ice sheet response to the forcing
(Van Breedam et al,, 2021a).

3. Experimental set-up

The simulations span the interval between 38 Ma and 32 Ma,
such as to include the cooling trend after the Mid Eocene Cli-
matic Optimum (MECO; 40 Myr) and the EOT (defined between
34.44 Ma and 33.65 Ma in line with Hutchinson et al., 2021). The
time interval also spans the entire Priabonian stage during which
episodes of continental scale glaciations are observed in the geo-
logical record. The main external forcing for the multi-millennial
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black line shows the best fit for the CO, concentration through all data points. The median estimate from each study is chosen. The solid grey line shows the mean CO;
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the presumed CO, glaciation threshold interval between 780 ppmv and 900 ppmv (DeConto and Pollard, 2003a; Ladant et al., 2014). The EOT interval is indicated by the

orange vertical lines between 34.44 Ma and 33.65 Ma.

experiments comes from the orbital forcing and the greenhouse
gases forcing (only carbon dioxide on these long timescales). At
the MECO, it is thought that ice was not present on Antarctica and
all ice sheet simulations start from ice-free conditions. The recon-
structed CO, pathway is based on available data from Pagani et al.
(2005), Pearson et al. (2009), Zhang et al. (2013), Anagnostou et
al. (2016) and Tremblin et al. (2016). These data are reconstructed
based on boron isotopes and carbon isotopes in alkenones and coc-
coliths. The mean CO; estimate is always taken from each of the
studies. There are large uncertainties associated with the mean es-
timate (roughly between +200 ppmv to £500 ppmv), but since
the errors differ for the different proxies and also as a function
of time, it is chosen to perform all the simulations based on the
mean CO; estimates. The resulting CO, forcing consists of a multi-
proxy CO, reconstruction to investigate the temporal variations in
CO,, in combination with single proxy reconstruction from Zhang
et al. (2013) and Tremblin et al. (2016). The orbital parameters are
taken from Laskar et al. (2011), an improved orbital parameter so-
lution compared to the study from Laskar et al. (2004). The error
on the phases of the orbital solution is small up to 40 Ma ago.

The main error arises from the uncertainty to tidal dissipation,
a process that slows the Earth’s rotation. For a tidal dissipation
uncertainty up to 5%, the solutions for obliquity and precession
remain valid up to 40 Myr. The mean austral summer insolation
(December-January-February) at 65°S is calculated to indicate time
periods when conditions were favourable for ice sheet growth. The
absence of extreme insolation values caused by a low eccentricity
around 33.65 Ma are thought to have aided ice sheet growth at the
EOT (Coxall et al., 2005). (See Fig. 4.)

4. Results

The ice sheet evolution during the Priabonian and early Eocene
from 38 Ma to 32 Ma is shown for the mean bedrock reconstruc-
tion from Wilson et al. (2012) and the median bedrock recon-
struction from Paxman et al. (2019) in section 4.1. The uncertainty
to different CO, reconstructions and to minimum and maximum
estimates for the two bedrock topography reconstructions is in-
vestigated in section 4.2. Section 4.3 shows the influence of the
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Fig. 5. CO, compilation based on data from Pagani et al. (2005), Pearson et al. (2009), Zhang et al. (2013), Anagnostou et al. (2016) and Tremblin et al. (2016). The size of
the Antarctic ice sheet is shown at several snapshots for the Wilson mean and Paxman median bedrock topographies.

uncertainty in the dating of the carbon dioxide reconstructions
during a short drop in the CO; reconstructions.

4.1. Ice sheet evolution using the CO, compilation for the mean bedrock
topography reconstructions

The reconstructed CO, compilation is based on a best fit from
the available CO, estimates from Pagani et al. (2005), Pearson et al.
(2009), Zhang et al. (2013), Anagnostou et al. (2016) and Tremblin
et al. (2016). All CO, data are the mean estimates based on dif-
ferent proxies. The simulated ice sheet evolution displays several
partial glaciation episodes, which occur when CO; drops below
identifiable thresholds (Fig. 5). The length of the CO, drop and the
orbital forcing at this time determines the size of the ice sheet. For
instance, the CO; minimum at 37.1 Ma is of similar magnitude as
the CO, minimum at 36.0 Ma, but the cold austral summer config-
uration at 37.1 Ma allows for a stronger ice sheet growth. The ice
sheet growth is most pronounced using the mean bedrock estimate
from Wilson et al. (2012) and less widespread using the Paxman
et al. (2019) median bedrock topography. The continental scale ice
sheet is also melting again entirely when the CO, values exceed
900 to 1000 ppmv using respectively the Paxman et al. (2019) or
Wilson et al. (2012) mean bedrock topography reconstructions, de-
pending on the orbital forcing at the time. Continental-scale late
Eocene glaciations are modelled during the period between 35.2
and 35 Ma and medium-sized ice sheet at 37.01 Ma and 36.90 Ma
for both bedrock topographies.

Looking at the spatial pattern of glaciation, the ice sheet
reaches the coast in the Weddell Sea region and Prydz Bay, but for
a very limited part in the Ross Sea region. These icebergs transport
ice rafted debris and therefore, the presence of iceberg calving is a
good indicator for the localisation of glacial eroded sediments. The
time evolution of the iceberg calving rate is visualised for two dif-
ferent sectors around the Antarctic ice sheet where evidence for
pre-EOT glaciations is found. Our simulations show that the ice
sheet first reaches the coast in Prydz Bay and only later in the
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Fig. 6. Iceberg calving along (a) Prydz Bay and (b) Sabrina coast using the mean
bedrock topography from Wilson et al. (2012) and the median bedrock topography
from Paxman et al. (2019).

other sectors such as the Weddell Sea and the Ross Sea when the
ice sheet has a (nearly) continental size. Especially along Sabrina
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Coast, icebergs calve each time the ice sheet volume increase to a
medium sized ice sheet (Fig. 6). Passchier et al. (2017) suggested
that the ice sheet grounding line reached the coast in Prydz Bay
prior to the EOT based on a 400 m thick sedimentological record,
while Gulick et al. (2017) identified several episodes with glacial
eroded sediments during the late Eocene along Sabrina Coast. Our
results confirm the existence of these glacial events reaching the
coast prior to the EOT.

4.2. Sensitivity to different CO, curves and bedrock elevation
reconstructions

The sensitivity to different CO, reconstructions is tested by run-
ning the simulations for the CO, reconstruction from Zhang et al.
(2013) and Tremblin et al. (2016) that span the entire late Eocene
period (38 - 34.44 Ma), the EOT (34.44 - 33.65 Ma) and the early
Oligocene (33.65 Ma - 32 Ma). Additionally, the simulations are
run for the minimum and maximum bedrock reconstructions from
Wilson et al. (2012) and Paxman et al. (2019).

The resulting ice sheet evolution is visualised in Fig. 7 for the
CO, data from Zhang et al. (2013) and Tremblin et al. (2016). The
ice sheet does not grow to a fully glaciated state as long as CO;
concentrations exceed 900 ppm. The threshold to continental scale
glaciation is around 880 ppm for the Wilson maximum topogra-
phy and the Paxman maximum topography reconstruction, while
the CO, threshold for continental scale glaciation is below 750
ppm using the Wilson minimum topography. The CO; curve from

Zhang et al. (2013) shows a first major decline in CO, around 33.6
Ma and the Antarctic ice sheet grows to a continental scale for
all the different bedrock topographies, except the minimum esti-
mate from Paxman et al. (2019). The CO, curve falls below the
glaciation threshold of about 880 ppm at 35.35 Ma for the high
bedrock topography estimates and the ice sheets grows towards a
continental scale. The simulations forced by the CO, reconstruc-
tion from Tremblin et al. (2016) only cross the glaciation threshold
around 34 Ma for the maximum and mean bedrock topography es-
timates from Wilson et al. (2012) and around 33.5 Ma for all but
the minimum Paxman et al. (2019) bedrock topography estimate.

The uncertainty in the glaciation threshold between minimum
and maximum bedrock topographies is quite large. The minimum
bedrock topography from Paxman et al. (2019) does not allow for
the build-up of a large ice sheet at the EOT because of the lack
of the Transantarctic Mountains as a centre for the accumulation
of ice. Using the maximum bedrock topographies, the continental
scale ice sheet is more stable because of the larger glaciated area
and the higher surface elevation of the ice sheet.

4.3. Sensitivity to the dating of the CO; reconstructions

In this section, the sensitivity of the ice sheet evolution to the
dating of the carbon dioxide reconstructions is investigated. The
short CO, drop around 36.9 Ma for the full CO, compilation is
used to see if the timing of CO, highs and lows relative to the
orbital forcing has a strong influence on the ice sheet growth. The
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Fig. 8. [llustration of uncertainties in the dating of the CO, forcing relative to the orbital forcing and its influence on the ice sheet volume growth. The red dot indicates the
present location of the minimum in the CO, concentration in the selected interval. The black dots indicate the location of the minimum for the shifted CO, curve with 20,
40, 60, 80, 100, 120, 140, 160, 180 and 200 kyr in both directions along the time axis. The green dots indicate the occurrence of a minimum in the CO, curve concomitant
with a maximum ice sheet growth. (a) Shift in the CO; forcing compared to the obliquity. (b) Shift in the CO, forcing compared to the eccentricity. (c) Shift in the CO,
forcing compared to the summer insolation at 65°S. (d) Maximum ice sheet volume for a shift in the CO, curves.

estimates of atmospheric CO, come with an uncertainty both in
the exact value as in the timing. The uncertainty related to the
timing is variable and is dependent on the age that is retrieved
from the proxies. For CO; estimates during the late Eocene, the
uncertainty in the timing of a CO; reconstructions goes up to 300
kyr (Anagnostou et al., 2016). The CO, curves are shifted along the
time-axis with 20 kyr, 40 kyr, 60 kyr, 80 kyr, 100 kyr, 120 kyr, 140
kyr, 160 kyr, 180 kyr and 200 kyr in both directions. This way, the
full uncertainty in the timing of the CO, curves is captured and
the influence of the short-term (~100 kyr) and long-term periods
(~405 kyr) of the eccentricity are explored, while the interval of
20 kyr captures the influence of the precession.

The ice sheet response is very sensitive to the timing of a CO,
drop relative to the orbital forcing. Depending on the relative tim-
ing, the ice sheet volume ranges between 8.7 and 13.4 x 10% km?
using the Paxman median topography and 10.6 and 18.6 x 106 km?
using the Wilson mean topography. The CO; threshold falls to 770
ppmv (the glaciation threshold for the mean Wilson and Paxman
topographies) at 36.9 Ma. However, only during very favourable or-
bital conditions (low values for the obliquity and the eccentricity
and aphelion during austral summer), the ice sheet can build-up
to a continental scale ice sheet.

It takes typically about 50 kyr to build-up a continental scale
Antarctic ice sheet. That means that the optimal orbital parameters
need to be sustained for a similar time in order that the ice-albedo
feedback and the height-mass balance feedback are able to make
the ice sheet grow beyond a critical threshold. Since the preces-
sion and the obliquity have a shorter period than the typical time
to initiate the feedbacks involved in ice sheet growth, the role of
the eccentricity is significant. The eccentricity determines the am-
plitude of the insolation curve. For a high eccentricity, the austral
summer insolation is minimal in combination with low obliquity
and the position of the Earth in aphelion in austral summer. How-
ever, the opposite is true about 10 kyr later when the position of

the Earth is in perihelion during the austral summer, leading to
a very high insolation in austral summer. Between 37.2 Ma and
36.6 Ma, the lowest relative maximum in the ~405 kyr eccen-
tricity cycle exceeds 0.035 and the ice sheet does not grow to a
full continental scale, even for a low obliquity and the Earth in
aphelion during the austral summer (Fig. 8). Because of the long
response time of ice sheets to the forcing, the insolation curve
needs to remain low (below levels that would cause substantial
ice loss) for more than 10 kyr and hence a low eccentricity is nec-
essary to induce glacial conditions. In this case, the ice sheet does
not melt much in the absence of a summer insolation maximum
and continues to grow during the next insolation minimum. Since
the minimum summer insolation is not sustained for a sufficient
time during the selected interval, the maximum ice sheet growth
is achieved during minima in the obliquity and minima in the ec-
centricity and stays below the continental scale (Fig. 8).

Overall, by just changing the timing of the short drop in the
CO, curve relative to the insolation forcing, the ice sheet geome-
try ranges from isolated ice caps in Dronning Maud Land and the
Gamburtsev Mountains up to an ice sheet that covers about half of
the continent for both the Wilson mean bedrock topography and
the Paxman median bedrock topography.

5. Discussion

Although the overall trend in atmospheric CO; concentrations
is declining throughout the late Eocene, there is a large temporal
variability, especially when combining the atmospheric CO;, esti-
mates from different sources. Using these temporally variable CO;
reconstructions, the Antarctic ice sheet grows to a (nearly) conti-
nental scale and declines when CO, values exceed a threshold. It
appears that our estimates of the CO, threshold are highly sen-
sitive to the applied bedrock topography. The threshold to full
glaciation for the lowest bedrock topography is below 620 ppmv,
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Table 1

The different thresholds in atmospheric CO, concentrations for a given bedrock
topography leading to glaciation of the Antarctic continent. In case multiple thresh-
olds are identified for different values of the orbital forcing, a range in the CO,
threshold to glaciation is given.

Bedrock topography CO, threshold to glaciation (ppmv)

Minimum (Paxman et al., 2019) < 620
Minimum (Wilson et al., 2012) 680
Median (Paxman et al., 2019) 680-750
Mean (Wilson et al., 2012) 700-800
Maximum (Paxman et al., 2019) 700
Maximum (Wilson et al., 2012) 800-880

while the ice sheet can grow to a continental scale for an atmo-
spheric CO, concentration of about 880 ppmv using the highest
bedrock topography (Table 1). The experiments forced by the vari-
able orbital parameters and CO, reconstructions indicate that there
is a range in the CO, threshold to glaciation for a given bedrock
topography depending on the orbital forcing. The ice sheet volume
at the EOT is also dependent on the bedrock topography used and
ranges from 14 x 10% km?> for the Paxman et al. (2019) minimum
topography up to 33 x 108 km? for the Wilson et al. (2012) max-
imum bedrock topography. According to Wilson et al. (2013), the
simulated ice sheet volume at the EOT could have ranged between
33 and 36 x 10% km? in case the entire land area would have been
ice covered. The simulated continental-scale ice sheet volume for
the Paxman et al. (2019) median bedrock topography is 30 x 108
km?3. This is exactly between the simulated ice volume of 28 x 106
km® and 32 x 10% km? for the same topography (Paxman et al.,
2020), where the lower volume estimate came from simulations
forced with a CO, concentration of 840 ppmv and the higher vol-
ume estimate for a CO, forcing of 280 ppmv.

In our simulations, the uncertainty in the estimates of the
CO, reconstructions itself is not investigated. Steinthorsdottir et al.
(2016) found that terrestrial CO, proxies indicate significant lower
CO; values during the late Eocene and Oligocene than marine-
based CO, proxies. Recently, a reassessment of the uncertainty of
the available CO, proxies based on carbon isotopes in alkenones
and boron isotopes in planktic foraminifera was made (Rae et al.,
2021). Although the reliability of their updated CO, reconstruc-
tions before the Miocene decreases, the new atmospheric CO,
estimates are generally lower. This implies that the threshold to
continental-scale glaciation might have been reached more fre-
quently during the period prior to the EOT and for lower elevations
of the bedrock topography.

We have used prescribed CO, variations to force the cli-
mate. Possibly, CO, variations could have occurred on an orbital
timescale in a similar way as during the Quaternary (Lisiecki,
2010). Specifically, the CO, variations at around 37 Ma have a
period of about 100 kyr or about an eccentricity cycle. It is pro-
posed that eccentricity has paced the carbon cycle during the late
Eocene to early Oligocene, with a strong influence of the continen-
tal ice volume, atmospheric circulation patterns and tectonic uplift
on the interaction between the carbon cycle and the climate (De
Vleeschouwer et al., 2020).

As shown during short-term drops in the CO, forcing, the role
of the orbital parameters configuration is substantial. The austral
summer insolation is paced by the precession, but the ice sheet
can grow most when eccentricity is low. The coldest austral sum-
mers occur with a combination of high eccentricity, low obliquity
and aphelion during the austral summer. In the simulations from
DeConto and Pollard (2003b) the ice sheet responds quickly to this
cold summer orbit and grows over most of East Antarctica. Their
simulations were however based on snapshot experiments and not
integrated over an eccentricity cycle. Liebrand et al. (2011) found
that Antarctic ice sheet expansion during the Miocene was mostly
governed by the long-term eccentricity period (400 kyr). Right be-
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fore the eccentricity reached the minimum, the ice sheet rapidly
expanded. The correlation between low eccentricity and maximum
ice sheet advance was also supported by Levy et al. (2016) during
the early to mid-Miocene.

The simulations in this study showed that several continental
scale ice sheets have been modelled prior to the EOT using the
median and mean bedrock topography estimates from Paxman et
al. (2019) and Wilson et al. (2012). Using our independent full CO,
reconstruction, continental scale glaciations are modelled around
37.01-36.9 Myr and 35.2-35.0 Myr ago. The benthic §'80 excursion
during the PrOM, indicating ice volume expansion and/or ocean
cooling, occurred around 37.3 Ma and lasted about 140 kyr (Scher
et al., 2014). The Vonhof cooling event (~35.8 Ma) is a 1-kyr long
event observed as an increase of ~0.5%c in the 880 record and
most likely explained by an increase in the volume of terrestrial
ice (Vonhof et al, 2000; Sliwifiska et al, 2019). The reason for
the cooling event might have been a decrease in carbon dioxide
concentrations or a prolonged period of high comet influx that
caused the climate to cool (Vonhof et al., 2000). Given the uncer-
tainty in the dating of both the benthic §'80 record and the CO,
reconstructions, our modelled glaciation events occur at a time
close to the observed §'80 excursions at the PrOM and the Vonhof
cooling event. At 36 Ma, global sea-level is thought to have low-
ered by about 40 m, most likely due to ice sheet volume changes
on Antarctica (Peters et al., 2010). Tibbett et al. (2021) identified
warming intervals near Prydz Bay at 35.7 Ma and 34.7 Ma, before
and after the glaciation that is present using the full CO; compila-
tion.

Our simulations show that the ice sheet plausibly grew to a
continental scale prior to the EOT for the mean and maximum
bedrock topographies (but not for the minimum bedrock topogra-
phies) and declined again when CO, values exceeded the bedrock
dependent CO, threshold. The ephemeral nature of the early Ceno-
zoic Antarctic ice sheet is a remarkable finding, which may seem
to contradict earlier findings that the Antarctic ice sheet was very
stable once it grew to a continental scale (DeConto and Pollard,
2003b; Ladant et al., 2014). However, these studies did not inves-
tigate the sensitivity of the early Cenozoic ice sheet for temporally
variable CO; reconstructions. Threshold behaviour was identified
with a strong hysteresis between ice sheet growth and ice sheet
decline (Pollard and DeConto, 2005). Gasson et al. (2016) modelled
a similar behaviour for the Antarctic ice sheet during the Miocene
with a strong variability in a narrow range of carbon dioxide con-
centrations.

Simulating the Antarctic ice sheet evolution on a multi-million
year timescale requires some considerations about the erosion of
the bedrock. Each time the ice sheet grows and declines, it par-
tially erodes the underlying surface. As a consequence of the ero-
sion, the land surface will also experience uplift due to mass un-
loading. Therefore, the assumption of a fixed bedrock topography
is not entirely realistic. The maximum bedrock topography esti-
mate is a reasonable estimate for initial conditions, but throughout
time the bedrock erodes and the surface topography lowers. How-
ever, erosion of the land surface is a very slow process and the
differences might be minor on a timescale of a few million years.
The land area at the EOT was about 25% larger at the EOT than
at the present-day, with an average decrease in the bed elevation
of about 200 m over the last 34 Myr (Paxman et al.,, 2019). The
higher topography also made the Antarctic ice sheet prone to grow
for higher CO, concentrations than during later periods such as the
Miocene when erosion had lowered the land.

Our modelling approach did not include a dynamic ocean
model and therefore, the bulk ocean temperatures are not calcu-
lated throughout time and ocean circulation is not considered. This
is arguably the largest caveat of this study because of the ocean’s
influence on the climate. Gasson et al. (2014) used HadCM3L with
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a dynamic ocean to determine the atmospheric CO, threshold to
glaciation and found it to be lower than 560 ppmv. In their study,
the boundary conditions were different, most notably the orbital
parameters, which were taken at their present-day values. The
simulations were also one-way forced, meaning that the ice-albedo
feedback was not taken into account. Therefore, the difference in
model response cannot uniquely be attributed to the inclusion of
a dynamic ocean model. Varying oceanic temperatures could also
have influenced the ice shelf melt rate, even though this is of lesser
importance in this study because the simulated Antarctic glacia-
tion is largely terrestrial and driven by the surface mass balance.
Another process connected to a dynamic ocean is the influence of
freshwater fluxes originating from the ice sheet on Antarctic bot-
tom water formation. It is thought that the release of freshwater
fluxes influences the ocean circulation and cools the ocean (Gold-
ner et al., 2014). However, these feedbacks play on a shorter, mil-
lennial timescale and only temporarily influence the climate (Van
Breedam et al., 2020).

6. Conclusions

In this study, we have applied a new method to simulate ice-
sheet climate interactions on a multi-million year timescale to the
late Eocene to investigate the potential for ephemeral glaciations
prior to the EOT. The geographical setting of the Antarctic conti-
nent is chosen to be representative of the late Eocene. Six different
new bedrock elevation reconstructions are used to test the influ-
ence of the elevation on the ice sheet initiation. In combination
with a set of recent CO, reconstructions, we tested the sensitivity
of the early Cenozoic Antarctic ice sheet to the palaeoenvironment
and investigated the potential to model late Eocene glaciations.

The existence of short-lived (nearly) continental scale glacia-
tions are identified during time periods when the CO, level
dropped below a threshold value of about 750-900 ppm, de-
pending on the applied bedrock topography. It is found that the
short-lived glaciations are most susceptible to grow during eccen-
tricity minima. These glaciations occur in reasonable agreement
to the timing of the PrOM oxygen isotope excursion around 37
Ma and the benthic 8§80 excursion around 35 Ma, known as the
Vonhof cooling event. In between these glacial phases, CO, levels
would have been higher and the continental scale ice sheet could
melt when a CO; threshold was exceeded during a warm austral
summer orbit.

Using the different CO, reconstructions and bedrock elevation
estimates, a continental-scale glaciation is modelled for all simu-
lations around the EOT when the CO, concentrations drop signif-
icantly, except for the Paxman minimum bedrock topography. The
glaciation threshold is however strongly dependent on the bedrock
topography used. For the minimum bedrock topographies, the CO,
threshold is not reached during the late Eocene, but only at the
EOT and for the Paxman minimum bedrock topography, CO, con-
centrations need to further decline below 650 ppmv to initiate a
continental scale ice sheet.
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