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This study evaluates the influence of plausible changes in East Antarctic Ice sheet (EAIS) thickness and the
subsequent glacio-isostatic response as a contributor to the Antarctic warming indicated by ice core records
during the Last Interglacial period (LIG). These higher temperatures have been estimated primarily using
the difference in the 6D peak (on average~15%.) in these LIG records relative to records for the Present
Interglacial (PIG). Using a preliminary exploratory modelling study, it is shown that introducing a relatively
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ls?;g‘g/s moderate reduction in the amount of thickening of the EAIS over the LIG period introduces a significant
Ice cores increase (up to 8%.) in the predicted elevation-driven only 6D signal at the central Antarctic Ice sheet (AIS)

ice core sites compared to the PIG. A sensitivity test in response to a large prescribed retreat of
marine-based ice in the Wilkes and Aurora subglacial basins (equivalent to ~7 m of global mean sea-level
rise) results in a distinct elevation signal that is resolvable within the ice core stable isotope records at
three sites (Taylor Dome, TALDICE and EPICA Dome C). These findings have two main implications. First,
EAIS elevation's only effects could account for a significant fraction of the LIG warming interpreted from
ice core records. This result highlights the need for an improved estimate to be made of the uncertainty
and size of this elevation-driven 6D signal which contributes to this LIG warming and that these effects
need to be deconvolved prior to attempting to extract a climatic-only signal from the stable isotope data.
Second, a fingerprint of significant retreat of ice in the Wilkes and Aurora basins should be detectable from
ice core &D records proximal to these basins and therefore used to constrain their contribution to elevated
LIG sea levels, after accounting for ice sheet-climate interactions not considered in our approach.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Global mean sea level (GMSL) during the Last Interglacial (LIG) is
estimated to have been between 5.5 and 10 m higher than that
during the present interglacial (PIG) (Kopp et al., 2009; Dutton and
Lambeck, 2012). A number of recent studies have considered the
possible contributions to this higher sea level. For example, thermal
expansion of the ocean produced ~0.440.3 m of GMSL rise (McKay
et al,, 2011) and melting from valley glaciers and small ice caps
could have contributed up to ~0.64-0.1 m (Radi and Hock, 2010). It
is generally agreed that by far the largest contribution must have
come from the major ice sheets; 0.4-4.4 m from the Greenland Ice
sheet (Cuffey and Marshall, 2000; Otto-Bliesner et al., 2006; Robinson
etal, 2011; Helsen et al., 2012; Quiquet et al., 2012; Stone et al., 2012;
Helsen et al., submitted for publication) and 3-6 m from the Antarctic
Ice Sheet (Bamber et al., 2009; Kopp et al.,, 2009; Gomez et al., 2010;
Bradley et al., 2012). Recent findings from the NEEM ice core (NEEM
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community members, in revision) and from ice sheet simulations
(Robinson et al, 2011; Helsen et al, 2012, Quiquet et al, 2012;
Stone et al, 2012; Born and Nisancioglu, 2012; Helsen et al.,
submitted for publication) suggest a limited (~2 m) contribution of
the Greenland ice sheet, thereby increasing the magnitude of the con-
tribution required from Antarctica.

Until recently, the central East Antarctic Ice sheet (EAIS) was
considered to have been relatively stable throughout the Pleistocene
glacial-interglacial cycles, with changes in ice sheet surface elevation
estimated to have been ~100 m (Haywood et al., 2002; Lilly et al.,
2010; Liu et al., 2010). However, recent studies concluded that large
areas of the EAIS may be susceptible to rapid mass loss (or retreat)
and that the size of the ice sheet may therefore have been reduced
during the LIG compared to the PIG (Jordan et al.,, 2010; Pierce et
al., 2011; Pingree et al., 2011). This implies that the question of EAIS
stability needs to be readdressed for the LIG. This study aims to
explore this using a comparison between ice core observations and
simulations of ice surface elevation changes (including that due to
the isostatic response of the solid Earth, a process more commonly
referred to as glacial isostatic adjustment (GIA)).
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One proposed region of large and potentially rapid mass loss is
within the Wilkes and Aurora subglacial basins (abbreviated within
this study to W-A basins, see Fig. 1). Across this region, where the
ice is grounded below sea level, the overlying ice sheet is more vul-
nerable to the impact of changes in ocean temperature. Only one
study to date has explored the possible contribution to GMSL from
the retreat of ice in this region. Gomez et al. (2010) estimated that
if all marine-grounded ice was to melt within the W-A basins (see
their Fig. 1) GMSL would increase by ~18 m. This is an extreme sce-
nario and it is used here to highlight that this sector of the EAIS has
the potential to add a significant contribution to GMSL (relative to
the PIG).

There are a number of recent studies which have proposed that
the surface temperature of the EAIS was significantly warmer during
the four preceding interglacial cycles (MIS5, MIS7, MIS9 and MIS11)
compared to the PIG (see Holden et al., 2010; Masson-Delmotte et
al., 2010; Lang and Wolff, 2011). This finding is estimated primarily
using the 800 kyr EPICA Dome C stable water isotope ice core record
(6D) (see Fig. 2a Lang and Wolff, 2011) by comparing the magnitude
of the Antarctic interglacial peak during each of these cycles to that
during the PIG. For the LIG (or during MIS5), the six available EAIS
ice core water stable isotope records (see Figs. 1 and 2) show an
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early interglacial 6D peak above PIG levels at an average 15%.
(Holden et al., 2010; Masson-Delmotte et al., 2011). This feature is
commonly referred to as the 'LIG overshoot'.

Isotope-temperature relationship studies have interpreted the LIG
overshoot to suggest temperature anomalies at least 2-5 °C above
present-day values (Jouzel et al, 2007; Sime et al., 2009; Masson-
Delmotte et al.,, 2011; Uemura et al., 2012). However, a range of factors
contribute to and drive the observed signal in these ice core observa-
tions and so a robust interpretation is not straightforward. These
include changes in temperature, moisture origin (Stenni et al., 2010;
Uemura et al., 2012) and precipitation intermittency (Laepple et al,
2011) and site elevation (resulting from both changes in ice thickness
and movement of the solid land surface) (see Masson-Delmotte et al.,
2011). While climate models do not produce significant Antarctic
warming in response to LIG orbital forcing (Holden et al., 2010;
Masson-Delmotte et al., 2010), when changes in West Antarctic ice
sheet (WAIS) topography were combined with a bipolar seesaw linked
with ocean circulation in such a models, an EAIS warming was
produced comparable to the signal derived from ice cores (Holden et
al,, 2010).

Past research into interpreting the factors driving these higher 6D
peaks has attributed most of the signal to changes in Antarctic
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Fig. 1. Contoured bedrock topography (m) using the data set from Le Brocq et al., 2010. The location of the six ice core sites (summarised in Table 1) are shown, with associated
abbreviated names and symbols. Also highlighted by the solid red box is the approximate location of the Wilkes and Aurora subglacial basins.
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Fig. 2. Comparison of the stable water isotope records, converted to D, at the six ice core sites for a time interval spanning the PIG (0-20 kyr BP; red line) and the LIG (118-139 kyr
BP; black line). Note that crosses are shown on the Taylor Dome (TD) record to emphasise the lower resolution of this record.

climate. However, a possible factor contributing to this LIG overshoot
during MIS5, and also the earlier higher interglacial peaks (MIS7,9
and MIS 11) in the ice core observations are the influence of changes
in surface elevation driven by changes in ice thickness and movement
of the solid land surface (SLS) (through the process of GIA).

This study follows the method adopted in Bradley et al. (2012)
and Siddall et al. (2012) to consider the impact of changes in sur-
face elevation on the interpretation of LIG ice core records based
on a comparison between GIA modelling and ice core evidence.
A GIA model is a geophysical model which can be used to compute
the height of the SLS in Antarctica due to a time-varying ice-ocean
load.

This paper is the first to investigate EAIS evolution during the LIG
using such a method. It takes advantage of spatial and temporal infor-
mation available from six Antarctic ice core records (Section 2) com-
bined with GIA modelling (Section 3). Three different, but plausible
ice sheet scenarios were established (Section 3) to focus on the two
issues outlined above: (1) whether an elevation driven response
may represent an important contribution to the inference of higher
LIG temperatures and (2) whether the ice core records are sensitive
to a possible collapse of marine-based ice in the W-A basins.

Table 1

2. Ice core data

There is sparse direct evidence (i.e. geomorphological field obser-
vations such as periglacial trimlines or moraines) to constrain ice
model reconstructions for the LIG (Bradley et al., 2012). Thus there
is a need to rely upon indirect evidence such as far-field sea level
data (Kopp et al., 2009) or paleoclimate data (McKay et al., 2011))
which are more complicated to interpret because of their dependence
on other ice sheets and/or processes within the climate system (see
Masson-Delmotte et al., 2011; Bradley et al., 2012). Stable water iso-
tope records obtained from ice cores (e.g. 5'80 or 8D) are a subset of
paleoclimate data and, at present there are records available from six
sites located across the EAIS (Fig. 1 and Table 1).

2.1. Ice core data: corrections and age models

Numerous factors drive changes in the ice core stable water iso-
tope record (see Masson-Delmotte et al., 2011 for a full discussion).
This study will focus primarily on the influence of variations in sur-
face elevation in driving the observed signal. We note that variations
in surface temperature will also be an important factor contributing

Summary details of the six ice core data sets and associated references used within this paper, with core locations shown on Fig. 1. Sites where the original data was accessed as 6D
or 6'80 are displayed on Fig. 1 as a red circle or blue triangle respectively. These different symbols are used throughout the paper.

Site Name Symbol Longitude Latitude Data No. of points Source

Taylor Dome D A 158.717 —77.8 9'%0 13 Grootes et al., 2001
Talos Dome TALDICE A 159.1 —72.8 9'%0 39 Stenni et al., 2010
Vostok VK [ ] 106.8 —78.47 oD 309 Jouzel et al., 1993
EPICA Dome C EDC [ 123.38 —75.1 oD 424 Jouzel et al., 2007
Dome Fuji DF A 39.7 —77.317 2'%0 64 Watanabe et al., 2003
EPICA Dronning Maud Land. EDML A 0.067 —75 0'®%0 176 EPICA members, 2006
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to the observed ice core signals but these have been considered
previously and so we focus on the former process. For example, an in-
crease in the observed 6D ice core signal may be generated by both/
either an increase in temperature and/or a fall in surface elevation.
This study will explore the elevation-driven 6D signal associated
with changes in the evolution of the EAIS and the accompanying
solid earth response over the LIG (138-118 kyr BP).

First, ice core records for the two most recent periods that include
a termination and an interglacial - Termination 2 plus the LIG
(138-118 kyr BP) and Termination 1 plus the PIG (20-0 kyr) - will
be compared (Fig. 2). These 20 kyr intervals were adopted to repre-
sent the transition from glacial-interglacial conditions, between the
Penultimate Glacial Maximum (PGM) and Last Glacial Maximum
(LGM) (~140 and 21 kyr BP, respectively) to the later part of each
interglacial period in Antarctica (118/0 kyr BP, respectively).

There are six available EAIS ice core stable water records, either as
5180 or 8D, which extend over the time intervals defined above. In
order to create a consistent framework for comparison, all the §'80
records were converted in terms of unit of 6D equivalence, using
the global meteoric water line slope of 8 (Masson-Delmotte et al.,
2008) and each record was referenced to a late-Holocene average
(mean over the last 3 kyr) defined from the initial data records.
These records extend from the start of the PGM to the present day.
The EDC3 age scale (Parrenin et al., 2007) was adopted for all six ice
core records. The locations, references and acronyms are summarised
in Table 1 with a more detailed description of the data inter-site var-
iability and the range of factors driving the observed trends given in
Masson-Delmotte et al. (2011). All six sites are located across the
East Antarctic Plateau, with three sites (VK, DF and EDC) above
3000 m and three sites (TALDICE, TD and EDML) below 3000 m ele-
vation and closer to the coast. Although the database is limited to
only six records, it provides a reasonably even geographic spread
across the EAIS, with EDML and DF located in a region of the ice
sheet facing the Atlantic ocean; VK and EDC facing the Indian ocean
and TD and TALDICE on the southern edge of the East Antarctic
Plateau, facing the Ross Sea. Amongst these sites, EDML and VK are
not located on dome summits and their isotopic variations are
affected by changes in the upstream initial origin of the ice
(Masson-Delmotte et al., 2011).

In order to compare the predictions of surface elevation generated
from the GIA model and associated ice models with the ice core re-
cords, these results need to be converted into an equivalent change
in 8D. This requires an estimate of the relationship between changes
in elevation and 8D, which is known to be complicated, varying both
spatially and temporally across an ice sheet due to changes in climate
conditions (such as variations in the moisture and changes in temper-
ature) (see Vinther et al., 2009; Masson-Delmotte et al., 2011). A recent
study that examined Antarctic modern surface data calculated an
average value lapse rate of —0.074% m~' (0.116 °Cm™!) de-
creasing to —0.06%, m™~ 'for data from only the WAIS and in-
creasing to —0.08% m~! (0.113 °C m~!) for all sites above 2000 m
(e.g. Masson-Delmotte et al., 2008). As all the ice core sites are located
at average present day elevations of >2000 m, an average value of
—0.08% m~ ' will be adopted for this study. It is noted that this value
may have been both spatially and temporally variable during the LIG
but currently there has been no study to fully explore this variability.

2.2. Data interpretation: comparing the PIG and LIG records.

On comparing the observed &D records (Fig. 2), there are some key
similarities and differences, which are summarised below.

It is apparent that the magnitude of the minimum at the onset of
the interglacial (138/20 kyr BP) and rate of rise from this minimum is
similar for the two periods considered at each individual site (compare
the black and red lines at each ice core site). In contrast, the size of the
maximum 6D peak (~128/10 kyr BP) which is taken to indicate the

timing of the climate optimum/peak temperature across AIS (see
Holden et al., 2010) is higher during the LIG compared to the PIG, on
average ~15%.. For example at DF the maximum &D peak is 15%. and
31%. for the PIG and LIG respectively. Following this peak, over the
next 2 kyr interval, most sites show a sharp fall in the 6D (more pro-
nounced over the LIG) with a secondary plateau above PIG values for
some sites (EDML, EDC, DF). Following this, there is a gradual decline
towards the later part of each interglacial to values close to present
day values. There are some differences in the pattern towards the
end of the LIG (between 126 and 118 kyr BP), which will be discussed
further below.

Over these two time intervals, the &D glacial levels (at the PGM/
LGM) and their rates of changes (a rise on average of 60%.) following
the start of these terminations (prior to the Antarctic Cold Reversal
for Termination 1) are relatively consistent. This can be taken to infer
a broadly similar climate and/or elevation signal driving the observed
trend at each of the ice core sites. It is noted that there will differences
in the style of retreat between these two glacial cycles towards the
later part of the interglacial (as illustrated on Fig. 2), specifically after
the Antarctic Cold Reversal during Termination 1 for example.

The LIG overshoot feature (Sime et al., 2009; Stenni et al., 2010;
Uemura et al., 2012) is clearly identifiable on Fig. 2, with the higher
peak in the 8D (up to 15%.) at ~128 kyr BP during the LIG compared
to the PIG at ~10 kyr BP). One of the main aims of this paper is to ex-
plore the contribution of changes in ice surface elevation to this 6D
signal. For example, a reduction in ice surface elevation during the
LIG relative to the PIG would produce a positive 6D signal that is
equivalent to the effect of warming local air mass.

While the EAIS stable isostope records are similar over the early
LIG interval, towards the end of this period (126-118 kyr BP) there
is greater inter site variability. The possible driving mechanisms of
this variability are described in greater detail in Masson-Delmotte et
al. (2011) and Bradley et al. (2012). This study does not explore in
any detail these smaller, short time scale differences. However,
there are two main differences which are worth highlighting that
may imply differences in the behaviour of the EAIS between sites to-
wards the end of the LIG. At TALDICE there is a small rise in 86D (~0%o.)
sustained for 6 kyr, compared to a steady fall at the other five sites,
ranging from —20%. (DF) to <5%. (VK). This spatial variability may
be recording differences in either the local climate at these sites
(Sime et al., 2009) or a pattern of ice sheet growth/retreat and accom-
panying impact on ice surface elevation. For example, Bradley et al.,
2012 found that it was possible to reproduce this rise in the 6D at
TALDICE by introducing an increased thinning in the EAIS along the
eastern edge of the Ross Sea which led to a fall in surface elevation,
a factor which was discussed in Masson-Delmotte et al., 2011.

3. Method
3.1. GIA model

At each ice core site, predictions of changes in surface elevation
will be generated due to (a) changes in ice thickness only calculated
from the range of input ice models described in Section 3.2, (b) verti-
cal movement of the SLS only, (c) final total surface elevation change
(i.e. the combination of (a) and (b)).

To generate the predictions of changes in surface elevation due to
the vertical movement of the SLS, a GIA model is used. A GIA model
calculates the isostatic response of the solid Earth due to a defined
surface mass redistribution between grounded ice and the ocean.
The model has three key components: a model of grounded ice evolu-
tion (see Section 3.2); an Earth model to reproduce the solid Earth de-
formation resulting from the surface mass redistribution (between
the ice sheets and oceans) and a model of sea-level change to calcu-
late the redistribution of ocean mass (e.g. Farrell and Clark, 1976).
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The first two are model inputs defined by the user and will be varied
within this study.

The input Earth model is a spherically symmetric, self-gravitating
Maxwell body, in which the elastic and density structure are taken
from a seismic model (Dziewonski and Anderson, 1981), with a depth
resolution of 10 km within the crust and 25 km in the mantle. The vis-
cous structure is more crudely parameterized into three layers: a high
viscosity (10*3 Pa s) outer shell to simulate an elastic lithosphere, an
upper mantle region of uniform viscosity extending from beneath the
lithosphere to the 660 km seismic discontinuity and a lower mantle re-
gion of uniform viscosity extending from this depth to the core-mantle
boundary. The lithosphere thickness and viscosity values within the
upper and lower mantle are user defined parameters in the modelling.
The viscosity structure beneath the Antarctic continent is most likely
characterised by significant lateral variability (Morelli and Danesi,
2004). Three Earth models are considered which aim to encompass
some of this variation: an intermediate model with a lithosphere thick-
ness of 96 km, upper and lower mantle viscosities of 5x02° Pa s and
1x 1022 Pa s, respectively; a model to represent the region below the
West Antarctic Archipelago, which is characterised by a relatively high
heat flow and so a thinner lithosphere (71 km) and weaker upper man-
tle (1x10?° Pa s); and, finally, a model more typical for colder conti-
nental cratons such as that below the EAIS, with a thicker lithosphere
(120 km) and greater upper mantle viscosity (1x10%! Pas). Note
that the viscosity of the lower mantle is the same in each of the models
considered. The parameters considered are broadly compatible with
values inferred in previous GIA studies (e.g. Forte and Mitrovica, 1996;
Davis et al., 1999; Kaufmann and Lambeck, 2002).

Within the GIA model, the redistribution of mass over the ocean
basins (or relative sea-level change) is computed in a gravitationally
self-consistent manner by solving the sea-level equation (Mitrovica
and Milne, 2003; Kendall et al., 2005) that includes a number of rela-
tively recent advances in GIA sea-level modelling: time-varying
shoreline migration, an accurate treatment of the sea level change
in regions of ablating marine-based ice and the influence of GIA per-
turbations in the Earth's rotation vector (Milne and Mitrovica, 1998;
Mitrovica et al., 2001, 2005). Once the ice-ocean mass redistribution
has been calculated, we compute vertical motion of the SLS using
the spectral approach described in Mitrovica et al., 1994.

Given that the observed 8D value is defined relative to an ‘average
present day value’ (see Section 2), it is important to ensure the same
reference point is used when predicting the final surface elevation at
each ice core site, prior to converting into an equivalent &D. To address
this, all final predictions were defined with respect to present day ice
surface elevation. This is important for two key reasons: first to ensure
a consistent reference point in time when comparing observed and
predicted 6D, and second to incorporate the effect of previous glacia-
tions on the elevation changes over the LIG, when the system may
not have returned fully to a state of equilibrium (as discussed in
Lambeck et al., 2012).

3.2. Ice models

Three Antarctic ice models are used to calculate changes in ice
thickness at each ice core site. These models, described below, are
(a) an Antarctic deglaciation model (Section 3.2.1) taken from
Bradley et al., 2012 which will be used as a reference, and two models
that are derived from this: (b) a model which includes a reduced
amount of thickening of the EAIS during the early LIG period (see
Fig. 3) (see Section 3.2.2.1), (c) a model which simulates a continued
thinning and retreat within the Wilkes and Aurora basins (W-A
basins) (see Fig. 4b) (see Section 3.2.2.2).

3.2.1. Reference ice model
The reference ice model (hereafter referred to as REF_L) is de-
scribed in an earlier study (Bradley et al., 2012) and combines the

results from three publications (a) one which developed a global ice
sheet model (Bassett et al., 2005) and (b) two AIS models for the
evolution of the ice sheet over the two most recent glacial-
interglacial cycles: (i) for the PIG (as defined here between 21-0
kyr) (Bassett et al, 2007) and (ii) the LIG (Bradley et al., 2012)
(230-118 kyr BP). Since this model (REF_L) is described in Bradley
et al,, 2012, the key elements only are summarised below.

The PIG AIS model (Bassett et al., 2007) was adapted from a
glaciological model of the AIS (Huybrechts, 2002) and calibrated, for
the evolution of the ice sheet during the PIG (Termination 1 to the
Holocene), to a suite of near field and far-field relative sea level
data. The present day extent of the AIS within this model will be
used when referencing the predicted change in surface elevation
over the LIG and subsequent conversion to &D.

For the LIG AIS model (Bradley et al., 2012), the chronology and
pattern of deglaciation were constrained using the LIG ice core data
(Fig. 2) as well as global far-field sea level records. The spatial extent
at 135 kyr BP and predicted equivalent sea level (ESL) curve (defined
relative to the Holocene) are illustrated on Figs. 3a and 4, respective-
ly, with the total ESL contribution from the model during LIG
(140-118 kyr BP) being~18.7 m (—0.4 m and 19.2 m from the EAIS
and WAIS respectively, see Table 2). Table 2 summarises the contribu-
tion to ESL from each ice model considered in this study.

It is noted that in all the AIS models developed within this paper
the extent of the AIS during the PIG remains unchanged. For evolution
of the AIS over the LIG, only the EAIS extent of the REF_L model is al-
tered with the extent of the WAIS unchanged. It is noted that within
the REF_L model, the WAIS still undergoes a significant retreat as
discussed in Bradley et al., 2012. It is important to note, however,
that the WAIS retreat in this model does not result in an elevation
signal at EAIS core sites (Bradley et al., 2012).

Following the PGM, the ice sheet undergoes two main phases of
mass change: (i) between 135 and 126 kyr BP, there is a significant
retreat and thinning across all areas of the WAIS, which drives a
~20 m rise in ESL, but a minor thickening (due to an increase in accu-
mulation rates) of the EAIS (~150 m at each ice core site) to produce
a fall in ESL of ~1 m; (ii) between 126 and 118 kyr BP, there is a
smaller but continued retreat across the WAIS and a minor thinning
(~50 m) across some regions of the EAIS, which together drive a
total rise in ESL (~3 m see Fig. 4).

3.2.2. Development of two new models for the evolution of the EAIS over
the LIG.

In this section, two new models for the evolution of the AIS over
the LIG are generated by adapting the REF_L model: (a) a model
with a reduced amount of thickening of the EAIS during the LIG,
which will be referred to as REF_THIN (Section 3.2.2.1), (b) a model
which recreates an idealised retreat within the W-A basins. This
model will be referred to as REF_WB (Section 3.2.2.2). In both of
these models only the EAIS component of the REF_L model will be al-
tered, with the WAIS component and all other ice sheets remaining
unchanged.

As briefly mentioned in the Introduction, few studies have focused
on the evolution and mass changes of the EAIS during the LIG. This is
due partly to the distinct lack of direct quantitative evidence of ice
extent/evolution as most regions of the EAIS are still ice covered and
any LIG signatures will have been overprinted by subsequent changes.
Historically, literature on the EAIS evolution throughout the Pleistocene
suggests that the EAIS was relatively stable, with changes in surface
elevation estimated to be on the order of ~100 m (see Haywood et al.,
2002; Huang et al., 2008; Lilly et al.,, 2010; Liu et al., 2010). Although
most of the research concentrated on the evolution of the ice sheet
over the PIG or earlier glacial cycles during the Pleistocene rather than
the LIG, this was the viewpoint on which the majority of LIG EAIS ice
sheets models were developed. However, it is notable that these earlier
studies did highlight some controversy regarding the assumption of
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Fig. 3. The ice thickness at various time slices for the following ice models: (a) REF-L at 135 kyr BP; (b) REF_THIN at 130 kyr BP and (d) REF_THIN at 118 kyr BP. Plots (c) and
(e) illustrate the difference in the ice thickness between the REF_L and REF_THIN ice model at 130 and 118 kyr BP, respectively. The sharp boundary evident in these plots results
from the division of the Antarctic ice sheet into two regions to represent the West and East Antarctic ice sheets separately. In these plots, negative/positive values show regions in
which REF_THIN is thinner/thicker compared to REF_L. The white regions on plots (c) and (e) mark regions of where there is no change in the ice extent. Also marked is the location
of the six ice core sites as marked on Fig. 1 with additional information given in Table 1.

EAIS stability during the LIG which is now further supported by more which the interglacial temperature is warmer than the average for the
recent studies (Hill et al., 2007; Jordan et al., 2010; Huybrechts et al., late Holocene, the EAIS may be less stable. Under such conditions, the
2011; Pingree etal.,, 2011; Wright et al,, 2012) which explore the behav- ice sheet may retreat to a smaller final extent compared to that seen
iour of the EAIS during warmer climatic periods (such as the Pliocene). for the PIG, either due to a reduced amount of thickening or an in-
These latter studies infer that during a glacial-interglacial period in creased mass loss due to significant retreat in a subglacial basin.
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Fig. 4. The predicted equivalent sea level change due to the Antarctic Ice Sheet relative
to the present day for the REF_L model (grey line), REF_THIN model (red line) and
REF_WB model (green line). The two dashed black vertical lines mark the timing of
the onset of deglaciation of the AIS (135 kyr BP) within the revised ice sheet models
and the approx. timing of the global highstand (126 kyr BP).

Therefore, to recreate the behaviour of the EAIS over the LIG, studies on
the response of the EAIS during the Pliocene were used as a guide. It is
noted that the purpose of these models is to perform an initial sensitiv-
ity study to examine plausible variations in elevation-driven &D. Thus,
the ice models are based on end member scenarios and they capture,
somewhat crudely, the key features of these scenarios. Furthermore,
we do not account for the climate impacts of changes in ice sheet topog-
raphy and meltwater fluxes.

3.2.2.1. Development of the REF_THIN ice model. The aim of the
REF_THIN model is to explore the impact of reduced EAIS thickening
over the LIG (compared to the PIG) on the elevation-driven 6D signal.
To produce the REF_THIN model, a similar method to that used in the
development of the REF_L model (as described in Bradley et al., 2012)
was adopted: the timings of changes in the observed dD records (see
Fig. 2) are used to constrain the timings of the thickening/thinning of
the EAIS during the LIG.

Between 135 and 130 kyr BP (to coincide with the early rise in the
8D record, see Fig. 2), the amount of relative thickening across the
EAIS within the REF_L is reduced by half. From 130-118 kyr BP, the
peripheral thinning in the REF_L model (across Queen Maud Land)
(Bradley et al., 2012) has been removed so that the extent of EAIS is
fixed over this period. This later revision to the REF_L model is more
consistent with the pattern of surface elevation change across the
EAIS simulated in other AIS ice sheet models (Lilly et al., 2010;
Denton, 2011; Mackintosh et al., 2011; Whitehouse et al., 2012).

The spatial extent of the REF_THIN model at 130 and 118 kyr BP
and differences of this model relative to REF_L are shown on Fig. 3(c
and e). The ESL curve for REF_THIN is shown on Fig. 4 and

Table 2

summarised in Table 2. In Fig. 3(c and e), a negative change in ice
thickness indicates regions of REF_THIN which are thinner compared
to REF_L (e.g. the central EAIS regions of Fig. 3c). A positive difference
in ice thickness is where the REF_THIN model is now thicker than the
REF_L model, such as shown along the outer edges of Fig. 3e, which is
where the thinning in REF_L (across Queen Maud Land) towards the
later part of the LIG is removed. The total contribution to ESL is re-
duced using the REF_THIN model by ~1 m from the REF_L model, to
~17.7 m (between 140 and 118 kyr BP), with (—) 1.22 m from the
EAIS only (compared to (—) 0.4 m in REF_L model).

At each ice core site the reduction in the predicted increase in the
surface elevation due to changes in ice thickness varies temporally
within the REF_THIN model; for example at most sites the difference
(relative to REF_L model) at 130 kyr BP is ~—40 m, compared to
~—80 m by 118 kyr BP. At all sites and over the LIG interval, the
total amount of thickening is reduced from 150 m in the REF_L
model to 80 m in REF_THIN, which is compatible with estimates
from other studies at these sites using other AIS models (as discussed
above).

Because the total model contribution of the EAIS to ESL is minor in
comparison to the WAIS, the impact of these revisions in the
REF_THIN on the total ESL change (see Fig. 4) is more evident when
examining the predicted ESL from this sector of the AIS only (see
Table 2). This revised model (REF_THIN) now produces a fall in ESL
~1.2 m (compared to a fall 0.43 m in REF_L). This large difference
between the two models is due to the removal of the later thinning
(between 126 and 118 kyr BP) in the REF_L, which added +1.10 m
rise to the total EAIS ESL contribution over this interval, thus offset-
ting most of the effect of the earlier reduced thickening.

3.2.2.2. Development of the REF_WB, Wilkes-Aurora basins retreat ice
model. The concept of a significant retreat within one of the subma-
rine basins within the East Antarctic Continent (see Fig. 1) is a new
and relatively untested scenario (Jordan et al., 2010; Pierce et al.,
2011; Pingree et al., 2011; Wright et al., 2012). To our knowledge,
there are no published ice models which show such a feature. This
is likely due to the limited amount of direct evidence to constrain or
support such an event. However, newer and more recent studies
(Pierce et al., 2011; Pingree et al., 2011; Wright et al., 2012) are
now producing more direct evidence (such as offshore ice-rafted de-
bris records, see Pierce et al., 2011) which indicate that such an event
is likely to have occurred within the W-A basins during the LIG. Given
this and the recent literature that indicates such an instability in the
LIG EAIS is possible (see discussion above), we developed a model
that includes an enhanced retreat of marine-based ice (compared to
the PIG) within the W-A basins.

Such retreats of marine-based ice have only been investigated for
the AIS within such regions of the WAIS (see Bradley et al., 2012 for a
summary). Therefore, to develop a model which simulates a contin-
ued and significant (beyond that seen for the Holocene) retreat of
the EAIS within the W-A basins, a similar approach was adopted as
used for these WAIS models (e.g. Vaughan and Spouge, 2002;
Bamber et al., 2009; Gomez et al., 2010; Bradley et al., 2012). These
studies use the ‘marine-based ice sheet instability hypothesis’

Contributions to equivalent sea level (ESL) for the three Antarctic Ice sheet (AIS) models discussed in the text. The ESL is shown for the total interglacial period (140-118 kyr BP)
and for three selected time intervals: 140-135 kyr BP, prior to the onset of deglaciation; 135-126 kyr BP, the main phase of deglaciation of the AIS, and 126-118 kyr, the final re-
treat phase from the AIS and the West Antarctic Ice sheet (WAIS) and East Antarctic Ice sheet (EAIS) separately.

REF-L REF_THIN REF_WB

AlS EAIS WAIS AIS EAIS WAIS AIS EAIS WAIS
Total 18.72 —0.43 19.15 17.76 —1.22 18.98 25.21 6.62 18.58
140-135 —3.38 —0.42 —2.96 —2.92 —0.42 —2.50 —2.93 —0.44 —2.50
135-126 19.10 —0.97 20.07 18.78 —0.81 19.59 25.26 6.18 19.08
126-118 3.02 1.10 1.92 1.88 0.00 1.88 2.89 1.01 1.88
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(Weertman, 1976; Mercer, 1978) where it is assumed that regions of
the ice sheet which are marine based (i.e. grounded below present
day sea level) and are located where there is a reverse sloping bed
(i.e. ice margin retreats into deeper water) are more likely to
destabilise and undergo continued collapse. Thus, we adopt the ex-
tent of marine grounded ice to define the spatial limits of EAIS retreat
within the W-A basins in developing the REF_WB model.

It is noted that the term ‘collapse’ was used within the above stud-
ies to describe an enhanced and rapid retreat for marine-based re-
gions of the WAIS. Given the distinctly different nature of the bed
roughness/steepness which will affect the susceptibility of grounding
line to undergo a significant retreat (see Siegert et al., 2005) of the
two ice sheets, it is not implied that the retreat of the W-A basins
would be as rapid as a WAIS sector collapse. For example, the marine
regions of the EAIS within the W-A basins do not have such a strong
reverse bed slope as for the majority of the WAIS. Therefore, in the
REF_WB model, the EAIS undergoes an enhanced retreat beyond
that for the PIG during a period of 4 kyr.

To define the spatial extent of the W-A basins, a recent dataset of
the bedrock topography (Le Brocq et al., 2010; see Fig. 1) and the in-
formation given in some recent studies (i.e. Jordan et al., 2010; Young
etal., 2011) were used as a guide. In addition, the spatial limits of any
increased retreat within these basins is delimited laterally by the
presence of LIG age ice at the TALDICE, TD and EDC ice core sites
(see locations marked in Fig. 1). Combining these two constraints,
the spatial extent of the continued retreat within the W-A basins is
illustrated on Fig. 4b. The timing for this retreat was introduced be-
tween 130 and 126 kyr BP (a 4 kyr interval). This was to coincide
with the approximate average timing of the global LIG highstand
(~125/124 kyr BP) so that any contribution of the increased melt
water to the GMSL occurs prior to the maximum in the sea-level
observations.

The changes to the REF_L model in producing the REF_WB model
are as follows: (1) prior to 130 kyr BP the AIS (including the EAIS
and WAIS) remains unaltered from the REF_L model (see Fig. 5a);
(2) Between 130 and 126 kyr BP, the EAIS now undergoes a contin-
ued mass loss with the W-A basins beyond that within the REF_L
model, to the final extent shown in Fig. 5b; (3) between 126 and
118 kyr BP, the REF_WB follows the same retreat across the WAIS
and other regions of the EAIS as within the REF_L model. We note

(a) REF_L'130

0 1000 2000

that, the retreat of ice in REF_WB is similar, although less pronounced,
to that considered in a recent study (Gomez et al., 2010). The predict-
ed ESL of the REF_WB model is illustrated on Fig. 4 and summarised in
Table 2, with an increased ESL rise (compared to REF_L) of 6.5 m to
give a total AIS contribution of 25 m. The study of Gomez et al.,
2010 gave an 18 m contribution from the Wilkes and Aurora basins
since they simulated an entire retreat of both basins rather than
only a component of each basin as done here (e.g. compare Fig. 4b
to Gomez et al., 2010 Fig. 1).

4. Modelling results and discussion

Following the method outlined in Section 3, predictions of the
isostatically-driven changes in surface elevation were generated at
each ice core site for the REF_L, REF_THIN and REF_WB models. The pre-
dicted surface elevation change for each ice model was converted into
an equivalent predicted elevation-driven 8D (%o) signal (using the rela-
tionship described in Section 2.1) with the results shown for each of the
three ice models (REF_L, REF_THIN and REF_WB) on Fig. 6.

Spatial plots of the predicted elevation-driven 6D (%o/kyr) trend
for the three ice models were generated over two time intervals
(see Fig. 7): 135-130 kyr BP (Fig. 7a, b and c) and between 130 and
118 kyr BP (Fig. 7d, e and f). These results aim to show the impact,
both spatially and temporally, of changing the evolution of the EAIS
over the LIG and they complement the site-specific results shown in
Fig. 6.

To complement the results shown on Fig. 6, results are shown on
Fig. 8 for predicted surface elevation due to the movement of the
SLS only for the three ice models. These results will highlight the
impact of the on-going slower isostatic response in driving some of
the inter-site variability in the response in the predicted 8D signal
towards the later part of the LIG when changes in the ice thickness
were minimal.

In contrast to earlier studies (Bradley et al., 2012; Siddall et al.,
2012) the impact of changing the viscosity structure was found to
be significant in the new EAIS models. A deviation of up to 4% in
the predicted elevation-driven 6D using the different earth models
was found which is greater than that obtained when investigating
changes in the evolution of the WAIS (less than 1.4%.; Bradley et al.,
2012). However, the relative impact of changing the ice model on

(¢

(b) REF_WB 126

3000 4000

Ice Thickness (m)

Fig. 5. Frames (a) and (b) show spatial plots of the ice thickness distribution for the REF_L at 130 kyr BP and REF_WB at 126 kyr BP respectively. Note that the continued retreat
within the Wilkes and Aurora basins (see Fig. 1) in the REF_WB model is introduced between 130 and 126 kyr BP, with the ice model remaining unchanged from REF_L at all other
times. Also marked is the location of the six ice core sites (Fig. 1) with additional information given in Table 1.
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Fig. 6. The predicted elevation-driven 6D (%.) signal at each ice core site for the three ice models described: REF-L (solid black line); REF_THIN (solid red line) and REF_WB (solid

green line). Results are shown for the intermediate earth viscosity model only.

the predicted elevation-driven 6D (%.) was, as before, found to be the
larger and more significant factor in governing the surface elevation
changes (compare results for REF_THIN to REF_WB in Fig. 6).
Therefore the results in the following sections are described for the
intermediate Earth model only (see Section 3).

4.1. Results for the REF_THIN ice model.

Examining the results illustrated on Fig. 6 (red line), Fig. 7b and e
for REF_THIN model, several aspects of the differences in the spatial
pattern and magnitude of the predicted elevation-driven 6D (%) sig-
nal are remarkable.

As found in a previous investigation (see Bradley et al., 2012) and
shown on Figs. 6 and 7b, the spatial impact of the reduced amount of
thickening of the EAIS (or a thinner EAIS) on the predicted
elevation-driven 8D (%.) signal is concentrated in regions which
have experienced the greatest change in ice thickness (compare the
spatial pattern of the 8D results in Fig. 7b to spatial pattern of ice
changes shown on Fig. 3c and e), which are predominately greatest
across the central ice core sites (DF, EDC and VK). Changes in ice
sheet thickness therefore dominate the central Antarctic predicted
elevation-driven 6D (%.) signal. However, over the later part of the
LIG, when there is minimal change in the ice thickness, the
on-going movement of the SLS (Fig. 8) to the preceding ice thickness
changes becomes increasingly dominant and needs to be included in
predictions.

Reducing the amount of thickening across the EAIS during the LIG
within the REF_THIN model increased the magnitude of the predicted
elevation-driven 8D (%.) signal by up to 8%. across these central sites
(DF, VK, EDC) (see Fig. 6). Also the magnitude of the predicted eleva-
tion driven 6D trend across this central EAIS region is increased by
~2%o/kyr between the REF_L and REF_THIN models (compare Fig. 7a
and b). This is a significant change and is much larger than the re-
sponse seen with plausible changes in the WAIS. (Bradley et al.,
2012). The initial aim of the REF_THIN model was to investigate if

altering the evolution of the EAIS could contribute significantly to
the higher observed LIG 6D peak or ‘LIG overshoot’ (on average
15%o, see Fig. 2). This result demonstrates that plausible changes in
the evolution of the EAIS could contribute a significant signal at
these central sites (DF, VK and EDC and EDML) and generate at least
half of the observed 6D (%.) peak at DF, EDC and VK. This is a factor
that requires consideration when interpreting the various signals
driving the observed 6D changes. Ignoring the elevation effect when
reconstructing LIG Antarctic air temperatures from ice core records
could lead to significant error.

Inspection of Fig. 7b and e shows that the largest predicted eleva-
tion driven 6D trend across the central EAIS ice core sites is generated
during the first 5 kyr (see Fig. 7b, ~— 3%o./kyr). This coincides with the
largest magnitude response in both the ice thickness and movement
of the SLS. Towards the end of interglacial (between 130 and
118 kyr BP, see Fig. 7e), the average predicted 6D trend is significantly
reduced at most of the sites (4 0.2%./kyr).

The removal of the thinning (hence relative rise in surface eleva-
tion) in the REF_THIN model compared to the REF_L model, during
this final stage of the interglacial (see light blue regions on Fig. 3e
and across Queen Maud Land between ~20 W and 10 W on Fig. 7e)
also produces a significant response in the predicted elevation driven
6D trend. Across this region, there is a significant reduction, up to
maximum of 20%./kyr, from + 20%./kyr in REF_L to 0-(—)0.25%./kyr
in the REF_THIN model. It is noted that the magnitude of this response
is significantly larger than that generated across this area when
investigating the 8D signal at the same core sites due to a WAIS
collapse (~4%o/kyr, see Fig. 6 in Bradley et al., 2012).

4.2. Results for the REF_WB ice model

In contrast to the insensitivity of elevation changes at the East
Antarctic ice core sites due to changes in the WAIS (Bradley et al.,
2012), introducing a retreat of marine-based ice within the W-A ba-
sins in the REF_WB model produces a significant and notably larger
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Fig. 7. Spatial plots of the elevation-driven predicted 6D trend (%./kyr) calculated for the three ice models discussed in the paper over two time intervals; between 135 and 130 kyr
BP for (a) REF_L, (b) REF_THIN and (c) REF_WB and between 130 and 118 kyr BP for (d) REF_L, (e) REF_THIN and (f) REF_WB. On all plots the location of the 6 ice core sites is
marked (see Table 1 with the black contour marking the edge of each ice model used). Note that the colour scale extends beyond the maximum/minimum values shown on the

scale bar to —4.5/20%o/kyr for dark blue/dark red respectively.

and more widespread signal. Not surprisingly, the spatial response in
the predicted elevation-driven 6D (%.) signal has the greatest ampli-
tude near the W-A basins. The magnitude of this signal (see Fig. 6) is
greatest at TALDICE and EDC, with an increase relative to the REF_L
results of up to (+) 18%. and (—) 8%. respectively. There is also a
resolvable but significantly smaller signal at VK and TD of amplitude
~+1.5%..

It is noted, however, that the change in the predicted 6D signal at
these two ice core sites now produces a significant misfit to the ob-
served ice core data. For example, at TALDICE the magnitude of the
8D peak is significantly over predicted compared to the maximum
in the observed 6D record (see Fig. 2) by at least 10%.. Also, the
minor rise of 4%, from 126 to 118 kyr BP within the REF_L model is
largely removed, to only 1%, using the REF_WB model. This rise was
produced by adding a thinning of the ice sheet across the region to
capture the observed trend in the ice core data (see Fig. 2) over this
period. Secondly, a significant warming trend is now predicted at
EDC (as seen by the + 4%, rise on Fig. 6) which is again not evident
in the observed data (fall of 4%.). These results imply that the size
and spatial extent of the simulated retreat is too large to be reconciled
with the ice core data. However, the fact that these two ice core re-
cords are sensitive to such a retreat (as opposed to our results for a
WAIS collapse; Bradley et al., 2012) there is potential to use these
data to constrain a possible retreat of ice in this region. This is an im-
portant result given the distinct lack of other direct observational ev-
idence to constrain such a retreat (see Jordan et al., 2010; Young et al.,
2011; Wright et al.,, 2012).

The contribution to the total surface elevation change and predicted
elevation-driven 8D (%.) from movement of the SLS is more pro-
nounced for REF_WB than for REF_THIN (Fig. 8).

Following the onset of the retreat at 130 kyr BP to the later part of
the LIG, the magnitude of SLS change increases by up to 80 m
compared to those in the REF_L results at sites located closets to
W-A basins. At TALDICE an enhanced uplift (which would generate
a cooling signal in the predicted 8D) is produced relative to the
REF_L results, whereas an enhanced subsidence (which would gener-
ate a warming signal in the predicted 8D) is produced at EDC. An in-
teresting aspect of these results, which differs from those above and
in Bradley et al. (2012), is that the isostatic response (motion of the
SLS) which now dominates the final predicted surface elevation driv-
en response over the later part of the LIG at these two ice core sites, as
opposed to the ice thickness changes. This is evident in Fig. 6 on com-
paring the black (REF_L) and green (REF_WB) lines: the local ice
thickness changes are the same in the REF_L and REF_WB models
and so the difference between these two curves at each site is due
to the isostatic motion associated with ice retreat in the adjacent
W-A basins.

In Fig. 7c and f, the inter-site variability is evident in the temporal
nature and relative magnitude of the predicted elevation-driven 6D
trend in and around the W-A basins.

Over the first 5 kyr of the LIG, prior to the onset of the ice retreat
across these basins (see Fig. 7c), there is a predicted fall in the eleva-
tion driven response of ~—4.5%./kyr following the simulated retreat
(see Fig. 7f) and significant thinning (fall in surface elevation) within
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Fig. 8. The predicted relative surface elevation at each ice core sites due to movement of the solid land surface (SLS) only for the three ice models described: REF_L (solid black line);

REF_THIN (solid red) and REF_WB (solid green). Note that results are shown for only for the intermediate earth model. As there were minimal changes between the REF_L and

REF_THIN ice model at TALDICE and TD sites, the results for these two models (solid b
wards zero as they have not been corrected to a present day value using the Bassett e

the basins, producing a significant increase in the predicted stable
isotope rate (~20%o/kyr). In contrast, at sites surrounding the basin
(such as EDC) where there is no change in the EAIS within the
REF_WB model compared to the REF_L model, there is a fall of
0.25%./kyr. Note that the magnitude of this response is larger than
the predicted elevation driven trend results from a complete collapse
of the WAIS, as shown on Fig. 6 in Bradley et al., 2012.

As discussed above, the predicted 6D signal produced by the simu-
lated retreat within the W-A basins as represented in the REF_WB ice
model is not consistent with that observed in the ice core data. Howev-
er, the results shown in Fig. 7(c and f), Figs. 6 and 8 at TALDICE and
EDC, indicate how revisions to this retreat scenario and the expected
response in the motion of the SLS (isostatic response), could be made
such that the predicted signal would be more compatible with the ob-
served data. For example, at TALDICE, the observed 6D rise of 4%, over
the later part of the LIG was generated using the REF_L model by
adding a thinning in the ice sheet, which is now overprinted due to
the enhanced uplift within the REF_WB model. This implies that if an
extensive spatial retreat did occur, the localised thinning of the ice
sheet would need to be significantly increased to compensate. Alterna-
tively, if a more restricted retreat was simulated with the Wilkes Basin,
it is expected (given the results seen for EDC) via an enhanced subsi-
dence across the region, a warming trend (rise) would be generated
in the predicted 6D, removing the requirement for localised thinning
in the ice sheet.

These results show how there is clearly scope for using the differ-
ence in the late LIG 8D between these two sites to assess the possibil-
ity of a significant and spatial extent of a retreat within these basins.
Depending on the size of the retreat and associated isostatic response
implications could be made about localised changes in the ice sheet.
However, more accurate ice models that incorporate the appropriate
physics should be applied in such an analysis. Furthermore, the con-
tribution from climate effects on this spatial difference should also

lack and solid red line respectively) plot on top of each other. Note that the results tend to-
t al., 2007 model.

be considered to ensure a robust interpretation of the data-model
comparison.

5. Conclusion

This study has examined the influence of ice surface elevation —
due to ice thickness changes and the associated vertical motion of
the solid land surface (SLS) on 8D (%) at six AlS ice core sites. Three
LIG AIS models were used to examine the sensitivity of the
elevation-driven 6D signal to plausible variations in EAIS evolution
during the LIG.

One primary aim of this study was to determine if the high 6D
value (or LIG overshoot) recorded in the ice core observations during
this period (relative to the PIG) might include a significant elevation
signal. It was found that adding a relatively moderate reduction in
the amount of thickening across the central regions of the EAIS
over the interglacial period introduces a significant (up to 8%.)
elevation-driven 6D signal at the central EAIS ice core sites (DF,
EDC, VK and EDML) (see Fig. 6). This result shows that relatively
small elevation changes may explain at least part of the LIG &D signal
(as discussed by Holden et al., 2010). The potential contribution of
this process must therefore be considered when using these records
to estimate LIG temperatures and interactions between ice sheet to-
pography and Antarctic regional climatic changes (temperature and
accumulation).

A second main aim of this study was to examine if the ice core data
are sensitive to ice retreat in a large sector of the EAIS that is
marine-based — the Wilkes and Aurora basins. This aspect of our
study is motivated by the current attribution problem for LIG sea
levels and the lack of Antarctic near-field data to constrain plausible
contributions from the AIS. Introducing a significant retreat of
marine-based ice with the Wilkes and Aurora subglacial basins led
to a distinct 6D signal at the EAIS ice core sites proximal to the basins
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(TD, TALDICE and EDC). Our results indicate that the differential
signal between TALDICE and EDC could provide observational control
on the geometry and amplitude of marine retreat in this region.
However, more realistic ice models and the consideration of a
possible climate signal will be required to ensure a robust interpreta-
tion of the observed signal.
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