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REVIEW SUMMARY
◥

SEA-LEVEL RISE

Sea-level rise due to polar ice-sheet
mass loss during past warm periods
A. Dutton,* A. E. Carlson, A. J. Long, G. A. Milne, P. U. Clark, R. DeConto,
B. P. Horton, S. Rahmstorf, M. E. Raymo

BACKGROUND:Although thermal expansion
of seawater and melting of mountain glaciers
have dominated global mean sea level (GMSL)
rise over the last century, mass loss from the
Greenland and Antarctic ice sheets is expected
to exceed other contributions to GMSL rise
under future warming. To better constrain

polar ice-sheet response to
warmer temperatures, we
draw on evidence from in-
terglacial periods in the
geologic record that ex-
perienced warmer polar
temperatures and higher

GMSLs than present. Coastal records of sea
level from these previous warm periods dem-
onstrate geographic variability because of the
influence of several geophysical processes
that operate across a range of magnitudes
and time scales. Inferring GMSL and ice-
volume changes from these reconstructions

is nontrivial and generally requires the use
of geophysical models.

ADVANCES: Interdisciplinary studies of geo-
logic archives have ushered in a new era of
deciphering magnitudes, rates, and sources of
sea-level rise. Advances in our understanding
of polar ice-sheet response to warmer climates
have been made through an increase in the
number and geographic distribution of sea-
level reconstructions, better ice-sheet constraints,
and the recognition that several geophysical
processes cause spatially complex patterns in
sea level. In particular, accounting for glacial
isostatic processes helps to decipher spatial
variability in coastal sea-level records and has
reconciled a number of site-specific sea-level
reconstructions for warm periods that have oc-
curred within the past several hundred thou-
sand years. This enables us to infer that during
recent interglacial periods, small increases in

global mean temperature and just a few de-
grees of polar warming relative to the preindus-
trial period resulted in ≥6 m of GMSL rise.
Mantle-driven dynamic topography introduces
large uncertainties on longer time scales, af-
fecting reconstructions for time periods such
as the Pliocene (~3 million years ago), when
atmospheric CO2 was ~400 parts per million
(ppm), similar to that of the present. Bothmod-
eling and field evidence suggest that polar ice
sheets were smaller during this time period,
but because dynamic topography can cause tens
of meters of vertical displacement at Earth’s
surface on million-year time scales and uncer-
tainty in model predictions of this signal are
large, it is currently not possible to make a
precise estimate of peak GMSL during the
Pliocene.

OUTLOOK: Our present climate is warming
to a level associated with significant polar ice-
sheet loss in the past, but a number of chal-
lenges remain to further constrain ice-sheet
sensitivity to climate change using paleo–sea
level records. Improving our understanding
of rates of GMSL rise due to polar ice-mass loss
is perhaps the most societally relevant infor-
mation the paleorecord can provide, yet robust
estimates of rates of GMSL rise associated with
polar ice-sheet retreat and/or collapse remain
a weakness in existing sea-level reconstruc-
tions. Improving existing magnitudes, rates,
and sources of GMSL rise will require a better
(global) distribution of sea-level reconstruc-
tions with high temporal resolution and pre-
cise elevations and should include sites close
to present and former ice sheets. Translating
such sea-level data into a robust GMSL signal
demands integration with geophysical models,
which in turn can be tested through improved
spatial and temporal sampling of coastal
records.
Further development is needed to refine es-

timates of past sea level from geochemical
proxies. In particular, paired oxygen isotope
and Mg/Ca data are currently unable to pro-
vide confident, quantitative estimates of peak
sea level during these past warm periods. In
some GMSL reconstructions, polar ice-sheet
retreat is inferred from the total GMSLbudget,
but identifying the specific ice-sheet sources is
currently hindered by limited field evidence at
high latitudes. Given the paucity of such data,
emerging geochemical and geophysical tech-
niques show promise for identifying the sectors
of the ice sheets that were most vulnerable to
collapse in the past and perhaps will be again
in the future.▪
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ICE6G

MIS 3
~ -80 m
Peltier et al., 2015

LGM
~ -130 m
Peltier et al., 2015
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Relative sea level

Ice loading history

Glacial isostasy Hydro isostasy

Suganuma et al., 2020

Main input of GIA modeling
• Earth parameter (Lithosphere thickness,              

Upper mantle viscosity, Lower Mantle viscosity)
• Ice loading history



Sea-level observations in Indian Ocean sector 
of East Antarctica

4Topography data from GEBCO2020

Lützow-Holm Bay

Prydz Bay



Global sea-level change during glacial period
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”Small” North American Ice sheet during MIS 3.
Dalton et al., 2016, 2019; Pico et al., 2017,2018

-> “High” global sea level (up to 30 m)
Gowan et al., 2021

3. Methods

3.1. GIA modeling

We reconstruct paleotopography by running GIA simulations
with a prescribed ice loading history. Our calculations are based on
the theory and pseudo-spectral algorithm described by Kendall
et al. (2005) with a spherical harmonic truncation at degree and
order 256. These calculations include the impact of load-induced
Earth rotation changes on sea level (Milne & Mitrovica, 1996),
evolving shorelines and the migration of grounded, marine-based
ice (Johnston, 1993; Milne et al., 1999; Lambeck et al., 2003;
Kendall et al., 2005). Our predictions require models for Earth's
viscoelastic structure and the history of global ice cover. We adopt
the viscosity profile VM2, which is designed to be paired with the
ICE-5G ice history (Peltier, 2004). We will explore the sensitivity of
our results to plausible variations in the Earth model.

3.2. Initial ice configurations

Previous work shows that dynamic ice models are sensitive to
initial topography. We construct a series of initial ice configurations

based on geological constraints (Dalton et al., 2016) and GIA
modeling (Pico et al., 2017). Each MIS 3 ice configuration belongs to
a distinct ice history spanning the entire glacial cycle (120-0 ka). An
ice history spanning the entire glacial phase is necessary when
predicting GIA-corrected topography, as crustal deformation will
depend on the full prior history of ice loading.

The first model we constructed is based on the ICE-5G ice his-
tory (Fig. 2A/B; dotted black). In our version of ICE-5G, the ice ge-
ometry during the glaciation phase is assumed to be identical to the
post-LGM geometry whenever the global mean sea-level values are
the same. The remaining model ice histories (ICE-PC2 and ICE-PC3)
are modified from ICE-5G to be consistent with results from recent
GIA analyses. In particular, following the Pico et al. (2016) analysis
of sedimentary core records from the Bohai Sea, peak global mean
sea level during MIS 3 is placed at !37.5m at 44 ka in these model
ice histories. Moreover, we also adopt global mean sea-level values
of !15m and !10m for MIS 5a and 5c, respectively; these values
are within bounds (5a: !18m to 0m, 5c: !20m to 1m) derived by
Creveling et al. (2017) on the basis of globally distributed sea level
markers from both periods. The global mean sea-level curve for
ICE-PC2 and ICE-PC3 is shown in Fig. 2A (blue line).

ICE-PC2 is distinguished from our version of ICE-5G in the
following ways: (1) the eastern sector of the Laurentide Ice Sheet is
ice-free from 80 to 44 ka; and (2) the ice removed in this exercise,
equivalent to 6.8m of global mean sea level, is distributed uni-
formly over the western sector of the Laurentide Ice Sheet, and the
Cordilleran and Fennoscandian Ice Sheets (Fig. 2C). While a uniform
ice thickness in the Cordilleran Ice Sheet is unrealistic, altering its
volume has minimal impact on sea level predictions in eastern
Canada. Finally, in the ice history ICE-PC3 the eastern sector of the
Laurentide Ice Sheet is ice-free (as in ICE-PC2) from 80 to 44 ka
except for northern Quebec, which remains glaciated, according to
retrodicted patterns of snow accumulation (e.g. L€ofverstr€om et al.,
2014; See Appendix Fig. 1).

3.3. Ice modeling

We used a simple ice flow model that reduces the three-
dimensional Stokes flow equations to two dimensions using the
shallow ice approximation (Cuffey and Paterson, 2010) with
methodology adopted from Oerlemans (1981) as further developed
in Birch et al. (2018). The resulting nonlinear diffusion equation
represents ice flow by evolving ice thickness H in time based on the
horizontal gradients of the surface elevation H* and the additional
input of the surface mass balance G:

Fig. 1. The location of non-glacial deposits dated to mid-MIS 3 that are discussed in the
text. Upward blue triangles denote marine indicators (relative sea-level must be above
this elevation) and downward green triangles denote terrestrial indicators (relative
sea-level below this elevation). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 2. A. Global mean sea level history for ice history ICE-5G (dotted black) and ICE-PC2 (blue). B. Ice thickness at 44 ka for ice history ICE-5G (B) and ICE-PC2 (C). Maximum ice
extent at LGM is shown by gray line in C. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

T. Pico et al. / Quaternary Science Reviews 195 (2018) 171e179 173

Gowan et al., 2021 Pico et al., 2018



Objective: Reconstruction of AIS changes during Glacial period
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GIA  modeling cannot explain MIS 3 sea-level observations.

What is the main cause of this discrepancy?

1. Earth parameter of GIA modeling.
2. Small North American Ice Sheet.
3. The timing of Antarctic Ice Sheet growth.
4. The growth timing and maximum volume of Antarctic Ice 

Sheet.

GIA modeling
Ice loading history

• ANU (Lambeck et al., 2002,2014)
• W12 (Whitehouse et al., 2012)

Ongul Islands

Rauer Group
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Relative sea level

Ice loading history

Glacial isostasy Hydro isostasy

Suganuma et al., 2020

Postglacial rebound in Antarctica 539

Figure 2. Deglaciation history is compared between four models: ICE-5G
(grey; Peltier 2004), ICE-6G_C (blue; this study), W12 (orange; Whitehouse
et al. 2012a), and IJ05 R2 (olive; Ivins et al. 2013). Plotted is Antarctica
ice loss (right-hand side axis) and its contribution to global sea level rise
(left-hand side axis) as a function of time. The total contribution of Antarctic
ice loss to global sea level rise (in m) is given.

dependence of viscous uplift of Fennoscandia (Peltier 1996, 2002).
This value of upper-mantle viscosity fits all available geologically
derived RSL histories, GRACE time-dependent gravity and GPS
data in Fennoscandia and Laurentia (Peltier 2004; Paulson et al.
2007) given a deglaciation history consistent with geomorpholog-
ically inferred limits on the extent of late Pleistocene glaciation
(Dyke & Prest 1987).

In this study we aim to test the compatibility of this upper-mantle
viscosity value of 0.5 × 1021 Pa s with all available Antarctica GPS,
ice thickness change, and RSL data. (Herein we refer to the entire
region from the base of the lithosphere to the seismic discontinuity
at 660 km as the upper mantle.) We will find that this upper-mantle
viscosity structure enables the model to fit all available Antarctica
data, a finding that disagrees with a primary conclusion of White-
house et al. (2012b) that the upper-mantle viscosity in Antarctica
must be higher and ≈1 × 1021 Pa s on the basis of their analysis
of the available RSL histories. The ability of ICE-6G_C (VM5a)
to fit essentially the same mix of data as that to which W12a has
been tuned, in spite of this significant reduction in upper-mantle
viscosity, is traceable to two further differences between these two
models. First, our lower value of the viscosity of the upper mantle re-
quires that significantly more ice loss must have occurred since Last
Glacial Maximum. Given the additional constraints on the timing of
the onset of significant ice loss provided by data from sedimentary
cores raised from the Antarctic shelf, the deglacial mass loss in the
new model is found to be 70 per cent in excess of that in the model
of Whitehouse et al. (2012a,b). This is helpful in exposing an im-
portant source of non-uniqueness in the construction of deglaciation
scenarios in circumstances in which there do not exist accurate RSL
histories from sites that were once covered by the greatest thick-
nesses of land ice. For this reason the problem of reconstructing the
history of Antarctic ice loss is much more challenging than is the
case for either Laurentia or Fennoscandia. In both of these regions
the areas of thickest ice cover are now inland seas, respectively,
Hudson Bay and the Gulf of Bothnia, the coastlines of which have
provided numerous Holocene records of the postglacial emergence
of the land that strongly constrain deglaciation history as well as
mantle viscosity.

Given that the upper-mantle viscosity in VM5a is half that in
W12A (Whitehouse et al. 2012b), we find that the characteristic re-

Figure 3. Mantle viscosity profile is compared between four models: VM2
(red; Peltier 2004), VM5a (blue; this study), W12A (orange; Whitehouse
et al. 2012b), and in (olive green; Ivins et al. 2013). Relative sea level
(RSL) histories from the British Isles are the data most tightly constraining
the thickness of the lithosphere to be 90 km. RSL data from Fennoscandia,
which has postglacial rebound with a half wavelength of 600 km, constrains
the viscosity of the upper mantle to be about 0.5 × 1021 Pa s. RSL data from
Laurentia (Canada), which has a postglacial rebound signal with half wave-
length about 1500 km constrains the viscosity of the top 500 km of the lower
mantle. The postglacial rebound signal in Antarctica has a half wavelength
of about 600 km, about the same as Fennoscandia. Therefore, Antarctica
viscous response approximately follows that given by the upper-mantle vis-
cosity, that is, 0.5 × 1021 Pa s. Two global geophysical observables, the rate
of change of Earth’s oblateness (J2 dot) and polar wander, constrain the
viscosity of the middle and bottom of the lower mantle.

laxation time describing the solid Earth’s response to ice unloading
in VM5a is approximately half that (≈4 kyr) of the characteristic
timescale in W12A (≈8 kyr; Fig. 4). In this regard it is important to
note that the horizontal scale of the most heavily glaciated regions
in which excess ice existed at LGM on West Antarctica were of
the same scale as the Fennoscandian ice sheet itself (see below).
On this basis it is reasonable on a priori grounds to expect that the
rebound of West Antarctica to load removal will be most sensitive
to upper-mantle viscosity just as is the case for Fennoscandia (cf.
Peltier 1996 for a discussion of the Frechet kernels in terms of which
the depth dependence of sensitivity to viscosity variation is quanti-
fied). Thus, ICE-6G_C (VM5a) produces current uplift rates which
are essentially the same as those characteristic of model W12A
because the decrease in characteristic timescale of the rebound pro-
cess is compensated by the increase in the amount of ice that is
lost in deglaciation. Furthermore, the timing of Antarctic deglacia-
tion differs markedly between the two models, such that in ICE-
6G_C (VM5a) significant ice loss from Antarctica occurs abruptly

Downloaded from https://academic.oup.com/gji/article-abstract/198/1/537/2874192
by National Institute of Polar Research user
on 24 August 2018
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Argus et al., 2014

Effective range is from 
Whitehouse et al. (2012).



Results and Discussion: the effect of Earth parameter
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Effective range of Earth parameter is insufficient to explain MIS 3 sea-level observations 

Ishiwa et al., 2021
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Relative sea level

Ice loading history

Glacial isostasy Hydro isostasy
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Ice loading history
Antarctica

• W12 (Whitehouse et al., 2012)
Except for Antarctica

• ANU (Lambeck et al., 2002,2014)

NOT small North American Ice Sheet



Results and Discussion: the effect of 
North hemisphere ice sheet
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Small North American ice sheet is not effective.

Antarctic Ice Sheet history should be revised. 

1. Earth parameter of GIA modeling.
2. Small North American Ice Sheet.
3. The timing of Antarctic Ice Sheet growth.
4. The growth timing and maximum volume of 

Antarctic Ice Sheet.

Ishiwa et al., 2021



Results and Discussion: the timing of AIS growth
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1. Earth parameter of GIA modeling.
2. Small North American Ice Sheet.
3. The timing of Antarctic Ice Sheet growth.
4. The growth timing and maximum volume of 

Antarctic Ice Sheet.

The timing of Antarctic Ice Sheet growth is 
insufficient to explain MIS 3 sea-level 

observations.

?
120 ka 20 ka 0 ka

Ishiwa et al., 2021



Results and Discussion: the maximum volume of AIS
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Excess ice load is key to explain 
sea-level highstands during MIS 3.

1. Earth parameter of GIA 
modeling.

2. Small North American Ice Sheet.
3. The timing of Antarctic Ice 

Sheet growth.
4. The growth timing and 

maximum volume of 
Antarctic Ice Sheet.

Ishiwa et al., 2021



Discussion: East Antarctic Ice Sheet change during glacial period
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Ø Excess ice load before MIS 3
-> GIA-induced predictions fit the observations.

Ø The fluctuation of warming and cooling periods in 
the Southern Ocean and Antarctica caused excess 
ice load. 
• Warming: enhanced precipitation
• Cooling: reduced ice loss in coastal area

Ice Loading

SubsidenceIshiwa et al., 2021



Conclusion
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p There is an offset between observations and 
GIA-induced predictions around 40,000 years 
ago (MIS 3: Marine Isotope Stage 3) in the 
Indian Ocean sector of East Antarctica.

p “Small” North American Ice Sheet is insufficient 
to explain MIS 3 sea-level observations.

p Excess ice loading (not only the timing of 
growth but also the maximum ice load) before 
the LGM should be needed to explain the MIS 3 
sea-level observations in East Antarctica. 
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ABSTRACT
An accurate reconstruction of the Antarctic Ice Sheet is essential in order to develop an 

understanding of ice-sheet responses to global climate changes. However, the erosive nature 
of ice-sheet expansion and the dif!culty of accessing much of Antarctica make it challenging 
to obtain !eld-based evidence of ice-sheet and sea-level changes before the Last Glacial Maxi-
mum. Limited sedimentary records from Lützow-Holm and Prydz Bays in East Antarctica 
demonstrate that the sea level during Marine Isotope Stage 3 was close to the present level 
despite the global sea-level drop lower than −40 m. We demonstrate glacial isostatic adjust-
ment modeling with re!ned Antarctic Ice Sheet loading histories. Our experiments reveal that 
the Indian Ocean sector of the Antarctic Ice Sheet would have been required to experience 
excess ice loads before the Last Glacial Maximum in order to explain the observed sea-level 
highstands during Marine Isotope Stage 3. As such, we suggest that the Antarctic Ice Sheet 
partly reached its maximum thickness before the global Last Glacial Maximum.

INTRODUCTION
The Antarctic Ice Sheet (AIS) plays an es-

sential role in the Earth system, as its growth and 
decay in!uence the circulation of the Southern 
Ocean, which in turn is a driver of global climate 
change through glacial-interglacial periods (Tur-
ney et al., 2017). Further, an accurate reconstruc-
tion of AIS changes could provide signi#cant 
insight into future climate change (DeConto and 
Pollard, 2016). Thus far, geological records of 
ice-sheet and sea-level changes from rocks and 
marine, lake, and terrestrial sediments have been 
used to construct AIS loading history by glacial 
isostatic adjustment (GIA) modeling (White-
house et al., 2012a, 2012b). However, these geo-
logical records mainly span the past 10,000 yr, 
and thus the evolution of the AIS before the Last 
Glacial Maximum (LGM; ca. 20 ka; Ishiwa 
et al., 2019) is not well constrained.

Geological records from the Indian Ocean 
sector of East Antarctica (Fig. 1A) reveal the 
observed relative sea levels (observations) dur-
ing Marine Isotope Stage 3 (MIS 3, 57–29 ka; 
Lisiecki and Raymo, 2005). The radiocarbon 
dates on raised beaches and lake sediments of 
the Ongul Islands and Langhovde in Lützow-

Holm Bay demonstrate the observations during 
MIS 3 and the Holocene (Miura et al., 1998; 
Verleyen et al., 2017). The reconstructed sea 
level from Larsemann Hills in Prydz Bay was 
determined based on marine signals identi#ed 
in lake sediments using radiocarbon and ther-
moluminescence dating (Hodgson et al., 2009; 
Verleyen et al., 2005). In addition, radiocarbon 
dates from the Rauer Group in Prydz Bay also 
contribute to MIS 3 observations (Berg et al., 
2010a, 2010b, 2016; Hodgson et al., 2016).

A pioneering GIA study by Nakada et al. 
(2000) examined the sedimentary records from 
Lützow-Holm Bay and reported the possibil-
ity of AIS growth before the LGM (ca. 20 ka). 
Nakada et al. (2000) adopted an ice-loading 
model with an ice-volume equivalent sea lev-
el of a20 m at the LGM as a starting model, 
modifying the AIS thickness to re#ne the GIA-
predicted relative sea level (predictions) during 
MIS 3. However, recently published Antarc-
tic ice-loading histories place the ice-volume 
equivalent sea level close to 10 m at the LGM 
(e.g., Whitehouse et al., 2012a, 2012b; Gowan 
et al., 2021). Also, the AIS load history requires 
further constraints using recalibrated observa-

tions in Lützow-Holm and Prydz Bays (Miura 
et al., 1998; Hodgson et al., 2009, 2016; Berg 
et al., 2010a, 2010b, 2016; Verleyen et al., 2017). 
Thus, we aimed to present more accurate con-
straints on East AIS changes before the LGM 
using an ice-loading history based on the W12 
deglacial model (Fig. 1B; Whitehouse et al., 
2012a, 2012b).

METHODS
Observed Sea-Level Data Set

Our #rst step was to compile previously 
reported observations from Lützow-Holm and 
Prydz Bays (Fig. 1). The G13C-corrected radio-
carbon ages were adopted for the data set (Table 
S1 in the Supplemental Material1), and calen-
dar ages were obtained using Marine13 (Re-
imer et al., 2013) and SHCal13 (Hogg et al., 
2016) (http://intcal.org/) with Oxcal software 
(https://c14.arch.ox.ac.uk/oxcal.html; Bronk 
Ramsey, 2016). The local reservoir ages were 
set to 720 yr in Lützow-Holm Bay (Yoshida and 
Moriwaki, 1979) and 500 yr in Prydz Bay (Berg 
et al., 2010b; Hodgson et al., 2016).

Figures 1C–1E show the compiled observa-
tions from Lützow-Holm and Prydz Bays. The 
lower limit of sea level observed on the Ongul 
Islands and Langhovde was �3 to �18 m from 
ca. 47 to 33 ka (Fig. 1C), and �6 to �6.5 m from 
ca. 48 to 35 ka (Fig. 1D), respectively. The ob-
servations in Larsemann Hills revealed a �8 m 
sea level from ca. 43 to 24 ka (Fig. 1E), whereas 
sediments from the Rauer Group indicate sea 
levels must have been between �12 and 11.5 m 
from ca. 48 to 32 ka (Fig. 1F).

Glacial Isostatic Adjustment Modeling
Ice-loading histories are based on the W12 

model (Whitehouse et al., 2012a, 2012b) in the 
southern high-latitude region (60°S–90°S) and 

1Supplemental Material. Sea-level dataset and glacial isostatic adjustment modeling results. Please visit https://doi.org/10.1130/GEOL.S.14699676 to access the 
supplemental material, and contact editing@geosociety.org with any questions.
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