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Abstract: This chapter reviews glacial isostatic adjustment (GIA) and post-seismic deformation in Antarctica. It discusses numerical models
and their inputs, and observations and inferences that have been made from them. Both processes are controlled by mantle viscosity but their
forcings are different. Ongoing GIA induced by the loss of ice since the last glacial maximum (LGM) could have amounted to 5–15 m of global
sea-level rise. However, mantle viscosity is so low in parts of West Antarctica (c. 1018 Pa s) that changes in ice thickness over the last centuries
and decades have controlled the current uplift rates there. The uplift due to GIA has promoted ice-sheet stability since the LGM, and in West
Antarctica GIA is a significant negative feedback on the current decline of the ice sheet. Post-seismic deformation following the 1998 earth-
quake near the Balleny Islands south of New Zealand has been detected in global navigation satellite system (GNSS) data and compared to
model outputs. The best-fitting viscosity for this area is c. 1019 Pa s, similar to GIA-based estimates for the Antarctic Peninsula. Future
work should focus on unifying descriptions of viscosity across geodynamic models, and integrating information from seismic, gravity, exper-
imental and geological data.

The mantle in Antarctica plays an important role in changing
the elevation of the bedrock through forces applied to the base
of the lithosphere, including convective flow of the mantle
(dynamic topography), tectonics, heating and cooling of the
lithosphere, and load redistribution at the surface (Paxman
et al. 2019; Paxman 2021, this volume). Loading of the sur-
face can be caused by changes in ice-sheet and snow thick-
ness, sedimentation and erosion, sea-level changes, and
changes in pressure due to oceanic and atmospheric currents
and tides. Here we focus on the secular changes induced by
the changing surface loading of the ice sheet and the stress
redistribution caused by earthquakes. The adjustment of the
Earth following growing or melting ice sheets is termed glacial
isostatic adjustment (GIA) and is mostly measurable on a
timescale from decades to millennia.

The adjustment of the Earth’s crust and mantle after slip on
the fault plane of an earthquake is called post-seismic relaxa-
tion; it is mostly measurable on a time frame from years to
decades. Both are governed by the resistance to flow of the
mantle, and numerical models rely on a similar description of
the rheology of the mantle. Both processes can lead to vertical
and horizontal motion that is linear or quasi-linear in global
navigation satellite system (GNSS) time series (Scheinert
et al. 2021, this volume). Post-seismic deformation is only
detectable following large earthquakes, and only a few of
these have occurred recently enough for them to have been
measured in GNSS time series. In agreement with Scheinert
et al. (2021, this volume), we will use the general term GNSS,
which encompasses all global systems, even though most
GNSS data on Antarctica are obtained from GPS receivers.

The response of the solid Earth to loading change can be
instantaneous with respect to the forcing, in which case it is
governed by the elastic properties of the crust and mantle
that can be characterized, for example, by Young’s modulus.
The elastic deformation due to present-day surface-load
changes is commonly applied as a correction to GNSS mea-
surements (Scheinert et al. 2021, this volume). The solid

Earth also shows a delayed response to the forcing, driven
by the viscoelastic properties of the mantle. In this chapter,
we focus on this viscoelastic behaviour. Modelling of the
response of the solid Earth generally includes the elastic effect
that occurs instantaneously at the moment of loading, as well
as the delayed viscous effect (e.g. Peltier 1974).

Antarctica is particularly interesting for GIA studies as there
are substantial variations in the Earth’s structure beneath East
and West Antarctica, as shown by the lower than average seis-
mic velocities beneath West Antarctica. To first order, low
seismic velocities correspond to high temperatures (e.g.
Goes and van der Lee 2002). Therefore, West Antarctica is
inferred to have a warmer and, hence, weaker mantle, while
the East Antarctic Craton is underlain by a colder and stiffer
mantle (Berg et al. 1989; Morelli and Danesi 2004; Hansen
et al. 2014; Martin et al. 2014; An et al. 2015; Burton-Johnson
et al. 2020; Wiens et al. 2021, this volume). Thus, it is
expected that GIA and post-seismic deformation would pro-
ceed at a different rate in West Antarctica than in East Antarc-
tica, and simulations should take this into account.

The following section of this chapter is dedicated to GIA.
A brief introduction to the topic is given and the physics asso-
ciated with the processes are discussed, together with the main
results derived from existing GIA models. Readers familiar
with GIA processes and models may wish to skip this part.
For more details, the review paper by Whitehouse (2018)
may be consulted. The section continues with a review of
results of GIA models in Antarctica, focusing on deglaciation
since the last glacial maximum (LGM) and inferences of man-
tle viscosity. Particular attention is paid to the interaction
between GIA and ice-sheet dynamics. Post-seismic deforma-
tion is discussed in the third section of this chapter: specifi-
cally, the occurrence of earthquakes, a description of mantle
flow and the results of post-seismic deformation following
the 1998 earthquake. Finally, conclusions are presented and
potential future work for GIA and post-seismic deformation
are outlined.
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GIA

The growing concern about climate change is generating great
interest in the rate at which ice-covered regions are losing
mass and transferring water to the oceans. Estimates of current
ice-mass changes are produced by analyses that incorporate
geodetic and glaciological observations (Shepherd et al.
2018). However, to predict future ice-sheet melt we also
need physical models of ice dynamics. In this context, the
behaviour of the solid Earth is particularly important. Ice
change triggers GIA, which in turns affects the ice dynamics.
For example, a rising coastal region can lead to a displacement
of the grounding line, affecting the way in which the oceans
interact with land-based ice (Thomas 1979; Oerlemans 1980).

The GIA process is not only relevant for ice sheet–solid
Earth feedback, as the GIA signal is present in geodetic obser-
vations of present-day uplift and gravity change rate. For
example, in GRACE (Gravity Recovery and Climate Experi-
ment) satellite measurements of mass change in Antarctica,
GIA makes up about one-third of the total signal (Shepherd
et al. 2018). Therefore, in order to recover the signal due to
the present-day ice melt, GIA must be removed from the
observations. The deformation of the solid Earth can be
detected on the surface by GNSS data on rock outcrops adja-
cent to the ice sheets (Scheinert et al. 2021, this volume).
Many of such observations are available in Greenland, for
example (Bevis et al. 2012), but observations in Antarctica
are much more spread out due to the harsh terrain and because
most of the bedrock is covered in ice. Therefore, to obtain spa-
tial patterns of surface deformation, as well as to correct other
relevant climate indicators for GIA, numerical simulations are
used together with available observations (e.g. Whitehouse
et al. 2019). With the increasing coverage of geodetic mea-
surements, inversion techniques can exploit different sensitiv-
ities to changes in ice, snow and the solid Earth in order to
separate out the measured signals (see Martín-Español et al.
2016a; Scheinert et al. 2021, this volume).

The GIA process is also an interesting topic of study in
itself. The growth and decay of an ice sheet can be seen as
a large deformation experiment. The response of the Earth’s
surface is governed by the viscosity of the underlying mantle,
so measuring the GIA can be seen as a way to measure vis-
cosity at depth. As viscosity is the parameter that controls
the speed of motion in the Earth’s mantle, which drives
plate tectonics, constraining viscosity is an important contri-
bution of GIA research. However, since viscosity affects sev-
eral processes in the Earth, such as mantle convection (e.g.
Bredow et al. 2022, this volume). GIA studies are not the
only way to infer the viscosity of the Earth’s interior. GIA
research complements other methods for estimating viscosity:
for example, through seismic models (e.g. Lloyd et al. 2020;
Wiens et al. 2021, this volume) and laboratory experiments
on mantle rocks (Hirth and Kohlstedt 2004), combined with
information on rock composition and local mantle conditions
derived from xenoliths (e.g. Martin 2021, this volume). How
viscosity is derived for use in GIA models is described in
Ivins et al. (2021, this volume).

This section presents methods for modelling GIA, dis-
cusses the main inputs and results of this modelling, and
the observational constraints. It starts with a brief general his-
tory of GIA in general, after which the state of the art on GIA
modelling in Antarctica is presented. In terms of data, the
focus is on relative sea level (RSL: the difference between
the surface of the sea and the ocean bottom), as the geodetic
data are already described in Scheinert et al. (2021, this vol-
ume). Concerning numerical models, attention is paid to the
description of the models themselves and their inputs, with
a focus on ice thickness, as rheology is covered in Ivins
et al. (2021, this volume). The focus is on the last glacial

cycle because this influences present-day geodetic observa-
tions and more observations of the GIA process are available
for this period. GIA projections for the Antarctic Ice Sheet are
briefly addressed and the section concludes with pointers for
future research.

Brief history of GIA research

What follows is a brief summary of the history of the concept
of GIA up to the point that numerical models were used exten-
sively from the 1980s. A more extensive history can be found
in Ekman (1991), Steffen and Wu (2011) and Whitehouse
(2018). Historically, the concept of GIA is associated with
Fennoscandia, specifically a small Swedish village on an
island in the Baltic Sea, where in 1731 Anders Celsius was
invited to explain why a group of rocks in the coastal area
was apparently slowly rising above the level of the sea
(Ekman 2013). Even though Celsius and his contemporaries
did not realize it at the time, they were observing land uplift
and a sea-level readjustment caused by deglaciation since
the LGM (c. 20 kyr ago). Given the strategic role of these
rocks, which had been used for hunting seals for centuries,
empirical records of their height with respect to sea level
had been kept for generations, allowing the phenomenon to
be tracked that would otherwise have been difficult to notice
in one life time. All the important elements of GIA were
already present: the uplift of the Earth’s surface, the role of
RSL as a reference for the Earth’s deformation and the
speed (or, rather, the slowness) of the phenomenon.

Celsius was able to compute the uplift rate of the rock; how-
ever, he was not able to provide the correct explanation, which
was suggested first in 1865 by Thomas Jamieson who argued
that ‘the enormous weight of ice thrown upon the land may
have something to do with this (land level) depression’ (Jamie-
son 1865, p. 178). Until the pioneering work of Haskell
(1935), there had been no attempt at quantitative modelling.
Haskell used a simplified model that neglected the crust but
considered a viscous layer underlain by a rigid layer on
which the load was applied. To constrain his model, he used
records of past changes in RSL. Assuming a certain thickness
for the upper layer, he estimated the viscosity of this viscous
layer to be around 1021 Pa s. The number, although based on
a model that is incomplete, is remarkably close to the modern
estimates of the average viscosity for the upper mantle
(Mitrovica 1996). A viscosity of this magnitude translates
into a characteristic relaxation timescale of thousands of years.

The success of Jamieson’s idea of a vertical viscous
response of the Earth to deglaciation was one of the main argu-
ments used by Wegener in his book The Origin of Continents
and Oceans (first published in 1915 in German; Wegener
1915) in favour of his new hypothesis of continental drift.
He argued that if vertical viscosity-regulated motions could
occur, it could also be possible that horizontal motions
could be sustained. Thus, the idea of GIA predates, and
even contributed to, the idea of continental drift.

New and more reliable methods to date sedimentary
changes (palynology and, later, carbon dating) substantially
improved and significantly expanded the sea-level records,
stimulating the development of new GIA models. In the
1970s, the first spherically symmetrical, self-gravitating, mod-
els were developed (Peltier 1974; Cathles 1975). Spherically
symmetrical means that the Earth model consists of concentric
layers with constant properties, while self-gravity refers to the
inclusion in the model of changes in gravity due to deforma-
tion. This can be considered the beginning of modern GIA
modelling. A lot of effort went into reproducing the increas-
ingly precise sea-level records with ice-history reconstructions
and inferring the Earth’s viscoelastic properties for distinct
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layers as opposed to a single average value. This required a
detailed understanding of the relation between the spatial char-
acteristics of the load and the sensitivity of the response of the
different components of the model such as the lithosphere
thickness and the viscosity profile.

Parallel to the studies on the solid Earth, ideas developed
on the adjustment of sea level, the concept of ‘eustasy’.
Edward Suess (1888) described the idea that sea level is at a
minimum during a glaciation when water from the oceans
gets stored on land in the form of ice, and that it then reaches
a maximum in the interglacial periods when the ice sheets
retreat. However, this concept results in a uniform sea-level
variation during the glacial oscillations, treating the ocean
basin as a giant bathtub with extremely steep boundaries
between water and land that is filled or depleted as needed.
This is in contradiction with what records of sea level show.
Palaeoreconstructions of sea level based on geological obser-
vations and debris dating that cover several millennia show a
much more varied behaviour: sea-level records at the coasts
close to the regions covered in ice at the LGM consistently
show a sea-level fall in Fennoscandia and North America
(Walcott 1972). Clearly, there is another process acting. The
analogy of the bathtub fails because it neglects gravity,
which dominates on a global scale. Moving large masses
around changes the gravity and equipotential surfaces that
determine sea level at rest. The inclusion of gravitational forces
explains how the melting of a large ice sheet reduces gravity in
a region around the shrinking ice sheet, so that the equipoten-
tial surface is lowered and a local sea-level decrease is obtained
(Farrell and Clark 1976; Clark et al. 1978). Changes in the
gravity field and changes in sea level cause deformation of
the Earth, and are important to include in GIA models.

To get an idea of the magnitude of deformation, we quantify
the GIA process in some key areas. Huge continental ice
sheets of more than 3 km in thickness covered Canada, north-
western Europe (Fennoscandia) and West Antarctica at the
LGM when they started melting c. 20 kyr ago. Melting was
essentially completed 7 kyr ago and resulted in a net rise of
the mean sea level over the global ocean of about 130 m
between LGM and present day (Clark and Tarasov 2014).
This net increase in water is called a eustatic sea-level rise
and it reached a rate of 40 mm a−1 during the deglaciation
period (Lambeck et al. 2014). Due to the lag in Earth deforma-
tion having a characteristic timescale of thousands of years,
the solid Earth surface in former ice-covered regions is cur-
rently uplifting by up to 10 mm a−1. Just beyond the ice sheets,

forebulges emerged during the growth of former ice sheets
(see a schematic representation in Fig. 1), which currently sub-
side at a rate of several millimetres per year, as detected by
GNSS instruments (e.g. Schumacher et al. 2018). Thus, the
bedrock deformation under the present-day ice sheets differs
per region, depending on the historical and current loading
and unloading of ice.

GIA physics simplified

When a load is placed on the Earth, after initial elastic dis-
placement, pressure is distributed into the mantle, which
deforms in a way that can be compared to deformation of
memory foam or a sponge after pressing it: a slow readjust-
ment to equilibrium controlled by the dynamic viscosity
parameter, η, that is usually used for viscous flow (Fig. 1).
Measurable deformation some time after the change in load
occurs if the viscosity is low enough for rocks to creep on
timescales of a glacial cycle or shorter. The numerical models
used to compute GIA and post-seismic relaxation are gener-
ally viscoelastic, meaning that they include a viscous compo-
nent as well as instantaneous elastic changes in deformation
and in the gravitational field (and, therefore, in sea level).
The Earth’s interior, down to the fluid outer core, can be con-
sidered viscoelastic but the top layer is essentially elastic and
is termed the lithosphere (not shown separately in Fig. 1). The
flexural rigidity of the lithosphere acts as a dampening filter for
both the forcing and the consequent deformation. The thinner
the lithosphere, the more spatially concentrated is the defor-
mation induced on the mantle; the thicker the lithosphere,
the more distributed is the deformation. This can be used to
infer the thickness of the lithosphere when the load’s spatial
and temporal histories are known. Finally, brittle deformation
also occurs within the lithosphere, causing fractures under
stress associated with surface loading, but this plays a smaller
role in relieving overall stresses. This can be understood from
the observation that GIA-induced earthquakes have a small
effect on nearby faults (Brandes et al. 2015).

The subsidence below a thickened ice sheet must be com-
pensated by uplift elsewhere because although the Earth is
compressible, its volume does not change significantly.
The basic shape of a GIA pattern is a concentric pattern of
deformation, the so-called footprint of the ice sheet, with
uplift in a band around the ice load – the forebulge
(Fig. 1). Upon melting of the ice sheets, meltwater flows
into the oceans and the overall mass distribution on the
Earth’s surface changes. This results in changes in the grav-
itational pull and a sea-level fall near the ice sheet that were
mentioned in the previous subsection. The spatial pattern of
sea-level change that results from ice melt has been labelled
‘sea-level fingerprint’ (Mitrovica et al. 2009), and includes
gravitational effects and elastic deformation due to ice
melt. In addition, the meltwater acts as a load that is redis-
tributed across the globe, and which deforms the ocean
basins. This leads to continental levering, which is the sub-
sidence of the ocean floor and a corresponding uplift of
the neighbouring continent as a result of the addition of melt-
water (Walcott 1972; Mitrovica and Milne 2002). Also rele-
vant to the sea-level change is the concept of ocean
syphoning, where water flows from equatorial regions
towards forebulges that are subsiding below the ocean, espe-
cially around Canada and Antarctica (Mitrovica and Peltier
1991).

Further improvements in sea-level modelling account for
shifting land–ocean boundaries (Johnston 1993; Peltier
1994) and grounded ice that can become floating as sea
level rises (e.g. Milne et al. 1999). Finally, the change in ice
load and deformation of the Earth affect the Earth’s moment

Fig. 1. Schematic representation of GIA following an increase in ice
thickness of an ice sheet resting on a bedrock that has two different
viscosities. The ice thickness increases by Δhice. As a result of this increase
and past increases in ice thickness, the bedrock deforms by dGIA with a
forebulge forming outside the area of ice increase. Because viscosity η2 is
assumed to be smaller than η1, deformation is larger under the right half of
the ice sheet in a given time.
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of inertia, which changes the direction and magnitude of the
rotational vector of the Earth. This in turn changes the rota-
tional potential, which induces deformation of the solid
Earth as well as changes in sea level (Bills and James 1996;
Milne and Mitrovica 1998).

Considering the discussion of GIA above, it is clear why
records of sea level at different locations on the globe can be
used to gain knowledge on the history of deglaciation and
on the Earth’s physical properties. In the following subsection,
we discuss observations available in Antarctica, including
sea-level records.

GIA observations in Antarctica

Constraints on GIA are muchmore sparse in Antarctica than in
other continents but the quantity and the quality has been
steadily improving, so that a robust picture appears of some
aspects of GIA in Antarctica. In this subsection, we discuss
palaeosea-level data; geodetic data are reviewed in Scheinert
et al. (2021, this volume). In addition to these two types of
data, there are a few other manifestations of the GIA process
that could be considered as observable. Post-glacial rebound
is hypothesized to have contributed to the 1988 Antarctic
earthquake south of the Balleny Islands (see their location in
Fig. 2) (Tsuboi et al. 2000). Seismic events in the Ellsworth
Mountains are thought to be related to ongoing GIA-induced
stress, acting on pre-existing structural weaknesses (Lucas
et al. 2021). Stress orientation obtained from boreholes indi-
cates that significant GIA stress is present that could have trig-
gered other earthquakes (Ivins et al. 2003). Glacial-induced
earthquakes have also been suggested as contributing to sedi-
ment slides in the Miocene in the Western Wilkes Land mar-
gin (Donda et al. 2008). These hypotheses are interesting to
explore in future modelling but as of yet do not yield useful
constraints on GIA models.

Sea-level indicators. Information on sea level can come from
the dating of organic material such as shells and seaweed in

raised beaches. A clear raised beach is not always visible as
the land rise and corresponding sea-level change happens
gradually. Some findings indicate a minimum height for sea
level, such as shells: sea level must have been higher than
the location at which they are deposited (e.g. Bentley et al.
2005). Some findings represent a maximum sea level as they
are deposited subaerially, such as seal hairs and penguin drop-
pings (Bassett et al. 2007). Sometimes sea-level tilt can be
derived, which provides a stronger constraint on spatial sea-
level changes (Konfal et al. 2013).

The most accurate data are taken from so-called isolation
basins. When land is rising, bodies of water that lose their con-
nection to the sea transition from marine to lacustrine. This
transition is recorded within the sediment deposited in these
water bodies, and can be detected in sediment core studies
and dated. The reverse can also occur: a transition from lacus-
trine to marine sediments indicates a sea-level rise.

A number of sea-level indicator data in Antarctica has been
reported in recent literature; their location is shown in Figure
2. Bassett et al. (2007) compiled data from eight locations;
their location is shown in Figure 2, which was extended in
Whitehouse et al. (2012a) to 14 sites that were also used by
Argus et al. (2014). Okuno and Miura (2013) used a subset
of these data and included an extra site in East Antarctica
(Bunger). Furthermore, raised beaches in the northern part
of the Antarctic Peninsula have been dated to the late Holo-
cene, indicating increasing sea-level fall during that time
(Simms et al. 2018). A reconstruction in Joinville Island at
the tip of the Antarctic Peninsula shows a sea-level fall in
the last 3 kyr, with significant changes in rates (Zurbuchen
and Simms 2019). Records in East Antarctica have been
extended by Hodgson et al. (2016) and Verleyen et al.
(2017), with the latter pointing out the possibility of neotec-
tonics contributing to vertical deformation.

The amount of sea-level data is sparse, and there are no
data available between the LGM and 12 ka before present
(BP). However, in several locations beach deposits and
lake and sea sediments can be used to infer sea level before
the LGM (e.g. Nakada et al. 2000). They indicate a sea level

Fig. 2. Relative sea-level data in Antarctica
compiled in Whitehouse et al. (2012a)
(largely based on Bassett et al. 2007) and
sites from Okuno and Miura (2013).
Locations going along the coastline
clockwise starting at KH: KH, Kizahasi
Hama; LH, Larsemann Hills; RI, Rauer
Islands; VH, Vestfold Hills; B, Bunger; WI,
Windmill Island; RA, Ross A (Terra Nova
Bay); RB, Ross B (Cape Roberts); PIB, Pine
Island Bay; AP, Ablation Point; MB,
Marguerite Bay; BP, Byers Peninsula; FP,
Fildes Peninsula; JI, Joinville Island; BI,
Beak Island; JR, James Ross. The 200 largest
grounded regions are patched grey, and
Antarctica’s coast (including ice shelves) is
shown in blue. These are plotted with
MATLAB routines from Antmap (Greene
et al. 2017) based on Bedmap2 (Fretwell
et al. 2013).
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close to present, which could only have been achieved with
excessive ice (due to the self-gravity of the ice sheet), that
would place the glacial maximum well before 20 ka (Ishiwa
et al. 2021).

Interpretation of the GIA observations require numerical
models to compute uplift rates and gravity changes for a
given Earth model and ice-sheet thickness history, which
can then be compared to the observations. Results of numeri-
cal GIA models are discussed in the following subsection.

Numerical models and results

The earliest GIA models solved the differential equations
describing the physical phenomena involved, starting with
the conservation of momentum and mass (Cathles 1975).
The traditional way of solving them is by means of the normal
mode method (Peltier 1974; Wu and Peltier 1982). This
method is suitable for a layered Earth with radially varying
viscoelastic parameters. The normal mode method succeeds
in computing the response for a spherical body with concentric
layers with constant parameters (we will refer to this as a 1D
model), where the response is the change in deformation and
the change in gravity. For each layer, the elastic parameters
(density and Young’s modulus) and viscosity need to be spec-
ified. For ice-dynamics models, the GIA component is often
simulated by a model that is conceptually simpler than the nor-
mal mode method, the so-called elastic lithosphere and relax-
ing asthenosphere (ELRA) model, which will be addressed in
the ‘Coupling of ice to solid Earth: feedbacks and processes’
subsection later in this section. The asthenosphere is the
upper part of the upper mantle below the lithosphere. For
the ELRAmodel, parameters are also constant for the two lay-
ers involved.

The normal mode theory assumes linear viscoelasticity,
which means that stress is proportional to strain at a given
time and the response to different stresses can be summed
(Findley et al. 1976). Peltier (1974) and Wu and Peltier
(1982), along with many others following their methodology,
assume a Maxwell rheology (e.g. see Sabadini et al. 2016),
which is a particular form of linear viscoelastic rheology
where the elastic deformation occurs first upon the application
of a force, which can be the increase in weight of the ice sheet,
after which viscous deformation takes over. Other linear vis-
coelastic rheologies have been employed in GIA models: for
example, the Burger’s rheology, which uses a separate viscos-
ity for the short-term initial and the long-term steady-state
responses (Yuen and Peltier 1982; Sabadini et al. 1985).
This rheology is commonly used in post-seismic deformation
(see ‘Conclusions and future work’ later in this chapter). It has
not been used widely to explain GIA observations since the
first studies in the 1980s but it has received more attention
recently (Caron et al. 2017; Ivins et al. 2020), not least
because the behaviour in deformation experiments points
towards Burger’s rheology (Faul and Jackson 2015). Non-
linear rheology, in which the strain rate depends non-linearly
on stress, has also been included early on in GIA modelling
(e.g. Nakada 1983; Wu 1992), with more recent use in GIA
models informed by laboratory experiments on mantle rocks
(e.g. van der Wal et al. 2013).

Model results produced by the normal mode method can
explain GIA observations to a large extent for a global average
viscosity profile (e.g. Peltier 2004; Lambeck et al. 2014; Lau
et al. 2016), although studies do not all agree on the same
radial viscosity profile, partly because of non-uniqueness in
the inversion: different viscosity profiles can explain the
same subset of observations to within the noise level (Paulson
et al. 2007). Viscosity in the real Earth can vary by orders of
magnitude but the normal mode method can still be used for

applications in regions where viscosity variations underneath
and near the ice sheet are small enough that viscosity can be
approximated by an average value that varies with depth only.

For several regions, including Antarctica, viscosity cannot
be assumed to be constant beneath the ice-covered region,
and the viscosity, along with other Earth material properties
in the model, needs to change with latitude and longitude.
To model the effect of such lateral variations in viscosity,
numerical methods are generally applied in which the Earth
is discretized into small elements, finite elements or finite vol-
umes. Global spherical Earth models that can incorporate lat-
eral variations in viscoelastic parameters have been developed
since the 2000s (Martinec 2000; Zhong et al. 2003; Wu 2004;
Latychev et al. 2005). These models are sometimes referred to
as 3D GIA models, where 3D refers to the variations in the
Earth model input rather than the domain of the model itself.
Most knowledge on GIA still comes from global 1D models
as these have been around longer, and because 3D models
have a long computation time and a potentially large number
of degrees of freedom requiring additional constraints.

The largest uncertainty in GIA models stems from the
unknown ice thickness through time. For several regions, ice
sheets have left marks in the landscape from which the ice
extent can be contoured and dated. However, in Antarctica,
the ice sheet still covers most of the land and changes in the
thickness of the ice sheet have left little indication on the land-
scape, unless particular glaciers were confined to a mountain
valley that show the erosional limits (trimlines: Denton et al.
1992; Bentley and Anderson 1998) or there is other geological
evidence: for example, from glacial and post-glacial deposits
(e.g. Brook et al. 1993; Mackintosh et al. 2014) or glaciovol-
canology (Smellie et al. 2009, 2011). An overview of studies
on the large-scale changes in the Antarctic Ice Sheet since the
LGM is given in the following subsection.

For the GIA-based method of inferring ice-sheet history, a
forward GIA model is used that assumes a certain viscosity
profile. However, the mantle viscosity is often derived from
GIA studies that assume a certain ice history. This circularity
is reduced by the different data available and the different sen-
sitivities they have to the input Earth model parameters. For
example, depending on the spatial scale of the load, the
depth at which the mantle responds the strongest changes:
smaller ice sheets, such as in Scotland, affected a shallower
part of the mantle, while the largest ice sheets, such as the Lau-
rentide Ice Sheet, excited a response in the lower mantle. This
characteristic can therefore be used to employ observations
around different ice sheets to constrain viscosity at different
depths of the mantle. This qualitative idea has been confirmed
by computing ‘sensitivity kernels’ from numerical models
(Peltier 1976; Wu 2006; Lau et al. 2016) that show which
depth of the mantle has the most impact on a certain observ-
able. A sensitivity kernel can be computed with a forward
GIAmodel. A small change in the viscosity in a small sublayer
is applied and the change in the observable is computed, all
with respect to a certain reference viscosity profile. By
doing this for many sublayers, a plot can be created of the
effect in the observable v. the depth at which the viscosity
change is applied. An example for the Scandinavian Ice
Sheet is shown in Figure 3. In this case, the observable is
the present-day change in gravity but the curves would be sim-
ilar for present-day uplift rate. Note that the magnitude itself is
not relevant as it scales with the magnitude in the viscosity
change but the relative magnitude is interesting. The sign is
positive in the figure, meaning that the change in viscosity
increases the gravity rate. However, a negative sign could
also be achieved because both a viscosity that becomes very
low and a viscosity that becomes very high will reduce gravity
and uplift rates. The sensitivity with depth is directly depen-
dent on the viscosity: for a profile with higher viscosity in
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the lower mantle (orange line), more of the sensitivity is con-
centrated in the upper mantle. For Antarctica, the change in
ice-sheet thickness since LGM in West Antarctica is similar
to the thickness of the Scandinavian Ice Sheet but with a
smaller spatial extent. Therefore, the sensitivity is expected
to be concentrated at a shallower layer compared to what is
shown in the figure.

A further reduction in the circularity of the problem is pos-
sible by recognizing that relaxation after the ice has disap-
peared mostly depends on the viscosity and not on the ice
history (Wieczerkowski et al. 1999). Furthermore, combining
and integrating sea-level records with GNSS measurements of
uplift rate and gravity variation measurements from GRACE
and GRACE-FO (GRACE Follow-On) satellite measurements
reduces the uncertainty, although unique inversion for viscos-
ity in three layers or more is challenging, even with a combi-
nation of these data (Paulson et al. 2007).

Despite the limitations, the GIA approach allows an estima-
tion of Earth properties of the lithosphere and mantle that
complements information coming from other geological, geo-
physical and geodynamic studies. Global GIA models predict
RSL and other observations from all over the world, taking
into account the global effect of the water redistribution by
computing the sea-level change that is consistent with the
loading and solid Earth deformation. Modern analyses indi-
cate that the global average value for upper-mantle viscosity
lies close to the value suggested by Haskell in 1935 (Mitrovica
1996) as stated in the earlier subsection on ‘Brief history of
GIA research’. A refinement of this result indicates that
viscosity increases from the upper to the lower mantle by a fac-
tor of 2–3 (e.g. Peltier 2004) or more (e.g. Kaufmann and
Lambeck 2002). The characteristics of the GIA process are
such that both the low-viscosity and the high-viscosity solu-
tions are allowed by the sea-level data (Lambeck et al.
2014) but the ambiguity in the lower-mantle viscosity can
be reduced by including constraints on the Antarctic ice vol-
ume (Caron et al. 2017).

The estimates discussed above represent an average value
for viscosity. They will provide incorrect predictions of RSL
change and modern uplift rates in areas where the actual vis-
cosity structure greatly deviates from the global average,
such as in West Antarctica. The solid Earth’s internal proper-
ties and Earth’s loading history are interdependent in GIA
inversions and both are unknown at a fine scale even if a global

picture emerges. All of these problems exist in Antarctic GIA
studies but steady progress with increased measurements and
model refinements has led to GIA results for Antarctica that
are gaining acceptance.

In 3D GIAmodels, the larger number of degrees of freedom
combined with a longer computation time prohibit simulating
a large parameter space. For this reason, uncertainty in 3D
model predictions is not well quantified. However, 3D GIA
models provide higher accuracy over 1D models for several
applications. Some key sensitivities of GIA models can be
summarized to facilitate interpretation of model results.
First, the bedrock response at a certain location depends on
the ice-sheet forcing in the surrounding area. The stress is
transported from the area of loading downwards into the man-
tle but also outwards where it also deforms the surface. The
observed response is a function of viscosity along this stress
path (Paulson et al. 2005). As stress is largest beneath the
load, viscosity beneath the load has a large control on the bed-
rock response but viscosity outside the loading area is also rel-
evant. For example, near the edge of the ice sheet, the uplift
rate is most sensitive to the local viscosity as opposed to the
viscosity beneath the load (Wu 2006). In fact, this sensitivity
is as strong as the sensitivity of the uplift rate to the viscosity in
the centre of the ice sheet. RSL data outside the ice cap have an
even stronger sensitivity to the viscosity outside the ice sheet;
sensitivity to viscosity at a certain depth can have an opposite
sign between two locations near the observation point (Craw-
ford et al. 2018). This shows that RSL data have more resolv-
ing power inside the Earth than the uplift rate data, which
demonstrates the importance of RSL data for GIA inversions.
The RSL data was discussed in an earlier subsection.

Ice-sheet history in Antarctica

Applying a forward GIA model requires the ice thickness
through time to be known. To reconstruct such a history, gla-
cial geological constraints, ice-dynamics modelling and GIA
observations are used, or a combination of these (e.g. Bentley
1999; Briggs and Tarasov 2013; Siegert et al. 2022). In the
case of ice dynamics, ice-sheet behaviour is simulated using
climatic conditions as input (e.g. Huybrechts 2002). In a GIA-
based scheme, ice thickness is adjusted until a good fit is
obtained with palaeo sea-level records, possibly including
geodetic data (e.g. Peltier 2004). Several approaches lie in
between: a simplified ice model with a regional tuning param-
eter (Lambeck et al. 2017; Gowan et al. 2021) or averages
of an ensemble of ice-physics-based realizations can be
employed (Tarasov et al. 2012).

Geological inferences of ice thickness. Comprehensive geo-
logical and ice-core data have become available for the degla-
ciation since the LGM. The extent of the ice sheet can be
derived from ice-marginal features such as moraines, subgla-
cial features and glacial deposits, which can be dated using dif-
ferent techniques (e.g. Whitehouse et al. 2012a; Siegert et al.
2022). An important dating technique is cosmogenic nuclide
surface exposure dating. Nuclides form in rocks as a result
of bombardment by cosmic rays. The longer a rock is exposed,
the more nuclides it will contain. Therefore, counting the
nuclides gives an indication of the time that the rock has
been exposed, which can pinpoint the formation of a moraine
or other features (Davis 2020). The technique, however, is
affected by GIA itself, as the elevation of the sample affects
nuclide production (e.g. Jones et al. 2019).

A second dating technique is optically stimulated lumines-
cence dating, which measures the remaining electrons created
from naturally present radioactive material after the electrons
are ‘reset’ by exposure to sunlight before ice crystals are
deposited. Where organic material is present, carbon dating

Depth (km) 

Fig. 3. Sensitivity of the present-day gravity rate in the centre of the
Scandinavian ice sheet to viscosity at depth for two viscosity profiles. UM,
upper mantle, above 670 km; LM, lower mantle, between 670 km and the
core. The ice-sheet model used is ICE-5Gv1.2 (Peltier 2004). Source:
Reproduced from van der Wal et al. (2011).

W. van der Wal et al.320

Downloaded from https://www.lyellcollection.org by Guest on Jul 17, 2023



can be used: for example, organic material in sediments or of
animal remains at raised beaches. The latter usually provides a
minimum age: whenever animals were present there was no
ice. However, carbon dating is affected by natural variations
in the background rate and, therefore, the ages have to be cal-
ibrated to calendar ages before they can be compared with
model predictions.

Other data include mapping of grounding lines by seismic
reflection profiles and sonar (Whitehouse et al. 2012a), and
detection of grounding-line retreat in the transition of sedi-
ments (Briggs and Tarasov 2013). Such data are sparse in
East Antarctica (Arndt et al. 2013) but exposure dating of gla-
cial features has been performed for a number of locations on
the coast of East Antarctica (Mackintosh et al. 2014). In the
interior, constraints are more difficult to obtain. The isotope
distribution in ice cores can be a proxy for the ice-
accumulation rate, from which changes in ice thickness can
be obtained (e.g. Parrenin et al. 2007). This requires an ice-
flow model but also an accurate model for bedrock elevation
and its changes (e.g. Siddall et al. 2012).

Finally, glaciovolcanism offers insights into ice-sheet
parameters, such as age, thickness and surface elevation
(Smellie 2018). The contact of lava with ice produces meltwa-
ter when the volcanic cone reaches the bottom of the ice sheet.
The interaction of meltwater and lava produces a recognizable
stratigraphic unit. Therefore, the thickness of the layer thus
produced approximates to the thickness of the prevailing ice
sheet. The elevation of the layer can also indicate the thermal
regime, whether ice is cold or wet based (e.g. Smellie et al.
2011). The advantage of glaciovolcanic evidence is that volca-
nic deposits are thick and are resistant to erosion but the time
resolution can be low as it depends on eruption frequency.
Applications in Antarctic include the Antarctic Peninsula Ice
Sheet in the Pliocene (Smellie et al. 2009; Davies et al.
2012), and the thermal regime of the East Antarctic Ice
Sheet between 12 Ma and present (Smellie et al. 2011). The
compilation by the RAISED Consortium in 2014 provided
time-slice maps of grounding-line position and ice-sheet thick-
ness at 5 kyr intervals (Bentley et al. 2014; see also Siegert
et al. 2022). The results agreed with earlier findings of a
total volume of Antarctic ice loss since the LGM of below
10 m sea-level equivalent (SLE). The amount of retreat varies
across Antarctica, with the largest retreat found in the marine-
based sector of the Ross and Filchner–Ronne ice shelves (for
their location see Fig. 2). The timing of retreat also varied,
from early retreat in the Antarctic Peninsula and the Amund-
sen Sea sector to late retreat in Marie Byrd Land (for the loca-
tions see Fig. 2). However, ice also advanced in the late
Holocene (e.g. in the Antarctic Peninsula: Simms et al.
2021), as possibility already hinted at in Hollin (1962). In
East Antarctica, ice extended to the shelf at the LGM but
was probably thinner in the interior (Mackintosh et al.
2014). Recently, the role of ocean–ice interaction has received
more attention. This interaction could provide a means for
parts of East Antarctica to be susceptible to instability caused
by the ocean ‘eating’ into an ice sheet on deepening topogra-
phy (Schoof 2007; Kawamata et al. 2020).

Ice-sheet dynamics. To recreate an ice sheet, knowledge of
the dynamics of an ice sheet is helpful but an ice sheet is sub-
ject to many forces and interfaces that are difficult to take into
account. In particular, the interactions of an ice sheet and
shelves with bedrock in subglacial water transport and with
the ocean are crucial but complex, and are an active area of
research (Siegert and Golledge 2022). Therefore, a unique
representation of the ice sheet through time cannot come
from ice dynamics alone. Proxies for total ice volume and evi-
dence of the maximum ice extent can help to limit the range of

ice-sheet realizations. However, at the same time it is difficult
to create a model of ice dynamics that matches available data
(Briggs and Tarasov 2013). Moreover, high spatial resolution
in the models and in the input data such as topography is
required to represent ice flow accurately, which is not yet fea-
sible (Colleoni et al. 2018). What ice-sheet-dynamics models
can provide is a shape for the ice sheet that is physically more
realistic than ice sheets that are tuned to sea-level data or ice-
extent data only. They can also provide uncertainty estimates
based on physical parameters (e.g. Albrecht et al. 2020b).

A widely used Antarctic Ice Sheet reconstruction is CLI-
MAP (Hughes 1981; Stuiver et al. 1981), on which several
GIA models were based (Nakiboglu et al. 1983; Wu and Pelt-
ier 1983). It consists of a 2D ice model with a basal shear
parameter – the main degree of freedom. The total volume
of ice melted since the LGM amounted to 24 m SLE. The
Antarctic-wide reconstruction by Huybrechts (1990) showed
in more detail that the Antarctic Ice Sheet behaved similar in
time to the northern hemisphere ice sheets, and that most of
the ice loss occurred on West Antarctica. Denton and Hughes
(2002) obtained a value of 14 m SLE for Antarctic Ice Sheet
loss since the LGM. Early models were not yet able to repro-
duce the processes that act on the grounding line such as dam-
age, and calving and basal melting (Pattyn et al. 2017). These
processes are very relevant for the post-LGM ice history in
Antarctica as fast-flowing glaciers in response to ocean forcing
can drain large glacier catchments (Golledge et al. 2012).
More recent models do not result in an ice sheet extending
to the continental shelf; they indicate thinner ice sheets with
a smaller contribution to the period of fast sea-level rise
known as Meltwater Pulse 1A, which occurred c. 14 kyr ago
(Albrecht et al. 2020b).

Figure 4a shows the time history of the Antarctic Ice Sheet
volume since the LGM for several recent ice models.
Figure 4b indicates the total contribution of the Antarctic Ice
Sheet to global sea level since the LGM (based on fig. 11 of
Albrecht et al. 2020b). Note that some studies used volume
of grounded ice above flotation (VAF), rather than total vol-
ume of grounded ice, which gives a smaller SLE. Ice thickness
above flotation is what contributes to the loading of the Earth’s
surface (see Goelzer et al. 2020). It can be seen that studies
which simulate the dynamic behaviour of the Antarctic Ice
Sheet yield the largest variations. Variations also stem from
the timing of the LGM being unclear (Bentley et al. 2014),
varying, for example, from 25 ka BP (Briggs et al. 2014) to
around 16 ka BP (Maris et al. 2014), although most studies
assume little decline in that period. In general, ice-sheet melt-
ing and retreat is not synchronous across Antarctica (Bentley
et al. 2014). Some sections, such as the Antarctic Peninsula
and Amundsen Sea sector, responded faster to temperature
increase than others such as the Ross and Filchner Ronne
ice shelves and Marie Byrd Land. There is also evidence for
a minimum ice extent several thousands of years BP, and
growth thereafter (e.g. Siegert et al. 2022). Such behaviour
will by itself lead to subsidence, which complicates the inter-
pretation of GIA observations.

GIA-based ice-sheet reconstruction. Ice-sheet thickness
determines land uplift and the shape of the sea surface (see
the earlier subsection on ‘GIA physics simplified’), and, there-
fore, sea-level estimates can be used to infer ice thickness. The
first constraint is that the total volume of loss of land-based ice
should match the global mean sea-level rise. A further refine-
ment in locating past land ice is possible by combining sea-
level indicators located near the centre and edges of the former
ice sheet and in the far field. This requires a GIA solver that can
provide predictions of sea-level change. When such a solver is
used, the ice inferences are no longer independent of the
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assumed mantle viscosity or other rheological parameters. A
further limiting factor is that sea-level indicators are only
found in Antarctica in select places near the edge of some of
the ice sheets or shelves (see the earlier subsection on ‘GIA
observations in Antarctica’). Therefore, due to the lack of
local constraints, in global GIA models until 2010 Antarctica
hasmostly been used tomatch the total sea-level change during
the deglaciation (e.g. Lambeck et al. 2000). Wu and Peltier
(1983) used an ice sheet by Clark and Lingle (1979) in their
ICE-2 global reconstruction model; the timing was later
adjusted by Peltier (1988). Nakiboglu et al. (1983) took esti-
mates of the total melt volume and created a more detailed dis-
tribution of ice over the Weddell and Ross seas. The CLIMAP
model was revised downwards in terms of volume by Nakada
et al. (2000), whose range of 6–17 m SLE is closer to recent
estimates. James and Ivins (1998) provided simulations of
the uplift rate that could be tested by GPS data, which became
available in the years thereafter (see Scheinert et al. 2021, this
volume). Since then, reconstructions have reliedmore upon ice
extent, thickness change, ice-dynamics estimates (Whitehouse
et al. 2012a; Ivins et al. 2013;Argus et al. 2014) andGPS uplift
rates (Argus et al. 2014).

Ice sheet histories used in GIA models. In the following we
discuss ice-sheet histories that are widely used in GIA models,
especially those that are used to correct GRACE measure-
ments of mass change: W12 (Whitehouse et al. 2012a),
IJ05-R2 (Ivins et al. 2013) and ICE-6G_C (Argus et al.
2014). We discuss the model of Albrecht et al. (2020b) as a
recent example of a ice-dynamics model, specifically the
best scoring simulation as shown in figure 15 of that paper.

Whitehouse et al. (2012a) assembled all the pertinent
glacial-geological data and used a shallow ice numerical
code to examine a spectrum of possible ice-change scenarios.
Ice-thickness changes between 20 ka BP and the present as
provided by this model are plotted in Figure 5a. The greatest
changes can be seen in the marine-based sectors in the Ross
and Weddell seas, followed by the coastal regions of West
Antarctica. In East Antarctica, ice thickness increased during
this period but actual constraints in East Antarctica are scarce.
Compared to an ice-dynamics model such as that of Golledge

et al. (2012), it has a greater increase in ice thickness in East
Antarctica and a larger reduction in ice thickness in the
Amundsen Sea sector.

IJ05_R2 (Ivins et al. 2013) is a revision of the IJ05 ice
model (Ivins and James 2005) that is widely used to correct
GRACE data. It does not include flow dynamics; instead,
ice heights are adjusted to fit glacial-geological data, mostly
the same as that used for W12. However, a choice was made
to create the largest possible ice-thickness changes and the
thickest and youngest LGM ice sheet to obtain an upper
range for the GIA correction for Antarctica. In creating the ice-
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Fig. 4. (a) Contribution of the melting of the Antarctic Ice Sheet to global sea-level rise since the LGM for different ice models or studies of LGM ice cover.
W12, Whitehouse et al. (2012a); ICE-6G, Argus et al. 2014; IJ05_R2, Ivins et al. 2013; A2020, Albrecht 2019; Albrecht et al. 2020b). The change in ice
thickness is converted to volume of water using ice and ocean densities of 917 and 1000 kg m−3 and then dividing by the present-day ocean area of 361 ×
106 km2 to obtain SLE. For Whitehouse et al. (2012a), the output from the Glimmer ice-sheet model at 5 kyr intervals is used, from which the area above
flotation is calculated using topography consistent with the ice-sheet model. (b) Total contribution of the melting of the Antarctic Ice Sheet to global sea-level
rise since the LGM, as well as the LGM timing for selected studies. For some studies a range is provided, for others only a single number is available. Numbers
are taken from Albrecht et al. (2020b), except where authors reported a different value or range in the original paper. W12, Whitehouse et al. (2012a); G12,
Golledge et al. (2012); G13, Golledge et al. (2013); IJ05_R2, Ivins et al. 2013; ICE6G_C, Argus et al. (2014); G14, Golledge et al. (2014); B14, Briggs et al.
(2014); M14, Maris et al. (2014); M15, Maris et al. (2015); P16, Pollard et al. (2016); P17, Pollard et al. (2017); Q18, Quiquet et al. (2018); A20, Albrecht
et al. (2020b). VAF indicates that grounded ice above flotation is used to compute the sea-level contribution.
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Fig. 5. Ice-thickness change between the LGM and the present for four
different ice histories. LGM is taken to be 20 ka BP unless otherwise
noted. Outside Antarctica, where no ice thickness existed at the LGM, the
Bedmachine topography (Morlighem et al. 2020) is plotted. (a) W12
model (Whitehouse et al. 2012a). (b) IJ05_R2 (Ivins et al. 2013) with the
LGM taken to be 21 ka BP. (c) ICE-6G_C (Argus et al. 2014). (d) A2020
(Albrecht et al. 2020b).
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thickness values, the present-day ice and ocean is taken as ref-
erence: that is, only ice that is higher than the local water level
corrected for the density difference, so-called ice above flota-
tion, is outputted, as this ice thickness is the effective load in a
GIA model. IJ05_R2 arrives at 7.5 m SLE that melted since
15 ka BP.

ICE-5G (version 1.2) (Peltier 2004) used limited regional
constraints and ice-dome histories inferred from far-field sea-
level models and records, arriving at a figure of 17.5 m SLE.
This was reduced to 13.6 m SLE in ICE-6G_C (Argus et al.
2014). The ICE-6G_C model has been tested for consistency
with an ice-dynamics simulation, by nudging the ice dynamics
to the ICE-6G_C model (Stuhne and Peltier 2015). The result
is a model that has a smoother shape and, for the most part, has
lower ice-surface heights than ICE-6G_C. Overall, the large
volume of ICE6G_C is at the high end of the range of ice-sheet
reconstructions shown in Figure 3. It is also large compared to
the compilation of studies in Simms et al. (2019), which gives
an average contribution of Antarctica of 9.9 ± 1.7 m SLE, and
compared to ice-sheet reconstructions that are used in GIA
simulations such as W12 (Whitehouse et al. 2012a),
IJ05_R2 (Ivins et al. 2013), and Briggs et al. (2014). A possi-
ble explanation is that ICE-6G_C attributes a large Antarctic
contribution to the period of rapid sea-level rise known as
Meltwater Pulse 1A (14.7–13.5 ka), while ice-dynamics
studies Antarctic-wide generally find a smaller contribution
(Mackintosh et al. 2011; Briggs et al. 2014), also supported
by ice-sheet limiting data (Bentley et al. 2014).

A2020 (Albrecht et al. 2020b) use the Parallel Ice Sheet
Model (Winkelmann et al. 2011) to simulate two glacial
cycles. Uncertainty is quantified by varying parameters for
internal ice dynamics, precipitation and mantle viscosity.
The simulations are scored against present-day observations
of grounded and ice-shelf areas, ice thickness, grounding-line
location, and uplift rates. The model that achieved the best
aggregated score shows ice thickness since the LGM to be
reduced by more than 2000 m in the major shelves in West
Antarctica, while ice grew by hundreds of metres in East Ant-
arctica, similar to W12. The total volume of ice reduction is
9.7 m SLE, which is in between W12/IJ05_R2 and
ICE-6G_C (Fig. 4a), and similar to other ice-dynamics-based
models (Fig. 4b). A difference with the earlier discussed mod-
els is that the minimum ice volume is reached before present,
with readvance and thickening occurring after 3 ka BP (e.g. at
Siple Coast). Contrary to Argus et al. (2014), it finds that rapid
Antarctica ice-sheet loss seems to be a consequence rather
than a source of the meltwater pulses.

GIA model results and inferences of mantle structure

The trade-off between mantle properties and ice reconstruc-
tion is more pertinent in Antarctica, where the ice history is
much less known than for other large Late Quaternary ice
sheets. For a uniform viscosity and a given ice retreat, which
does not vary too much spatially, GIA model simulations
will show the largest uplift where the magnitude of ice change
was largest: that is, at the Ross and Filchner–Ronne ice
shelves, which have seen a large degree of ice retreat since
15 ka BP (Martín-Español et al. 2016b). In accordance with
this relation between uplift rate and maximum ice-thickness
change, the largest uplift rates are found for the ICE-6G_C
(Argus et al. 2014) reconstruction, followed by the W12
(Whitehouse et al. 2012a) and IJ05_R2 (Ivins et al. 2013)
ice histories (see uplift rate compilations in King 2013;
Martín-Español et al. 2016b; Whitehouse et al. 2019). Com-
parison with GNSS uplift rates is not straightforward and
requires correction of the GNSS uplift rates for elastic loading
effects (Thomas et al. 2011; Scheinert et al. 2021, this

volume), and also separation of the plate velocity and GIA
models (King et al. 2016), as well as correcting for possible
remaining tectonic effects.

GIA models based on ice models that are tuned to match
GNSS or sea-level data still find an upper-mantle viscosity
very close to the average global viscosity such asW12 (White-
house et al. 2012a), which finds a best-fit upper-mantle viscos-
ity of c. 1021 Pa s, or IJ05_R2 (Ivins et al. 2013), which led to
a one order of magnitude smaller best-fit viscosity (c. 2 ×
1020 Pa s). These are the models that are applied most widely
in correcting GRACE gravity measurements for the GIA sig-
nal in Antarctica (Shepherd et al. 2018; Scheinert et al. 2021,
this volume).

While the GIA forward models can offer physical insight,
their accuracy becomes a function of the many input parame-
ters. Therefore, for some purposes, data-based approaches are
used, which are termed ‘empirical’ or ‘inverse’ GIA models.
For Antarctica, they are based on geodetic data such as
GRACE time-variable gravity, satellite altimetry and GNSS
(see Scheinert et al. 2021, this volume). Note that these are
not the same as inversions of GIA models for Earth model
parameters. Although the approaches are based largely on
data and their error estimates, they are not entirely free from
assumptions about the solid Earth such as the density of the
solid Earth mass change that causes a GIA gravity change
(Wahr et al. 2000; Riva et al. 2009) and an a priori set length-
scale of GIA (Martín-Español et al. 2016a).

The forward GIA models cannot predict all of the signals
seen in geodetic observations and in the empirical GIA models
in West Antarctica. For instance, in a joint analysis of time-
variable gravity (GRACE) data and altimetry data (Ice,
Cloud, and Land Elevation Satellite (ICESat)), Groh et al.
(2012) found a significant uplift signal of more than 20 mm
a−1 in the Amundsen Sector in West Antarctica that is not pre-
dicted by any GIAmodel. TheW12 (Whitehouse et al. 2012a)
ice model, which accounts for ice changes in that sector during
the deglaciation occurring since 20 ka BP, resulted in an uplift
of at most 5 mm a−1 in that region. The discrepancy can be
explained by the shortcomings in models that assume almost
no ice-loading changes after 5 ka BP, in agreement with
small change in global mean sea level during that time. How-
ever, it was later realized that the ice sheet in Antarctica
responded to local climatic changes throughout the late
Holocene.

A second reason for the discrepancy between data and mod-
els is that the ice in Antarctica covers a whole continent, from
the East Antarctic thick crust to the West Antarctic thinner
one, which cannot be truly represented by a single viscosity
profile. As stated earlier, substantial differences exist in the
Earth’s structure between East and West Antarctica: warmer
and weak mantle beneath West Antarctica and colder and
stiffer mantle beneath the East Antarctic Craton (Berg et al.
1989; Morelli and Danesi 2004; Hansen et al. 2014; Martin
et al. 2014; An et al. 2015; Burton-Johnson et al. 2020;
Wiens et al. 2021, this volume). East Antarctica shows high
seismic velocities down to a depth of 200 km, correlating
with old structures, although velocities at the coast are close
to the global average of around 150 km and deeper. The
Ross and Weddell seas have modest positive anomalies, and
the slowest velocities are found in the part of West Antarctica
where Cenozoic rifting and extension took place, particularly
in Marie Byrd Land, the Amundsen Sea sector and the Antarc-
tic Peninsula. The slow velocities do not extend very deep
beneath the Antarctic Peninsula, where fast anomalies are
found in the transition zone, but for Marie Byrd Land they
do extend deeper. Seismic velocity can be used to calculate
viscosity anomalies but with several assumptions and with
uncertainty resulting from unknown conversion factors and
the varying quality of the seismic model. Therefore, other
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sources of information are necessary to infer mantle structure,
as reviewed in this volume. For Antarctica, these can include
gravity and magnetic data (Pappa and Ebbing 2021, this vol-
ume), geology (Panter and Martin 2021, this volume) or man-
tle xenoliths (Handler et al. 2021, this volume; Martin 2021,
this volume).

The high mantle viscosity used in traditional GIA models
makes the predicted effect of ice changes within the last few
hundred years negligible. In several regions on Earth, adjust-
ment is much faster; the response to the LGM load has all but
relaxed and the current uplift is caused by deglaciation events
in the last few centuries. This is the case for glaciated regions
near ridges such as Iceland (e.g. Sigmundsson 1991), and near
subduction zones such as Alaska (e.g. Larsen et al. 2005) and
Patagonia (e.g. Dietrich et al. 2010), where mantle conditions
clearly deviate from the global average. For these areas, local
modelling is required combined with a local deglaciation his-
tory for the last few centuries. The possibility of a large signal
due to local, recent ice unloading in Antarctica was hinted at in
Ivins et al. (2000). In the last decade, the availability of GNSS
data has enabled the development of regional GIA models that
include changes in ice thickness over the last few centuries.
Regional studies can provide a constraint on regional upper-
mantle viscosities that together can lay out a picture of a vary-
ing mantle structure, which can be compared to other observa-
tions of the Earth’s structure,

The best-fitting upper-mantle viscosity from regional GIA
studies that can be compared to the geophysical image of Ant-
arctica’s mantle are discussed in the following. To match the
observed uplift rate data, the regional studies need to include
elastic deformation due to current ice-thickness changes and
the response to recent ice-loading changes in a period that is
sometimes called the Little Ice Age, although confusingly
this period is not the same for different regions on Earth.
Nield et al. (2014) analysed GPS uplift histories in the north-
ern Antarctic Peninsula and found that geodetic uplift rates
greatly exceeded their estimates for the Earth’s purely elastic
response to contemporary ice-mass changes, implying a sig-
nificant viscous component of uplift. They concluded that
the observed uplift rates after subtracting elastic deformation
could be explained by invoking upper-mantle viscosities in
the range 0.6 × 1018–2 × 1018 Pa s. A similar range of 0.3 ×
1018–3 × 1018 Pa s was found in a more recent analysis by
Samrat et al. (2020). Best-fit upper-mantle viscosity ranges
are presented as coloured ellipses encompassing the respective

study regions in Figure 6 on top of 3D viscosity maps from
Ivins et al. (2021, this volume) at two depths in the upper man-
tle. Note that the tip of the Antarctic Peninsula does not have
the lowest viscosity based on the 3D viscosity maps, espe-
cially at a depth of 300 km, which indicates the uncertainty
in translating seismic velocities to viscosity.

The best-fit viscosities obtained can also be compared to the
tectonic setting of the northern Antarctic Peninsula. Along the
western Peninsula, a subduction zone, which shut down pro-
gressively from south to north between 50 and 4 Ma (Barker
1982; Larter and Barker 1991; Eagles et al. 2004), remains
active along the South Shetland Trench and has an active
back-arc basin (Lawver et al. 1996). The Bransfield Straight,
separating the South Shetland Islands from the northern tip
of the peninsula, is undergoing extension and there is evidence
of active volcanism (Barker and Austin 1998; Smellie 2021).
This means that a viscosity below the global average is not
unexpected there. The low viscosities were confirmed by Sam-
rat et al. (2021) in the northern Marguerite Bay, with viscosi-
ties found to range from 0.1 × 1018 to 9 × 1018 Pa s. This
matches the slow seismic wave speeds along the Western Ant-
arctic Peninsula (see the background viscosity map andWiens
et al. 2021, this volume). In the southern part of the Antarctic
Peninsula, viscosity appears to be higher (Zhao et al. 2017), in
agreement with past subduction that ended from south to
north. Uplift rates due to the thinning of the Wordie Ice
Shelf match the small GPS uplift rates observed there only
for a lower bound of viscosity of 2 × 1019 Pa s. This larger vis-
cosity implies that viscosity increases by an order of magni-
tude over 500 km.

Other examples include studies in the Weddell Sea, where
the uplift rate allows tentative conclusions on the timing of
retreat. Wolstencroft et al. (2015) argued for a later retreat
than assumed in the Antarctic-wide ice reconstructions
(Whitehouse et al. 2012a; Ivins et al. 2013; Argus et al.
2014), and Bradley et al. (2015) argued for retreat from the
6 ka grounding line and subsequent readvance. Wolstencroft
et al. (2015) found best agreement with an upper-mantle vis-
cosity somewhat larger than in the rest of the Antarctic Penin-
sula, although the evidence is not very conclusive. In East
Antarctica, few data are available; a recent study by Hattori
et al. (2021) showed uplift rates in Lützow-Holm Bay, East
Antarctica, that agree with some of the global GIA models.

Barletta et al. (2018) analysed geodetically observed uplift
rates in the Amundsen Sea Embayment, West Antarctica, by

(a) (b)

Fig. 6. 1D upper-mantle viscosity constraints log10(Pa s) from GIA studies in the Antarctic Peninsula. The location of the ellipse outlines roughly the
region for which the viscosity constraint is obtained; the colour denotes the viscosity; the outer ellipse is the lower bound of the best-fit viscosity range and
the inner ellipse is the upper bound. N2014, Nield et al. (2014); Z2017, Zhao et al. (2017), who only provide a minimum viscosity; W2015, Wolstencroft
et al. (2015); S2021 (Samrat et al. 2021). (a) The background is the 3D viscosity map from Approach 3 in Ivins et al. (2021, this volume): i.e. derived
from the Antarctic seismic model of Lloyd et al. (2020) for dry olivine with a 4 mm grain size and stress of 0.1 MPa at 150 km depth (a) and at 300 km
depth (b).

W. van der Wal et al.324

Downloaded from https://www.lyellcollection.org by Guest on Jul 17, 2023



modelling the horizontal and vertical displacement of all Ant-
arctic GPS Network (ANET) stations in the Amundsen sec-
tor. The rate of ice-mass loss there is the major part of the
ice-mass loss of the entire Antarctic Ice Sheet. Ice loss
since 1890 in combination with satellite-observed ice loss
and a shallow upper-mantle viscosity of 4 × 1018 Pa s gave
best fit to the GPS uplift rates. Despite the fact that this
region is far removed from any plate boundary, it is underlain
by slow seismic velocities. There are also indications of geo-
logically recent (and, perhaps, locally active) rifting in much
of West Antarctica, including the Amundsen sector (Wobbe
et al. 2012). An example are the indications of active volca-
nism (Smellie et al. 2021), and Cenozoic rifting in much of
West Antarctica, and limited evidence that points to
rift-related displacements of Oligocene age between the
Thurston Island–Eights Coast and Marie Byrd Land crustal
blocks flanking the Amundsen sector (Kalberg et al. 2015;
Spiegel et al. 2016). This supports the finding of Barletta
et al. (2018) that mantle viscosity in this region deviates sig-
nificantly from the global average.

The regional studies are well suited to fit uplift rates but they
fall short in representing the continental-scale signal seen by
the GRACE mission as there is a contribution from the far-
away ice sheets through the global sea-level variations and
associated continental levering. In terms of mass change,
this contribution is almost 40% of the post-LGM signal
(Caron and Ivins 2020). Moreover, regional GIA models in
Antarctica do not simulate the effect of neighbouring regions
with a different viscosity, which is represented in Figure 1 as
deformation in the mantle that is not symmetrical with respect
to a vertical cross through the centre of the ice sheet. Thus, 3D
GIAmodels should probably be used for some parts of Antarc-
tica despite their longer computation time. A possible faster
solution is the combination of multiple regional 1D solutions,
as in Hartmann et al. (2020), or an ELRA model with regional
parameters (Coulon et al. 2021) but their accuracy should be
further investigated.

3D GIA studies require viscosity maps as input, which can
be derived from seismic velocity anomalies, as reviewed in
Ivins et al. (2021, this volume). Therefore, an anomaly in seis-
mic velocities can be converted to an anomaly in temperature,
which can be related to anomalies in logarithmic viscosity
using scaling factors based on laboratory measurements.
GIA studies using 3D models have mostly followed this
approach, with more recent models taking advantage of
more seismic data and full-waveform inversion that yield
more accurate velocity estimates. Ivins et al. (2021, this vol-
ume) discuss and quantify some of the uncertainties: the scal-
ing factors, the background temperature profile and other
parameters in the creep laws of mantle rocks, resulting in a
standard deviation of 1 in logarithmic viscosity, mainly in
areas with high viscosity. This is not yet the full uncertainty
range: seismic velocity anomalies have uncertainties that are
hard to quantify. Furthermore, water content can affect seismic
velocities directly and can also affect deformation for a given
temperature. Water content varies within the Antarctic mantle
(Martin 2021, this volume).

Thus, results of 3D models should be assessed with this
uncertainty in mind. However, it should also be realized that
because of the way that 3D viscosity maps for GIA studies
are created, the 3D GIA models do not have many more
degrees of freedom in fitting GIA observations than 1D GIA
models. Mostly, it is assumed that viscosity can be obtained
by scaling seismic velocity perturbations (Kaufmann et al.
2005; Geruo et al. 2013; Hay et al. 2017; Powell et al.
2020), as discussed by Ivins et al. (2021, this volume).
There are a number of choices for parameters that change
the amplitude of this spatial pattern, in addition to assumed
background temperature or background viscosity, but the

spatial pattern is determined by the seismic model used. A
somewhat different approach translates the velocity anomalies
into temperature anomalies, which are entered into a mantle
flow law (van derWal et al. 2015; King et al. 2016; O’Donnell
et al. 2017). In this case, viscosity can also depend on the
stress in the mantle, as will be discussed later. Even so, the spa-
tial pattern in effective viscosity will be determined mostly by
the pattern of the seismic velocity anomalies. This means that
a better fit of 3Dmodels compared to 1Dmodels should not be
expected automatically when using spatially homogeneous
scaling parameters. 3D GIA models by themselves allow var-
iations in viscosity for each element in the model, and some
applications in the future might require fitting spatial varia-
tions in parameters directly, in which case the number of
degrees of freedom will be much greater and inversions
become more problematic. In this case, other information
such as gravity anomalies (Pappa and Ebbing 2021, this vol-
ume) and geologically derived constraints can also be helpful
(Burton-Johnson et al. 2020; Martin 2021, this volume; Mar-
tin et al. 2022, this volume).

An approach that can be followed to reduce uncertainty in
3D viscosity maps is to calibrate the 3D viscosity estimates
with regional 1D studies. Viscosity values that can serve as
such anchor points are compiled in table 6 of Ivins et al.
(2021, this volume) and in figure 1 of Lau et al. (2021).
Ivins et al. (2021, this volume) conclude that rheology derived
frommicromechanics and seismology compares well with vis-
cosities derived from GIA models for several regions. In par-
ticular, the low viscosity in the Antarctic Peninsula can be
replicated. A selection of studies for the Antarctic Peninsula
is shown in Figure 6 together with a 3D viscosity estimate
from Ivins et al. (2021, this volume). An important caveat is
that it is not immediately clear if the best-fit 1D viscosity
should be seen as an average over a certain part of the mantle.
The question becomes: To what region and depth is a certain
observable sensitive? We know from the sensitivity kernels
discussed earlier that larger ice sheets are sensitive to deeper
structure. However, the sensitivity itself depends on the vis-
cosity profile. Sensitivity is concentrated in areas of low vis-
cosity in the case of a viscosity contrast. In that case, the
low viscosities have a larger weight in determining what 1D
viscosity corresponds best to the 3D viscosity pattern. It
could be advocated that a viscosity representative of the pro-
cess should be weighted by strain rate or by internal work
(Christensen 1984). Blank et al. (2021) used the approach of
averaging only over those elements where the stress reaches
a threshold value, relative to the maximum stress.

In 1D models, the lithospheric thickness is an independent
input parameter. It is difficult to quantify lithosphere thickness
based on other studies because the lithosphere is defined dif-
ferently in different fields. For GIA, a suitable definition is
the top part of the Earth that deforms elastically on the time-
scale of the glacial loading considered (e.g. Nield et al.
2018). This is different to a definition of lithosphere based
on seismic wave speed (e.g. Wiens et al. 2021, this volume),
from the elastic layer that is considered in gravity data
(e.g. Pappa and Ebbing 2021, this volume) or the chemical-
compositional-melt boundary considered from mantle xeno-
lith data (Coltorti et al. 2021, this volume), see also Rychert
et al. (2020). A further consequence of the GIA definition of
effective lithosphere is that its thickness changes in time; for
the same 3D Earth structure, the effective lithosphere for
will be thicker when studying a response on the timescale of
centuries than for a timescale of thousands of years. An advan-
tage of using 3D viscosity is that it is no longer necessary to
prescribe the lithosphere thickness a priori.

The influence of lateral viscosity on observables in Antarc-
tica can be determined by comparing the outcome of 3D and
1D GIA models. The effect on uplift rate was found to be
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around 1–2 mm a−1 (Kaufmann et al. 2005; Geruo et al.
2013), which is relatively small, especially considering the
larger ice sheets used in these studies compared to latest Ant-
arctic Ice Sheet reconstructions. A change in the location of
the maximum uplift rates can also be observed (e.g. comparing
fig. 5b and c of Kaufmann et al. 2005 to their fig. 4b and c; van
der Wal et al. 2015). This can be explained by the different
time sensitivities: a higher viscosity will be sensitive to earlier
ice-load changes that could have occurred at a different loca-
tion. For the mass balance of the Antarctic Ice Sheet observed
by the GRACE mission, van der Wal et al. (2015) found an
effect of 3D viscosity of up to 20 Gt a−1 compared to current
ice-mass loss of 160 Gt a−1. Blank et al. (2021) showed that
lateral changes in viscosity cannot as yet be detected in GPS
measurements in the Amundsen Sea sector. Focusing on the
spatial pattern of uplift rates, Nield et al. (2018) observed
that the 3D models result in a higher amplitude and shorter
wavelength, which is due to the thinner effective lithosphere
that can warp easier.

For horizontal velocities, the effect of 3D viscosity varia-
tions is larger than for vertical uplift rates, as found by sensi-
tivity studies (Wu 2006). The effect of viscosity variations is
such that the horizontal displacement rate can be reversed
depending on viscosity, as the horizontal rates are a resultant
of two opposite motions: the lithosphere that flexes such that
points move away from the former ice sheet, while the under-
lying mantle flows towards the ice-covered region (Hermans
et al. 2018). For Antarctica, the stiff cratonic root of East Ant-
arctica is thought to promote flow in the weaker West Antarc-
tic mantle (Kaufmann et al. 2005), which might be visible in
horizontal GNSS observations there (Konfal et al. 2018). An
enhanced effect of 3D viscosity on horizontal velocities is
also found for uplift caused by ongoing ice melt in West Ant-
arctica (Powell et al. 2020).

Finally, in terms of RSL data, Gomez et al. (2018) found an
effect of 3D rheology of tens of metres across Antarctica, well
above the measurement accuracy. The sensitivity of RSL data
depends greatly on the ice history. Bagge et al. (2021) found a
large sensitivity to lateral variations in the Ross Sea, and they
explain this by the relatively thin ice sheet compared to the ice
sheets in classical GIA areas, which makes the response more
sensitive to shallower layers where larger lateral variations
exist.

Apart from lateral variations, the predictions in Antarctica
are also sensitive to the presence of a power-law rheology,
which results in stress-dependent rheology (Nield et al.
2018; Blank et al. 2021). Such a power-law rheology repre-
sents behaviour that is observed in deformation experiments:

steady-state creep proceeds faster when stress is higher. This
implies that effective viscosity depends on stress and changes
in time: effective viscosity is lower where and when stress is
high. This local weakening leads to larger peaks in uplift
rate (Nield et al. 2018; Blank et al. 2021). During the glacial
cycle, the change in viscosity can be up to two orders of mag-
nitude (Barnhoorn et al. 2011). That has an important implica-
tion, namely that the viscosity that is valid for the glacial cycle
is not necessarily the same viscosity that holds for a more
recent loading process, or a longer term process such as mantle
convection (Bredow et al. 2022, this volume). Figure 7 shows
the change in viscosity in the Amundsen Sea sector as a result
of stress from post-LGM ice loss for two different 3D viscosity
models. The model in the top row has lower temperatures but,
because the grain size is smaller, viscosity is on average lower
than the bottom model (further details are given in Blank et al.
2021). The change in viscosity as a result of the post-LGM
decline of the West Antarctic Ice Sheet ranges by up to two
orders of magnitude for the model with a stiff rheology (top
row) and a long ‘memory’ (Fig. 7), although the change is
greatest for shallow regions where viscosity is so high that it
can be considered to be part of the lithosphere.

Note that the stress-dependent rheology is not the same as
transient rheology. Experiments show anelastic or transient
rheology before steady-state creep is reached (Faul and Jack-
son 2015). In its simplest form, transient rheology can be
parametrized by a short-term and long-term viscosity (e.g.
Caron et al. 2017). Such a rheology is used more often in post-
seismic deformation studies and will be discussed in the fol-
lowing ‘Post-seismic deformation’ section. The description
of transient rheology can be more general than short-term
v. long-term viscosity; experiments show that the rheology,
in general, depends on the frequency of loading (Ivins et al.
2020). Accounting for this frequency dependence, Lau et al.
(2021) calculated a complex viscosity for Antarctic regions
for a mantle composition based on olivine and with a depen-
dence on grain size. At a frequency between long-term and
short-term GIA, the transient process is shown to make a
large contribution (Lau et al. 2021). This also leads to an effec-
tive viscosity that changes in time, which is conceptually dif-
ferent from a stress-dependent rheology.

Coupling of ice to solid Earth: feedbacks and processes

As noted in the introduction to this chapter, the deformation of
the solid Earth affects the dynamics and growth of the ice sheet
on top of it. Thus, solid Earth deformation is important for the

Fig. 7. The change in viscosity as a
result of stress from the last glacial
cycle at the start of the simulation
for the Amundsen Sea Embayment
in AD 1900. G405 is a 3D viscosity
model based on a gravity-derived
lithosphere model for Antarctica
(Pappa et al. 2019) using an olivine
flow law with a grain size of 4 mm
and water content of 500 ppm.
W810 is based on a global
temperature model (an early
realization of WINTERC-G of
Fullea et al. 2021) using an olivine
flow law with a grain size of 8 mm
and 1000 ppm water content.
Source: adapted from Blank et al.
(2021).
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ice sheet in the last glacial cycle but also for scenarios of future
Antarctic Ice Sheet decline. In this subsection, the main effects
are discussed, how they are modelled and what the implica-
tions are of variations in mantle viscosity.

GIA influences ice dynamics in different ways. A straight-
forward effect is that it brings the ice surface to a different alti-
tude (schematized in Fig. 1) and hence to a different
atmospheric temperature that might promote or inhibit melt-
ing. However, in Antarctica, temperatures are low everywhere
and the greatest influence of the evolving topography induced
by GIA is on the grounding-line position of the ice sheet. The
grounding line lies at the transition between grounded ice and
floating ice. Its position is influenced by the local ice thickness
and the local sea level. A rise in sea level is associated with a
grounding line that moves inwards (Hollin 1962). As the ice
sheet gets thinner, the grounding line retreats inland and the
amount of floating ice increases. Ice discharge scales with
ice thickness at the grounding line. Therefore, if the depth of
the bedrock increases inland, the ice-thinning rate increases
more, a phenomenon termed ‘marine ice-sheet instability’
(Weertman 1974; Schoof 2007). As a result of a decreased
ice load, the bedrock beneath the ice sheet uplifts, which
causes the grounding line to shift back towards the ocean,
leading to a decrease in melt and a reduction in discharge if
topography reduces outwards. The main effect of GIA is there-
fore a negative feedback that stabilizes the Antarctic Ice Sheet,
specifically at regions where the bedrock uplift is fast (e.g. Par-
izek and Alley 2004; Kachuck et al. 2020). When this cou-
pling is considered, the palaeo-ice volume is 1–2 m SLE
smaller (Whitehouse 2018). The uplift is also called upon to
explain a readvancing grounding line in the late Holocene
(e.g. Kingslake et al. 2018) and as a slowing effect on the
Amundsen Sea sector ice-sheet retreat (Johnson et al. 2020).

A second effect related to GIA that modulates the ice
dynamics is the sea-level fall due to a decrease in the gravita-
tional attraction of a melting ice sheet. The sea-level fall will
lead to an outward-moving grounding line and a decreased
flux across the grounding line, once again promoting a nega-
tive feedback (Gomez et al. 2010). However, sea level can
also change in response to other ice sheets or processes. The
sea-level forcing due to northern hemisphere ice sheets was
shown to increase the amount of ice loss since the LGM,
and hence the size of the LGM ice sheet (Gomez et al.
2020). Furthermore, smaller feedback effects of GIA in Ant-
arctica are an altered bed slope that could stabilize the ice
sheet even more and the rise of pinning points at ice shelves
as a result of bedrock uplift (Adhikari et al. 2014; Whitehouse
et al. 2019). Pinning points, which can arise due to natural
topography roughness (e.g. tectonic or volcanic features) or
can be built by the ice sheet itself (Colleoni et al. 2022), can
act as ‘brakes’ on the flow of the glacier. In reality, all feed-
back effects work together. For example, in the Weddell
Sea, ice regrounded in the late Holocene is likely to have
occurred due to the rebound of a topographical feature that
formed an ice rise (Siegert et al. 2019). This was helped by
the lowering of the water depth and smaller self-attraction.

To compute the solid Earth deformation, ice-dynamics
models generally employ a fast approximation of GIA using
an ELRA model to simulate GIA (e.g. Golledge et al. 2014;
Maris et al. 2014; Pollard et al. 2016). In this model, it is
assumed that the Earth, consisting of two flat layers, responds
to a certain change in ice load by deforming exponentially
towards the equilibrium displacement for that particular ice
height (Le Meur and Huybrechts 1996). The time needed to
reach equilibrium, the relaxation time, is typically taken to
be 3 kyr for the Antarctic continent, which resulted in a
present-day topography that was in agreement with that com-
puted with a more realistic GIA model (Le Meur and Huy-
brechts 1996). More realistic GIA models include the

physics of a layered Earth that differs from the ELRA model
in several aspects. Even for a two-layered Earth, the
relaxation-time response depends on wavelength, while for
the ELRA model it does not. In addition, the forebulge is
more pronounced in a GIA model and GIA models allow
the inclusion of more layers. The difference in the LGM ice
volume between coupling with an ELRA or GIA model can
be more than 2 m SLE (Whitehouse et al. 2019). An interme-
diate case in between the ELRA and GIA models is the visco-
elastic half-space, where relaxation time depends on the size of
the ice sheet (e.g. Bueler et al. 2007; Garbe et al. 2020). This
has been used byAlbrecht et al. (2020a) to show that lowman-
tle viscosity fits better to the observed ice flow, while higher
viscosity fits better to GPS uplift-rate data.

Several ice-sheet models have been developed that are cou-
pled to 1D GIA models: for example, GIA models based on
the normal-mode method (e.g. Gomez et al. 2012; de Boer
et al. 2014) or the spectral finite-element method (Konrad
et al. 2014, 2015). Important parameters in the coupling are
the spatial resolution of the ice-sheet model with which the
model represents the bedrock and grounding line, and the
time resolution, especially in areas with low viscosity and
fast response. The ice-sheet model requires an initial topogra-
phy, for which present-day topography is used, corrected with
the deformation caused by GIA over the glacial cycle (Gomez
et al. 2013). An example of the topographical deformation for
a 3DGIAmodel based on theW12 ice-loading history (White-
house et al. 2012a, b) and olivine rheology (4 mm grain size as
in Ivins et al. 2021, this volume, Approach 3) resulted in max-
imum displacements of 130 m for the Weddell Sea and 117 m
for the Ross Sea.

To include the effects of GIA on sea level through the
change in gravity, GIA feedback has also been modelled
using coupled ice dynamics–sea level models (Gomez et al.
2013; de Boer et al. 2014; Konrad et al. 2015; Pollard et al.
2017; Larour et al. 2019). Here the sea-level model computes
both the bedrock deformation and the RSL change following a
change in the equipotential surface, and forwards this to the
ice-sheet model. Although coupled ice sheet–sea level models
are computationally more expensive than the ELRA model, a
varying temporal resolution can be used to decrease computa-
tion time by 50% (Han et al. 2022). A disadvantage of such an
algorithm is that, with the usual sea-level algorithm for every
time step, the entire ice history needs to be convolved with the
Earth’s response.

Ice-sheet models have also been coupled to 1D GIA models
that are more consistent with seismological and geological
evidence of the structure under the Antarctic Ice Sheet
(Gomez et al. 2015). Less ice loss is predicted when using a
structure consistent with the rheology under the West Antarc-
tic Ice Sheet compared to using a structure derived from glob-
ally distributed ice-age datasets. DeConto et al. (2021) showed
the limited effects of a relatively low mantle viscosity on Ant-
arctic ice retreat in the coming two centuries using a coupled
ice sheet–1D GIA model. However, tailoring the model for
a certain region cannot always replace a model with true lateral
variations, given the large region to which the ice sheet is sen-
sitive and the large variations in viscosity across the Transan-
tarctic Mountains and within the Antarctic Peninsula.
Predictions of sea-level fall as a result of a West Antarctic
melt event increase by 20 and 50% in the coming decades
compared to purely elastic deformation when using a 1D
and 3D rheology, respectively (Hay et al. 2017). It should
be noted that the 1D viscosity in this study was relatively
high (1021 Pa s), which subdues the response of the 1D
model. On the other hand, due to the uncertainties in the con-
version from seismic velocity to viscosity anomalies, the pre-
diction of sea-level fall can be even larger for different 3D
models. This shows the importance of the tuning of the
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model to the local Earth properties, both for 1D and 3D mod-
els. To know whether a 3D model is really necessary or if 1D
models are sufficient, locally tuned 1Dmodels should be used,
as for example, in Blank et al. (2021).

Full 3D GIA models have large computation times of the
order of days to weeks. Therefore, shortcuts have been pro-
posed: the ELRA model with laterally varying relaxation
time (Oude Egbrink 2017) or laterally varying flexural rigid-
ity, or both (Coulon et al. 2021). While these can simulate
the differences in relaxation time that exists, for example,
between West and East Antarctica, they cannot capture the
full physics of stress transfer from a region of higher to
lower viscosity or vice versa. To study the effect of lateral var-
iations on the evolution of the Antarctic Ice Sheet, Gomez
et al. (2018) coupled an ice sheet model to a 3D GIA model
for the past 40 kyr by iterating the initial topography until
the present-day topography was achieved. Significant differ-
ences in ice loading were found; the grounding line retreated
less during the deglaciation phase when using a 3D rheology
tuned for Antarctica compared to using a 1D rheology not
tuned for (part of) Antarctica. During the deglaciation
phase, ice thickness was up to 1 km thicker in the Ross Sea
when using 3D GIA, although still far from the present-day
ice sheet. The enhanced flexibility of 3D model makes it suit-
able for those complex regions but its uncertainty is large with-
out validation against data such as RSL or present-day
ice cover.

The coupling is also relevant at other timescales, such as the
Eocene–Oligocene transition (34–33.5 Ma BP), the Last Inter-
glacial (130–116 ka) and future Antarctic ice loss. These will
be discussed briefly in the following. In the Eocene–Oligocene
transition, the Antarctic Ice Sheet emerged or became more
prominent (Miller et al. 1991; Lear et al. 2000). At that
time, the same physics applies as in the Pleistocene ice
sheet; a growing ice sheet attracts and raises sea level. The
resulting GIA effects modulate the ice sheets as the forebulge
progresses through the edges of the Antarctic continental shelf
(Stocchi et al. 2013). Sea level at this epoch, recorded in drill
cores, reflects the competing effects of attracting sea level
from the growing ice sheet, and the forebulge from the grow-
ing East Antarctic Ice Sheet (Galeotti et al. 2016). For Plio-
cene studies, the role of GIA is that of correcting sea-level
measurements, as well as providing corrections on the initial
topography on which the ice sheet formed (e.g. Rovere et al.
2014). As these studies can be probably considered prelimi-
nary from a GIA modelling point of view, there is room for
improvement by including recent insights into the mantle
structure of Antarctica.

The last interglacial saw smaller ice sheets on Antarctica,
which provides a pessimistic window on the stability of the
Antarctic Ice Sheet in a warming climate. Estimates for sea
level at the last interglacial show a much higher sea level,
of which 3–4 m SLE might have come from extra melting
of the West Antarctic Ice Sheet beyond its present configura-
tion (e.g. Turney et al. 2020). The sea-level change is partly
controlled by GIA, with several decimetres found to have
been determined by lateral variations in viscosity as a result
of meltwater expulsion from rapid bedrock uplift due to low
viscosity in West Antarctica (Pan et al. 2021; Powell et al.
2021).

The low viscosity will also act to slow the future decline of
the West Antarctic Ice Sheet. Although earlier simulations
concluded that the effect of bedrock uplift was minor (Bamber
et al. 2009; Mitrovica et al. 2009), it is enhanced for low vis-
cosity (Konrad et al. 2015; Barletta et al. 2018). ForWest Ant-
arctic Ice Sheet collapse, the deformation of a 3D model
reaches more than 50% of the elastic deformation after
100 years (Hay et al. 2017). Larour et al. (2019) found that
uplift has a small effect (c. 1% in 2100), increasing to 27%

after 500 years, which makes it a relevant process to take
into account in future scenarios for the Antarctic Ice Sheet.
To do so, spatial resolution is important, in particular near
the grounding line where the coupling manifests. A resolution
of 1 km is suggested for elastic effects (Larour et al. 2019) and
a value of about 4 km is suggested for modelling the viscous
effects (Wan et al. 2022). These resolutions can be reached
by 3D GIA models but with increased computation time com-
pared to standard GIA simulations. When many scenarios
should be simulated, regional (flat) GIA models or ELRA
models with spatially varying parameters can be a pragmatic
choice but it is not yet clear how much they deviate from
full 3D spherical GIA models.

Post-seismic deformation

Earthquakes are the result of the sudden release of built-up
strain on a fault plane within the Earth’s lithosphere. Most
earthquakes occur at tectonic plate boundaries and are asso-
ciated with the relative motion of the plates as they slowly
move past each other (transform plate boundary), collide
(convergent plate boundary) or separate (divergent plate
boundary). Part of the interface at the plate boundary may
become locked due to frictional resistance, preventing the
two plates from moving past each other and resulting in an
accumulation of strain. At a critical point in time, the accu-
mulated strain becomes larger than the frictional resistance,
the fault unlocks and the plate interface suddenly moves,
causing an earthquake and a change in stress in the surround-
ing crust and mantle.

A small number of earthquakes also occur in the interior of a
tectonic plate, termed ‘intraplate earthquakes’, although these
earthquakes are not as common as those occurring at plate
boundaries. The cause of intraplate earthquakes is not well
understood but it has been suggested that they may occur
due to pre-existing structures or weaknesses within the tec-
tonic plate (Stein and Mazzotti 2007).

Earthquakes cause deformation at the Earth’s surface from
several processes (see Fig. 8) that can be categorized as coseis-
mic or post-seismic, depending on whether they occur at the
time of, or following, the earthquake. Coseismic displacement
is the instantaneous slip that occurs on the fault plane at the
time of the earthquake and the associated elastic response of
the Earth in the surrounding region. Following this initial
coseismic displacement, the Earth undergoes subsequent post-

Fig. 8. Schematic representation of earthquake deformation processes.
Fault-plane and coseismic displacement is shown in red, with deep
afterslip shown as a black dashed line. The blue shaded region indicates
poroelastic relaxation and black arrows in the upper-mantle show where
post-seismic relaxation may occur.
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seismic deformation caused by several processes (Wright
2016). Afterslip, which is the subsequent slow slip on the
fault plane controlled by friction, usually occurs above or
below the location of seismic rupture (e.g. Fig. 8). Changes
in fluid pressure in the shallow upper crust close to the fault
(e.g. Fig. 8) can cause poroelastic relaxation to occur in the
months following an earthquake. Poroelastic relaxation takes
into account the stress change due to movement of a fluid
through a porous solid matrix. Finally, viscoelastic relaxation
within the lower crust and upper mantle occurs as the viscous
material responds to stress changes. Because this second pro-
cess occurs at depth, it produces a longer wavelength signal
and, hence, is the dominant cause of surface deformation in
the far field (typically more than 300 km from the earthquake).
Post-seismic viscoelastic deformation from large earthquakes
(greater than magnitude 9) can be observed over 1000 km
away from the epicentre (Shao et al. 2016) and can be sus-
tained over several decades. For example, deformation from
the 1960 Chile earthquake, with a magnitude of 9.5, was
still being observed c. 40 years after the event (Khazaradze
and Klotz 2003).

In this section, we will focus on post-seismic viscoelastic
deformation, explore what it might reveal about the underly-
ing mantle and outline some results for Antarctica where the
study of post-seismic deformation is still in its infancy.

Post-seismic deformation, observations and models

The sudden large stress change associated with an earthquake
causes viscoelastic relaxation of the lower crust and upper
mantle over the years and decades following an earthquake.
The magnitude, spatial pattern and time evolution of the defor-
mation is dependent on the size of the earthquake, the geom-
etry of the fault plane and the rheological properties of the
Earth.

Post-seismic viscoelastic deformation can be observed by
increasingly dense networks of geodetic measurements such
as GPS (e.g. Freed et al. 2012) and InSAR (Interferometric
Synthetic Aperture Radar: e.g. Wang and Fialko 2018), moti-
vating the development of models to help to interpret geodeti-
cally observed deformation (see also Scheinert et al. 2021, this
volume) and to fill in the gaps between observations in space
and time. Through a process of varying model inputs and com-
paring model predictions to observations, constraints can be
placed on the likely Earth structure (Pollitz 2005) or rheolog-
ical model (Freed et al. 2012). In particular, the viscosity of the
mantle has a dominant control over the response of the Earth to
an earthquake.

Modelling techniques used for post-seismic deformation
include the normal-mode method that is also widely applied
in GIA modelling. The widely used VISCO1D program of
Pollitz (1997) has been used in Antarctica (King and
Santamaría-Gómez 2016) but it can only deal with radially
varying parameters that might not be appropriate for a large
part of Antarctica. Finite-element methods exist with half-
space geometry (e.g. Freed et al. 2012) or with spherical
geometry (Hu and Wang 2012; Agata et al. 2019). The latter
are not global and do not include self-gravity, as the normal-
mode method does, which can be relevant for large earth-
quakes. Recently, a global spherical finite-element method
was presented that does include self-gravity (Nield et al.
2022), and has capabilities to include different rheological
models and the sea-level equation, which is relevant for earth-
quakes under the ocean (e.g. Broerse et al. 2011).

Estimating post-seismic viscoelastic deformation via mod-
elling techniques requires detailed knowledge of the earth-
quake such as location, depth, fault geometry and slip
parameters. This information can often be found from studies

of fault inversions, whereby slip properties are deduced
through the inversion of the seismic observations (e.g. Ji
et al. 2002; Hayes 2017) or from geodetic inversions (e.g.
Lohman and Simons 2005; Feng et al. 2010). The properties
of the Earth (e.g. mantle viscosity and elastic properties) and
rheological model (e.g. Maxwell or Burger rheology: see
Ivins et al. 2021, this volume), which are used as input to a for-
ward model of post-seismic viscoelastic deformation, are then
varied and the predicted displacements tested against geodetic
observations, similar to GIA studies (see the ‘GIA model
results and inferences of mantle structure’ subsection in the
previous section). Alternatively, the Earth properties can be
inverted using gradient-based optimization with the required
gradients computed efficiently using the adjoint method
(Crawford et al. 2017).

The rheological model can be of particular importance in
the study of post-seismic deformation. The short timescale
of stress change involved means that transient effects, where
the short-term mantle viscosity is lower than the long-term
steady-state viscosity, are important (Ranalli 1995). Several
studies have shown that a transient component of deformation
in addition to a steady-state viscosity is required to explain
observations, specifically Burger’s rheology (Pollitz and
Thatcher 2010) or transient power-law rheology (Freed et al.
2010, 2012). This is in contrast to GIA, where non-linear or
transient rheologies have been used but do not always improve
the fit (van der Wal et al. 2015; Caron et al. 2017).

Insights from other regions

The study of post-seismic deformation in Antarctica is still in
its infancy; however, there are many studies that have success-
fully constrained mantle properties or rheology in other
regions of the world. The 1960 magnitude 9.5 earthquake in
Chile was the largest earthquake to have ever been recorded.
It occurred at the convergent plate boundary where the
Nazca Plate is subducting below the South American Plate.
The earthquake occurred long before the geodetic measure-
ments of the Chile subduction zone commenced in 1993; how-
ever, the signature of the post-seismic deformation is still
visible in observations 35 years after the earthquake (Hu
et al. 2004). Several studies have constrained the continental
upper-mantle viscosity in this region to 2 × 1019–3 ×
1019 Pa s using a 3D linear Maxwell viscoelastic model (Kha-
zaradze et al. 2002; Hu et al. 2004). Sun et al. (2018) also
explored the possibility of a Burger’s rheology for the 1960
event; however, due to the length of time between the earth-
quake and the beginning of the GPS measurements, it was
not possible for them to constrain a value for the transient vis-
cosity. Their results for the steady-state viscosity of the mantle
wedge above the subducting slab (2 × 1019 Pa s), constrained
with GPS observations, agree with studies mentioned above.

In Alaska, a magnitude 7.9 strike-slip earthquake occurred
on 3November 2002. GPS stations recorded deformation rates
of up to 300 mm a−1 during the month following the earth-
quake and up to 100 mm a−1 during the subsequent 18 months
(Pollitz 2005). Pollitz (2005) interpreted the two distinct
deformation rates as being indicative of a Burger’s rheology
with an initial transient viscosity and a long-term steady-state
viscosity. Using a forward model to calculate displacement
and then comparing the results to GPS observations, Pollitz
(2005) was able to determine the range of possible Earth struc-
tures that best fit the data, finding upper-mantle viscosities of
1 × 1017 (transient) and 2.5 × 1018 Pa s (steady state).

The approach used by the aforementioned studies to solve
for a value of mantle viscosity does not consider the environ-
mental conditions such as temperature, pressure, grain size or
water content. Freed et al. (2010) took a different approach by
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using a laboratory-derived steady-state power-law rheology,
which is a function of the different environmental parameters,
and investigated whether it could explain the GPS-observed
post-seismic response to the 1999, magnitude 7.1, Hector
Mine earthquake in California. They found that they could
not replicate the observed surface displacement from 7 years
of GPS data at 55 locations in the far field (>50 km from the
earthquake rupture) with the steady-state flow law and sug-
gested that a transient phase is also required: that is, where
deformation is enhanced immediately after the earthquake
compared to the steady-state response.

Freed et al. (2012) developed this idea by formulating a
constitutive relationship combining transient and steady-state
flow, which is a function of the environmental parameters, to
predict the spatial and temporal post-seismic viscoelastic
deformation. They found that they could fit the GPS data
with a transient phase of approximately 1 year and with a vis-
cosity around 10 times lower than the steady-state viscosity.
Because this flow law is a function of ambient conditions, in
theory it can be applied to any earthquake in any region so
long as the environmental parameters are known.

Results for Antarctica

Antarctica lies within the Antarctic Plate and comprises two
geologically distinct regions: the old cratons of East Antarctica
and the active rift system of West Antarctica. The majority of
the Antarctic Plate is connected to the surrounding tectonic
plates by spreading rifts (Reading 2007). The northern Antarc-
tic Peninsula, lying close to the plate boundary, is tectonically
complex as discussed in the earlier subsection on ‘GIA model
results and inferences of mantle structure’. The active tectonic
setting of the Antarctic Peninsula means that it is likely to have
a lower mantle viscosity than other regions of Antarctica, as
discussed in the ‘GIA model results and inferences of mantle
structure’ subsection (Ivins et al. 2011; Nield et al. 2014),
which may result in a more pronounced post-seismic response.

Seismicity generally occurs at a low level around the plate
boundaries of the Antarctic Plate, except for two regions.
Earthquakes with a magnitude greater than 7 have been
recorded at the plate boundary between the Antarctic Plate
and the Scotia Plate (Fig. 9); two strike-slip earthquakes

have occurred at this location since 2003 (magnitude 7.6 in
2003 and magnitude 7.7 in 2013: Ye et al. 2014). The Mac-
quarie Ridge Complex, where the Antarctic Plate meets the
Australian and Pacific plates (Fig. 9), has also experienced
three earthquakes of magnitude 7.7 or greater in the past c.
100 years (Watson et al. 2010).

Continental Antarctica was once thought to be aseismic (i.e.
very few earthquakes occurred in this region) and it was not
until the 1980s that an earthquake was definitively shown to
have occurred here (Adams et al. 1985; Adams and Akoto
1986). The magnitude 4.5 earthquake occurred on 4 Novem-
ber 1982, c. 1200 km from the coast of Dronning Maud
Land, and was detected by five seismic stations. Despite this
confirmation of the existence of intraplate earthquakes, the
continent of Antarctica was still thought to experience fewer
intraplate earthquakes than other equivalent regions possibly
due to the weight of the overlying ice sheet (Johnston 1987).
However, the lack of recorded seismic activity was, in fact,
due to the small number of seismic stations operating in this
region rather than the absence of earthquakes. Following the
installation of seismographs in East Antarctica during the
International Polar Year, Lough et al. (2018) showed that dur-
ing 2009 intraplate earthquakes occurred at the same fre-
quency and magnitude as in other cratons. Given the lack of
recorded earthquakes, it is no surprise that the study of post-
seismic deformation in Antarctica is not well established com-
pared with other regions of the world.

Earthquakes in continental Antarctica occur in several
regions such as the Transantarctic Mountains and around the
coastline (Reading 2007). The most notable intraplate earth-
quake occurred near Balleny Islands, an area of high seismic-
ity close to the plate boundary south of New Zealand. This
magnitude 8.1 earthquake occurred on 25 March 1998,
500 km from the Antarctic coastline (Nettles et al. 1999;
Henry et al. 2000) and is the subject of the only published
study on post-seismic deformation of Antarctica (King and
Santamaría-Gómez 2016).

King and Santamaría-Gómez (2016) sought to place con-
straints on the properties of the Antarctic mantle by constrain-
ing a model of post-seismic viscoelastic deformation using
geodetic measurements. They estimated initial coseismic dis-
placement from continuous GPS observations made at the
Dumont d’Urville Station located 600 km from the 1998

Fig. 9. Map of Antarctica with plate
boundaries and the location of earthquakes
mentioned in the text.
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earthquake, and used this displacement to tune fault parame-
ters such as geometry and slip magnitude. The resulting
fault parameters provided input to a model of post-seismic vis-
coelastic deformation. The authors also considered the magni-
tude 8.1 2004 earthquake that occurred at theMacquarie Ridge
(Fig. 9). Whilst the coseismic offset from this earthquake is
small (submillimetre) at all Antarctic sites, there may be a
post-seismic deformation signal present at Dumont d’Urville,
as indicated in the GPS time series.

They used the VISCO1D program with a suite of layered,
spherically symmetrical Earth models to predict post-seismic
deformation from both the 1998 and 2004 earthquakes, and
compared model outputs to bedrock coordinate time series
from continuous GPS, campaign GPS, andDoppler Orbitogra-
phy andRadiopositioning Integrated by Satellite (DORIS) data
from the Dumont d’Urville Station. The Earth models con-
sisted of a purely elastic lithosphere, and asthenosphere and
upper mantle layers with biviscous Burger’s rheology that has
a transient viscosity one order of magnitude lower than the
steady-state viscosity. The thickness of each layer was varied
but the base of the uppermantle was fixed at a depth of 670 km.

When comparing modelled with observed horizontal
motions, the authors found a best-fitting Earth model with a
90 km-thick lithosphere, a 130 km-thick asthenosphere with
steady-state viscosity of 1.2 × 1019 Pa s and an upper-mantle
steady-state viscosity of 1.4 × 1019 Pa s (at a depth of between
220 and 670 km). However, King and Santamaría-Gómez
(2016) could not find any Earth structure that satisfactorily
reproduced both the observed vertical deformation and the
horizontal deformation simultaneously, and suggested that
using a 3D Earth structure may solve at least part of this
issue. This result is important because it may be indicative
of the presence of lateral variations in the Earth structure, par-
ticularly a contrast between oceanic and continental mantle
viscosity, as has also been hypothesized from isotopic studies
of volcanic rock in this region (Panter et al. 2018). The study
of post-seismic deformation clearly has the potential to con-
strain mantle structure in Antarctica.

Conclusions and future work

In this section, the main conclusions of glacial isostatic adjust-
ment (GIA) and post-seismic studies in Antarctica are summa-
rized and possible future research is outlined in three sections:
the contribution of GIA and post-seismic deformation to
knowledge of the mantle, future research in the field of GIA,
and future research in the field of post-seismic deformation.

GIA is mainly due to the shrinking of the ice sheet since the
last glacial maximum (LGM: c. 20 kyr ago). The total volume
of ice that disappeared was for a long time mainly constrained
by assigning to the Antarctic Ice Sheet the amount of ice
needed to reconcile the contribution to the sea level from the
known land ice masses on the other continents with the total
global sea-level change. This resulted in a large ice loss from
Antarctica of 25 m sea-level equivalent (SLE). Relying on an
indirect constraint from the global sea level was necessary
due to the lack of direct and indirect evidence from Antarctica
itself. This situation has now improved, and, more recently,
geodetic and seismic data and improved ice-dynamics models
have led to lower estimates of 5–15 m of global SLE. Melting
occurred asynchronously, mostly starting at c. 15 ka BP. Most
of the ice disappeared from the Ross and Filchner-Ronne ice
shelf areas. For East Antarctica, somemodels show an increase
in ice thickness since the LGM. During the late Holocene,
readvance occurred in some places, possibly aided by rebound
due to GIA following a retreating ice sheet. Closer to present,
melting after the Little Ice Age occurred in parts of West Ant-
arctica such as the Amundsen Sea Embayment.

Post-seismic deformation occurs due to plate motion that
generates large (magnitude >7) earthquakes. Earthquakes of
sufficient magnitude occurred at plate margins north of the
Antarctic Peninsula and south of New Zealand. Data about
this phenomenon have been lacking in the region as insuffi-
cient GPS receivers were in place to detect most of the large
earthquakes. A 1998 earthquake was both large enough and
sufficiently covered by GPS measurements for post-seismic
motion to be detected at the level of 2 mm a−1.

GNSS receivers measure 3D deformation and show uplift of
centimetres per year in the Amundsen Sea sector. Smaller
velocities in the range of millimetres per year in areas such
as the Filchner-Ronne and Ross ice shelves can be related to
GIA. Horizontal velocities are harder to relate to GIA models,
except in the Amundsen Sea sector. GIA is recorded in
palaeosea-level observations at a dozen locations near the Ant-
arctic coastline, showing tens of metres of uplift. Data in East
Antarctica are quite sparse relative to West Antarctica, and
data from both are infrequent relative to other continents. In
general, continental-scale GIA models for Antarctica are rela-
tively unconstrained but GNSS data help to make regional
GIA studies more constrained.

GIA and post-seismic deformation use similar geophysical
models. These require elastic and viscous parameters as input.
In most GIAmodels, aMaxwell rheology is used where elastic
deformation is followed by steady-state viscous deformation.
In post-seismic models, a fast, short-term viscosity is found to
be necessary, which leads to a Burger’s rheology with a short-
term and a long-term viscous element. GIAmodels estimate an
average viscosity of 1020–1021 Pa s for the Antarctic upper
mantle. Regional studies show low viscosity (<1018 Pa s) in
the northern Antarctic Peninsula, increasing to 1020 Pa s in
the southern Antarctic Peninsula. This increasing viscosity
agrees with subduction that terminates from south to north.
The post-seismic deformation following the 1998 earthquake
near the Balleny Islands that has been detected and compared
to model outputs leads to a best-fitting viscosity of 1.2 ×
1019 Pa s in the shallow, and 1.4 × 1019 Pa s in the deeper
upper mantle, similar to GIA-based estimates for the Antarctic
Peninsula. Low viscosity (4 × 1018 Pa s) is also found in the
Amundsen Sea sector, an area with geologically recent rifting
and volcanism. These viscosity inferences agree with maps of
3D viscosity created from seismic velocity anomalies that are
converted to viscosity anomalies. In fact, the argument should
be reversed: the uncertainty in 3D viscosity maps can be con-
sidered so high that regional studies (both geophysical and
geological) are needed to provide a constraint on (parts of)
such viscosity maps.

The timing of the Earth’s response to changes in loading is
driven by the local mantle viscosity. Low viscosities (1017–
1018 Pa s) in the Antarctic upper mantle can be translated
into a relaxation time in the years to decades range, much
faster than in classical GIA areas, but similar to GIA in
areas near rifts or subduction such as Iceland, Alaska and Pat-
agonia. The low viscosity also guarantees a strong influence
on the ice sheets in Antarctica by changing the local sea
level: post-glacial uplift raises land ice from the sea and
reduces the ice–ocean contact area and, hence, melt. The
instability of an inward-moving grounding line in combina-
tion with topography that deepens inland can be somewhat
reduced by GIA. This process can be accounted for with
schematic models that require a single relaxation time as a
parameter, or with a viscoelastic half-space model, or full-
fledged 3D GIA simulations. Accounting for this feedback
with the most accurate model is shown to affect the total vol-
ume of the LGM Antarctic Ice Sheet by 1–3 m SLE and to
affect the grounding-line position by hundreds of kilometres
in the marine-grounded ice sheets in the Ross and Weddell
seas.
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Outlook on contribution of GIA and post-seismic
deformation to knowledge of the mantle

Simulations of GIA and post-seismic deformation depend on
mantle viscosity. However, their different sensitivities and
timescales mean that results from one study are not directly
comparable to mantle viscosity structure in another study
because different regions and timescales are sampled. For
example, even if the Earth structure is identical across different
simulations, the effective lithosphere for shorter loading phe-
nomena is thicker because the mantle below has had less time
to adjust viscously (Nield et al. 2018; Lau et al. 2021). A step
forward is the use of seismic models, flow laws, geological
observations and material parameters to create mantle profiles
that can be used and tested in different geodynamic studies,
and where lithosphere thickness is implicit in the 3D
viscosity distribution.

The use of seismic velocity anomalies as a proxy for viscos-
ity variations raises the issues of accuracy of conversion of
seismic velocity anomalies to temperature and viscosity. The
question whether temperature or composition explains a seis-
mic velocity anomaly cannot be answered a priori and
requires other information that could come from xenoliths,
which record grain size, water content and chemistry from
which pressure and temperature conditions can be calculated
that are relevant in the flow of the main mantle material olivine
(Martin 2021, this volume). These show heterogeneity on all
scales. There is evidence in Antarctica for the occurrence of
large grain sizes that would increase viscosity but also for
the presence of water in mantle rocks, which has a weakening
effect. Besides isolated findings of mantle rocks, the mantle
structure can also be elucidated by the geological history
and the tectonic link to surrounding continents. The observed
high heat flow in West Antarctica could provide a constraint
on thermal modelling of the mantle, although heat-flow mea-
surements are sparse (Burton-Johnson et al. 2020; Pappa and
Ebbing 2021, this volume). Gravity-field variations provide a
strong test of mantle structure. Thermal anomalies as used in
geodynamic models can be converted to density and gravity
anomalies with less uncertainty than in the conversion to vis-
cosity. The resulting gravity-field variations must match the
observed gravity, which, for the long wavelengths that contain
the mantle signal, is known with high accuracy (Pappa and
Ebbing 2021, this volume).

The translation from material parameters and conditions of
the mantle to viscosity requires flow laws (i.e. relations
between stress and strain rate). Experiments show that even
for the same material, the effective viscosity is different for
different processes because the bedrock relaxation is not in
steady state (i.e. transient rheology) or because one of the
mantle-flow mechanisms is strongly dependent on stress (i.e.
dislocation creep). For the above reasons, Lau et al. (2021)
argued that the standard description of viscosity should be
replaced by frequency dependence of viscosity, which
would lead to a different effective viscosity for LGM ice-sheet
unloading than for the recent changes in the Antarctic Penin-
sula. It will be a large challenge to create a framework that can
unify geological observations, the seismic measurements with
the obtained viscosity in West Antarctica and the average vis-
cosities found in 1D GIA studies.

The emerging area of post-seismic deformation research has
the potential to reveal information about the mantle in Antarc-
tica, providing complementary results to GIA as the processes
span different timescales and affect different regions of the
mantle. Post-seismic deformation occurs over years to
decades, predominantly in the shallow upper mantle, whereas
GIA may occur over hundreds to thousands of years invoking
a response at much greater depths. There are a few select
regions (such as the northern Antarctic Peninsula) where the

timescale of these processes overlaps, presenting an opportu-
nity to use post-seismic deformation and GIA to constrain the
lithosphere and mantle.

Generalizing this idea further, the same Earth model should
be applied for regional recent loading and continent-wide
LGM ice sheets, post-seismic deformation and mantle convec-
tion, and be compared to the geophysical, geological and geo-
detic observations of these processes. In particular, the
horizontal velocities hold promise because of their different
sensitivities (Hermans et al. 2018) and availabilities near
areas of viscosity contrast (Konfal et al. 2018). Integrating
results from regional studies and other processes in 3D viscos-
ity maps is not straightforward; it is not known a priori how
the GIA process samples the 3D Earth (Powell et al. 2020).
Sensitivity studies can enlighten the depth sensitivity, as
well as the relevant horizontal extent, so that the regional
GIA or post-seismic studies can provide unbiased anchor
points for 3D effective viscosity models (see table 6 in Ivins
et al. 2021, this volume). Integrating more geodynamic pro-
cesses and their observations provide more constraints that
can be assimilated. This complicates and lengthens simula-
tions and interpretations but in the end is the best way to unveil
the true Earth structure.

Future research on GIA in Antarctica

The construction of the ice history is the main uncertainty in
GIA model predictions. Ice dynamics cannot yet provide an
ice-sheet history with large confidence: for example, knowl-
edge of subglacial processes and interaction between ice and
ocean requires improvement (Siegert and Golledge 2022). In
addition, more efforts are necessary to estimate ice-thickness
variations in the last millennium. It has been demonstrated
that several regions in West Antarctica, and also at the coast
of East Antarctica, have lower upper-mantle viscosity,
responding on a timescale of years to hundreds of years,
which means their uplift is sensitive to the late Holocene or
even the last decades of ice-sheet evolution. Furthermore,
there is evidence for grounding-line readvance, which compli-
cates the picture in most GIA models of monotonous retreat
(Kingslake et al. 2018; Simms et al. 2021). Deepening and
integrating this knowledge with the last LGM maximum ice
history will be a major step forward for GIA modelling. At
the same time, improvements in the physical description of
ice-sheet behaviour will go hand in hand with improved pre-
dictions for future scenarios of decline of the Antarctic Ice
Sheet.

The picture of the Antarctic mantle that emerged from seis-
mic data and mantle xenolith and volcanic rock studies shows
variations in mantle structure from West Antarctica to East
Antarctica and within subregions of Antarctica such as the
Antarctic Peninsula. However, there are uncertainties in the
seismic models themselves (Wiens et al. 2021, this volume),
as well as in the conversion to viscosity (Ivins et al. 2021,
this volume). Moreover, seismic data have limited resolution
in the lower mantle, where a significant part of the GIA sensi-
tivity could reside. Global models show small anomalies in the
lower mantle but Lloyd et al. (2020) showed an anomaly
below Marie Bird Land that continues into the lower mantle
(Wiens et al. 2021, this volume). Improved lower-mantle seis-
mic velocity anomalies in other regions will lead to improved
GIA predictions. Further constraints on viscosity are neces-
sary. If flow laws are used to derive effective viscosity, Ant-
arctica water content and grain size are usually the largest
uncertainties (van der Wal et al. 2015; King et al. 2016;
Blank et al. 2021). Water content, however, can be measured
in xenoliths or igneous olivine from which trends on spatial
variations in water content within Antarctica could be deduced
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that could be applied in GIA models (Martin 2021, this
volume).

With the current knowledge of the distinct domains in East
and West Antarctica, the few studies that interpreted sea-level
records before the LGM could be revisited. On such time
scales, infill of sediments can form a considerable load. Sedi-
ment deposition mapped offshore also offers constraints on
where erosion occurred and, hence, where ice-sheet flow orig-
inated (Naish et al. 2022). The latter could require coupling
between ice-sheet erosion models such as done by Jamieson
et al. (2010) to model the evolution of subglacial topography.
On longer timescales, the evolution of the topography due to
sedimentation and vertical motion due to dynamic topography
and tectonics should also be taken into account, as the topog-
raphy controls ice-sheet flow (Whitehouse et al. 2019; Col-
leoni et al. 2022).

All of the above play a large role in West Antarctica where
most of the rapid ice melt occurs, and which sees low viscosity
and large variations in tectonic regimes. However, EastAntarc-
tica holds most of the freshwater and there are several regions
in East Antarctica where glaciers are thinning fast (Rignot
2006). East Antarctica is much less covered by seismic or geo-
detic data, for obvious logistic reasons. This lack of knowledge
presents considerable uncertainty in understanding the evolu-
tion and future of the Antarctica Ice Sheet and associated sea-
level changes. Therefore, improved data coverage in East Ant-
arctica is desirable, albeit challenging and costly.

Future research on post-seismic deformation in Antarctica

The study of post-seismic viscoelastic deformation in Antarc-
tica is still in its early stages but King and Santamaría-Gómez
(2016) have shown that the continent is, or has been, affected
by widespread deformation following the 1998 earthquake
near the Balleny Islands. This demonstrates the potential for
future post-seismic studies to reveal information about Antarc-
tica’s mantle, particularly in terms of 3D Earth properties that
may be needed to explain observations. Future studies will be
likely to focus on other large earthquakes, particularly those
that have occurred during the era of geodetic observation
such as the 2003 and 2013Scotia Sea earthquakes that occurred
close to the northern Antarctic Peninsula. Furthermore, the
possibility of a transient phase should be investigated where
the mantle responds more quickly over a shorter timescale
immediately following the sudden change in stress, as has
proved necessary to explain the response to earthquakes in
other regions (Pollitz 2005; Freed et al. 2012).

High-quality and plentiful geodetic data are key to being able
to constrain Earth properties from post-seismic deformation, as
studies have done for other regions of the world. With around
75 continuousGPS stations operating acrossAntarctica, the sit-
uation has vastly improved from the sparse arrays in operation
at the time of the 1998 Balleny Islands and 2003 Scotia Sea
earthquakes. This shows the importance of maintaining and
building on existing networks, such as the Antarctic-Network
(A-NET) project (Wilson et al. 2020), which will provide
more observations to constrainmodels. Furthermore, improved
models of post-seismic viscoelastic deformation, which
include lateral variations in Earth properties, will be needed
in regions where traditional 1D Earth structures (1020–
1021 Pa s upper-mantle viscosity: see the subsection on ‘GIA
model results and inferences of mantle structure’) cannot
match observations in all components of deformation.
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