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Abstract: The Antarctic mantle, bounded between the core and the Mohorovi¢i¢ discontinuity, is one of the most difficult targets of study on
Earth because of ice cover and rare outcrops. A multidisciplinary approach is adopted in this volume, using petrology, geochemistry, remote-
sensed data and geodesy to characterize the Antarctic mantle. This characterization has application to rates of glacial isostatic adjustment, heat
flow, sea-level rise and tectonics. It places the Antarctic mantle domain in a global framework on a scale not attempted before. In this chapter we
review the historical development of mantle studies in Antarctica, outline current research directions, introduce the volume chapters and pro-

vide a summary and outlook.

Preamble

The Antarctic mantle plays a key role in understanding the
driving forces of global plate tectonics (Turcotte and Oxburgh
1967). Mantle attached to plates generates pull forces that
account for around 50% of the driving force on plate tectonics
(Conrad Clinton and Lithgow-Bertelloni 2002; Bercovici
2003). The Antarctic Plate borders several major plates, and
traces of all the past supercontinents are contained in the Ant-
arctic subsurface (Harley et al. 2013). The mantle controls
large-scale uplift and subsidence of the surface topography
and the lithospheric heat flow of Antarctica, thereby influenc-
ing the evolution of the Antarctic Ice Sheet via change in sur-
face elevation and melting (e.g. Shapiro and Ritzwoller 2004;
Whitehouse et al. 2012). Thus, the Antarctica mantle plays a
central role in questions of large scientific and societal rele-
vance; however, our understanding of it remains poor due to
the inaccessibility of the Antarctic continent. A better under-
standing of the Antarctic mantle requires novel integration
of multiple research fields.

This Memoir is the first dedicated to understanding the man-
tle properties of the whole Antarctic continent. It combines
petrographical, geochemical, remote-sensed and geophysical
techniques. The first eight chapters of this volume cover stud-
ies from mantle xenoliths and igneous rocks, this is followed
by eight chapters covering geophysical studies and the final
chapter is a summary. The volume aims to characterize the
Antarctic mantle and to discuss its role in the dynamics that
shape the Antarctic surface and ice sheets. The field of Earth
sciences requires multidisciplinary efforts, and the difficulties
of remoteness, weather and ice cover make this especially true
when addressing the most important scientific questions in
Antarctica. This volume has adopted a multidisciplinary
approach in combining chapters from different fields of
Earth sciences, namely geochemistry and geophysics, and it
is hoped that this perspective will highlight how combining
different measurement types allows better characterization of
the Antarctic mantle and its role in geodynamic processes.

The top of the mantle is defined by a pronounced change in
P-wave velocities from 6.7-7.2 km s~ in the lower crust to
7.6-8.6 km s~! in the mantle, this is known as the Mohoro-
viCi¢ discontinuity (Moho: e.g. Meissner 1986; Grad et al.
2009) (Fig. 1). In Antarctica, the onshore Moho depth varies
between approximately 20 and 60 km (Pappa et al. 2019a).
The Moho can also be associated with a chemical, thermal,
mineralogical and density change from material rich in silica
and magnesia (simatic) in the lower crust to peridotitic and

pyroxenitic material in the upper mantle (Herzberg et al
1983; Griffin and O’Reilly 1987). The mantle is bounded by
the Moho and the core (Fig. 1). It occurs in several layers
marked by boundaries, including the lithosphere—astheno-
sphere boundary, which is a rheological, thermal or seismic
boundary separating a relatively rigid (lithospheric) layer
and a weak asthenosphere (Karato er al. 2008; Eaton et al.
2009; Fischer et al. 2010). The depth of the lithosphere—
asthenosphere transition is influenced by temperature, water
content, chemical composition, extent of partial melt and
grain size (Kawakatsu ef al. 2009; Green et al. 2010; O’Reilly
and Griffin 2010). Deeper boundaries in the mantle have
clearer seismic expressions. Seismically defined discontinui-
ties occur at depths of 410 and 660 km in the mantle
(Adams 1971; Revenaugh and Jordan 1991; Shearer and Flan-
agan 1999), and are associated with phase changes of olivine
to wadsleyite (Katsura and Ito 1989) and of ringwoodite to
perovskite and magnesiowustite (Ito and Takahashi 1989),
respectively. The 660 km discontinuity marks the boundary
between the upper and lower mantle (e.g. Kaufmann and Lam-
beck 2000; Paulson ef al. 2007; Cizkova et al. 2012).

upper mantle

outer core

6400

Fig. 1. Schematic cross-section through the Earth showing the crust,
mantle and core, and highlighting significant boundaries and phase
changes within the mantle (depth in km).
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This volume brings together studies on mantle xenoliths
included in igneous rocks, studies on primitive igneous
rocks that can inform us about mantle properties, studies
that interpret geophysical measurements and studies on geo-
dynamic processes. Mantle xenoliths record information
about the lithospheric mantle, whilst primitive igneous rocks
include information about the asthenospheric upper mantle.
Geophysical techniques include seismology, gravity and mag-
netic measurements. Together, they can provide information
on structure from the uppermost mantle down to the core—
mantle boundary. The depth sensitivity of each measurement
type varies. Geodynamic processes include mantle convec-
tion, tectonics, glacial isostatic adjustment (GIA) and post-
seismic deformation that are controlled by rock properties
recorded in geochemical studies and with geophysical mea-
surements. Finally, surface changes driven by underlying
mantle convection, tectonics and GIA can be detected by
geodetic techniques.

This chapter provides a brief historical perspective of Ant-
arctic mantle research. We present a review of the most impor-
tant Earth sciences questions that drive the study of the
Antarctica mantle. An overview of the chapters in this volume
is provided here, along with a summary and outlook.

Background
Mantle geochemistry

Peridotite and pyroxenite xenoliths are fragments of the man-
tle entrained during volcanic eruptions. They are often an
important component in the primitive alkalic rocks commonly
found in Antarctica (Smellie er al. 2021). It is important to
study mantle xenoliths as some information is only determined
from physical samples of the mantle such as the mineralogy,
the variety of rock types and the interrelationships between
rock types (Nixon 1987a; Shervais 1988). Mantle xenoliths
are critical in understanding the mantle as often they are the
only direct sample of mantle available for many areas (Pearson
et al. 2003). Because of the speed at which mantle xenoliths
are brought to the surface they freeze in the mineralogical
and chemical signatures of their depth of origin, in contrast
to tectonically emplaced slices of the mantle that typically
equilibrate extensively during emplacement (Pearson et al.
2003). Information on the pressure and temperature of the lith-
ospheric mantle can be derived via thermobarometry studies.
Thermobarometry is the experimental study of coexisting
minerals that can be utilized to refine the pressure and temper-
ature that mantle xenoliths last crystallized (e.g. Wood and
Banno 1973; Macgregor 1974). The results may define a
‘palacogeotherm’, which is a pressure—temperature curve
through the lithosphere (Howells and O’Hara 1978; Berg
et al. 1989). These curves are similar in shape to modern-day
geotherm curves, providing confidence in their interpretation
(Condie 2022). Mantle xenoliths can also be studied for the
lattice-preferred orientation (LPO) of olivine and pyroxene.
These LPO studies can provide evidence of past deformation
events, estimates of the propagation speed of seismic waves in
the lithospheric mantle and the degree of mantle anisotropy
(Mainprice and Silver 1993; Tommasi et al. 1999; Kovics
et al. 2018). Thus, the study of mantle xenoliths shows the
composition of the Earth’s lithosphere, how the lithosphere
varies from place to place and how the lithosphere evolved
(Nixon 1987a). The study of mantle xenoliths is vital in build-
ing accurate geochemical and physical models of the Earth’s
lithosphere (Kovics et al. 2018).

Peridotite and pyroxenite xenoliths can be defined based
on their modal proportion of olivine, clinopyroxene and

Olivine

dunite

Iherzolite

PERIDOTITE
PYROXENITE

olivine-websterite

/orthopyroxenite clinopyroxenite
X websterite
Orthopyroxene Clinopyroxene

Fig. 2. Olivine—pyroxene ternary diagram. Source: Le Maitre et al.
(2002).

orthopyroxene (Fig. 2). Common rock names for peridotite
are lherzolite (olivine + clinopyroxene + orthopyroxene),
harzburgite (olivine + orthopyroxene) and dunite (olivine).
Common rock names for pyroxenite are wehrlite (olivine +
clinopyroxene), clinopyroxenite (clinopyroxene), websterite
(clinopyroxene + orthopyroxene) and orthopyroxenite (ortho-
pyroxene). An idealized upper-mantle assemblage (Fig. 3) can
be drawn from high-pressure experimental data, mantle xeno-
lith compositions and seismic velocity measurements. Ideal-
ized geotherms for a continental shield, ocean plate and
upwelling mantle beneath an ocean ridge are also shown
(Fig. 3). The aluminosilicate assemblage of the lherzolite
rock type (olivine + clinopyroxene + orthopyroxene) changes
with depth and temperature (Fig. 3) from garnet (deepest) to
spinel to plagioclase (shallowest). All three aluminosilicate
lherzolite phases are recorded in Antarctica. Spinel lherzolite
is the most common. Garnet—spinel lherzolite is reported
from East Antarctica and plagioclase-bearing spinel lherzolite
is reported from the West Antarctic Rift System and elsewhere
(Fig. 4).

Peridotite xenoliths were collected from Antarctica and
described during the very earliest Antarctic scientific expedi-
tions (Prior 1902, 1907; Thomson 1916). Around this time,
workers on Indian and African specimens first began hypoth-
esizing that peridotite xenoliths were associated with a layer
beneath the crust: i.e. the mantle (Fermor 1913; Wagner
1914). This concept was not applied to Antarctic peridotite
xenoliths until the mid-twentieth century. For example, Talbot
et al. (1963) found that their study of peridotite and dunite
xenoliths from Kerguelen Island was inadequate to distinguish
between a cognate or mantle origin but Forbes (1963), using
strain indicators and preferred indicatrix orientations, pre-
ferred a non-cognate, mantle origin for the peridotite and dun-
ite xenolith samples they studied from south Victoria Land.
This interpretation has since been universally adopted.

Since the 1960s, the chemistry, isotopes and physical prop-
erties of Antarctic mantle xenoliths have been characterized to
understand the petrogenesis, uplift and thermal regime of the
mantle and suprajacent igneous rocks (e.g. Gamble et al.
1988; Zipfel and Worner 1992; Warner and Wasilewski
1995; Worner and Zipfel 1996; Handler e al. 2003; Coltorti
et al. 2004; Foley et al. 2006; Perinelli et al. 2012; Bonadiman
et al. 2014; Martin et al. 2015; Day et al. 2019). Other notable
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Fig. 3. Schematic phase diagram for the upper mantle with typical
geotherms plotted for comparison, after Wyllie (1981). Average P-wave
velocities are also shown for reference (Dziewonski and Anderson 1981;
Kennett ef al. 1995).

developments in understanding the Antarctic mantle include
proposing a mantle plume beneath Marie Byrd Land (Kyle
et al. 1994; Weaver et al. 1994; LeMasurier and Landis
1996; Storey et al. 1999; Lloyd et al. 2015) based on crustal
doming and the distribution of volcanic rocks and thermal
anomalies. The existence of a mantle plume beneath south
Victoria Land (Kyle et al. 1992; Phillips et al. 2018) is
much less certain (see Martin ef al. 2021a, b for a discussion).

Studies of primitive igneous rocks in Antarctica have also
been used to interpret chemical and isotopic heterogeneity in

Subantarctic islands (Delpech et al. 2021)
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Fig. 4. Diagram showing the location in Antarctica of geochemistry
chapters and locations discussed in the text. EA, East Antarctica; GM,
Gamburtsev Mountains; WA, West Antarctica; WARS, West Antarctic
Rift System. Black polygons indicate exposed bedrock.

the Antarctic mantle (Sun and Hanson 1975; Hart er al.
1995, 1997; Worner 1999; Panter et al. 2006; Sims and Hart
2006; Cooper et al. 2007; Nardini et al. 2009; Martin et al.
2013), and mantle metasomatism (Sheraton and Black 1982;
Futa and Le Masurier 1983; Sheraton 1983). Isotopes of Pb,
Sr and Nd were measured in primitive igneous rocks on the
Antarctic Peninsula to show similarities in their Sr- and
Nd-isotope composition to a HIMU (high u: enriched in
206pp, and 208Pb) mantle source, and similarities in their
Pb-isotope values and some incompatible trace element ratios
to a mid-ocean ridge basalt (MORB) mantle source (Hole ez al.
1993). Volcanic rocks in north Victoria Land (Hart and Kyle
1993) and Marie Byrd Land (Hart ez al. 1997) showed Sr—
Nd-Pb compositions consistent with a HIMU component
being involved. Early studies from north Victoria Land and
Marie Byrd Land have also proposed an EMII (Enriched Man-
tle II: lTow "**Nd/'**Nd, high *’Sr/®°Sr, and high 207pp, /200pp,
and *Pb/***Pb at a given value of *°°Pb/***Pb) or
subduction-impregnated subcontinental lithosphere compo-
nent in the mantle source (Hart and Kyle 1993; Hart et al.
1995). These regional variabilities in mantle source have
also been measured in Sr—Nd-Pb isotopes and trace element
ratios of mantle xenoliths (Wysoczanski 1993; Martin et al.
2015), and Martin et al. (2015) proposed an EMI (Enriched
Mantle I: low '*Nd/'"*Nd, low *’Sr/*°Sr, and high
27pp 2%Ph  and  **®Pb/**'Pb at a given value of
206pp /294Pb) component in the south Victoria Land mantle.
A carbonate-like fluid or melt has also been proposed in the
mantle source of volcanic rocks and mantle xenoliths in Ant-
arctica (Foley et al. 2006; Kogarko et al. 2007; Aviado et al.
2015; Martin et al. 2015). This brief summary demonstrates
that a chemical and isotopic heterogeneity of the Antarctic
mantle has been suggested for several decades.

Despite numerous publications on mantle xenoliths from
specific localities, to date, there has been no continent-wide
review of Antarctic mantle xenoliths, leading to Antarctica
being a missing key piece of global compilations of mantle
xenolith data (e.g. Ross er al. 1954; Jagoutz et al. 1979;
Nixon 1987a; Meisel et al. 2001; Pearson et al. 2003, who
included two Antarctic samples of plagioclase-bearing perido-
tite in their compilation). The most comprehensive work so far
has been the inclusion of some Antarctic regions in a major
reference work on mantle xenoliths (Nixon 1987a). In this,
Nixon (1987b) provided the mineral chemistry of one East
Antarctic xenolith and the whole-rock chemistry of four
other East Antarctic xenoliths; and in Kyle et al. (1987), a
thorough review of mantle xenolith occurrences in Victoria
Land was provided.

Mantle geophysics

Systematic surveying of Antarctica began with the Interna-
tional Geophysical Year (1957-58). Seismic transects (around
13 000 km worth) across East Antarctica and West Antarctica
led to the realization that Antarctica formed a single continent
(Evison et al. 1959; Siegert et al. 2018), with thicker crust in
East Antarctica compared to West Antarctica (Evison et al.
1960). Since that time, the suite of seismic measurements
has been expanding, with active seismic measurements first
being collected during US and Soviet expeditions (Kaminuma
1979).

In these early geophysical expeditions, a signal from the
mantle remained elusive in the seismic measurements. At
first, the absence of reflections from mantle depths was
thought to illustrate that the Antarctic mantle was fairly homo-
geneous (Adams 1968). Later, this was shown to be a result of
limited earthquake travel paths. The addition of waves from
nuclear explosions showed that there was, in fact, considerable
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inhomogeneity (Adams 1971). The second problem for
observing Antarctic Earth structure was what was at the time
believed to be an absence of large Antarctic earthquakes com-
pared to other continents (Evison 1967). At this time, seismic
measurements remained restricted to a few permanent stations
at mainly coastal regions, and models tailored to Antarctica
could only be developed from global seismic datasets using
occasional earthquake signals that travelled through the Ant-
arctic mantle (Ritzwoller er al. 2001). Large improvements
in understanding occurred with the initiation of projects
from 2000 onwards, and a large array of seismographs
deployed across the interior of the continent as part of the
Fourth International Polar Year (2007-08) demonstrated for
the first time that intraplate earthquakes occur in Antarctica
with the same frequency as for other continents (Lough
et al. 2018).

Gravity measurements started at the end of the 1950s (Har-
ada et al. 1958; Bull 1960). However, only when simultaneous
ice-thickness measurements were included with the measure-
ments could there be inferences made on the lithospheric
structure. A robust feature found from gravity data is a large
and sudden increase in lithospheric thickness from West to
East Antarctica, at the location of the Transantarctic Moun-
tains (Behrendt er al. 1966). It was also hypothesized that
asthenospheric mantle effects could be seen in gravity data,
notably post-glacial rebound in the Ross Sea (Bennett 1964)
and a negative, long-wavelength signal thought to be caused
by mantle convection (Kaula 1972).

When using seismic and gravity data to reveal the Earth
structure in polar regions, it should be noted that both sets of
data need to be corrected to remove the effect caused by the
thickness of ice. Therefore, a crucial advance in Antarctic seis-
mic and gravity studies was the airborne campaign undertaken
to measure the thickness of, and structure within, ice using
radar echo sounding (Drewry 1982). Radar techniques are
still to be applied continent-wide in Antarctica and in recent
digital elevation maps radar data gaps were filled with gravity
data (Fretwell et al. 2013).

Interpretations made from seismic and gravity measure-
ments in terms of mantle structure can also be supported by
tectonic evolution studies. Early on, the role of the Antarctic
Plate in the global picture of tectonics was recognized: for
example, from the Ferrar Large Igneous Province signalling
the Mesozoic break-up of Gondwana (Dietz and Holden
1970; Elliot 1992). Understanding Antarctica’s place in the
plate tectonics puzzle also helps when studying parallels
between Antarctica and other regions such as Australia and
India, and seismic studies showed that the East Antarctic man-
tle was similar to other, adjacent Precambrian shields (Knop-
off and Vane 1978).

The signal of mantle dynamics such as GIA can be
recorded in palaeosea-level data. In Antarctic, initially only
a handful of palaeosea-level curves were available, which
could be interpreted as rebound following the partial demise
of the Antarctic Ice Sheet (Clark and Lingle 1979). Quantify-
ing the interpretation requires estimates for the thickness of
the Antarctic Ice Sheet through time and numerical models
for GIA and sea-level change, which became available in
the 1970s. For a long time, the volume of the past Antarctic
Ice Sheet could only be derived by subtracting the known
contributions from other, non-Antarctic land masses from
the global mean sea-level change since the last glacial max-
imum (LGM: e.g. Lambeck et al. 2000). A gradual increase
in the number of ice-extent and sea-level data, and the collec-
tion of geodetic data of elevation change, improved this
situation.

The 1990s saw the first geodetic measurements collected
and compiled under the coordination of the Scientific Commit-
tee on Antarctic Research (SCAR: Manning 2001). Initially,

measurements by GPS receivers placed on bedrock had to
be repeated in separate campaigns. At the turn of the century,
however, permanent global navigation satellite system
(GNSS) stations could be established. This greatly increased
the spatial coverage of measurements of elevation change
and showed for the first time ongoing changes across the con-
tinent that could not be solely explained by ice melt combined
with GIA since the LGM (e.g. Thomas et al. 2011).

Studies of mantle convection and associated tectonics in
Antarctica via geophysical studies is yet to receive as much
as attention as GIA studies (although see Austermann et al.
2015 and Faccenna et al. 2008 for recent exceptions). This
is mainly because topography and the geoid have a less direct
relationship than that found between GPS measurement of
uplift rate and GIA. Despite this, Antarctica has an important
part to play in global studies (e.g. Steinberger et al. 2012).

A consequence of mantle convection and plate tectonics is
post-seismic deformation: the slow readjustment of the mantle
after an earthquake. The stress release cannot be predicted
from convection or plate tectonic models alone, therefore post-
seismic deformation is a separate topic. For studying post-
seismic deformation, data at the right location and at the
right time have only been available recently, and the study
of post-seismic deformation in Antarctica is in its infancy
(King and Santamarfa-Gémez 2016).

The cost of logistics and extensive ice cover means that sat-
ellite missions play an outsized role in the polar regions rela-
tive to other areas globally. Measurement conditions for
satellite are favourable for high latitudes because of the geom-
etry of satellite orbits. As the satellite moves through its orbit
the Earth rotates with smaller ground velocity near the poles,
resulting in smaller ground-track spacing and higher resolu-
tions. One limitation is a data gap near the Antarctic pole.
Examples of missions that contribute to solid Earth studies
now follow.

The satellite gravity missions GRACE (Gravity Recovery
and Climate Experiment) and GOCE (Gravity Field and
Steady-State Ocean Circulation Explorer) provided increased
resolution of the gravity field, to below 100 km, and contrib-
uted to the understanding of the Antarctic lithospheric struc-
ture (e.g. Pappa er al. 2019b). The remarkable accuracy of
the satellite data means that measurement accuracy hardly
plays a role in gravity interpretations. It is so sensitive that
mass change of the Antarctic Ice Sheet could be observed in
GRACE data (Velicogna and Wahr 2006), which is for a
large part due to GIA (King et al. 2012). In the absence of
direct measurements, forward models are the only method to
quantify GIA. This spurred new and updated GIA models
for Antarctica (Whitehouse et al. 2012; Ivins et al. 2013;
Argus et al. 2014). There has been a concerted effort to fill
the satellite polar gap and other regions of importance with air-
borne gravity data (Forsberg er al. 2011, 2018).

The SWARM satellite delivered measurements of the mag-
netic field that could link lithospheric structures from Antarc-
tica to other continents (e.g. Ebbing er al. 2021). To study the
mantle, several corrections to the SWARM-derived magnetic
measurements are necessary such as for the core and crustal
magnetic field and ionospheric effects (see Civet et al. 2015
for details). Recently, the compilation of magnetic data from
marine and airborne data (ADMAP) was augmented by 2.0
million line-kilometres of new airborne and marine magnetic
anomaly data to create ADMAP2 (Golynsky et al. 2018).
The SWARM satellite data have been used to extend the
ADMAP?2 dataset, filling residual data gaps (Kim et al. 2022).

Radar remote sensing from satellite does not observe the
solid Earth directly but is complementary to the interpretation
of other geophysical data. The technique transmits microwave
pulses and detects the backscattered echo from the surface.
Satellite radar measurements were initially designed for
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Fig. 5. Sea-level fingerprint of the
melting of the Antarctic Ice Sheet
normalized relative to 1 mm of
global mean sea-level equivalent
contribution. Blue is sea level
lowering, the black line is no
change, red is sea-level rising and

the green line (at ¢. 45° S) is the
exact global mean. The melt is

- .

-1.0 -0.5

measurements over the sea. Errors over ice are large relative to
the open ocean because of the slope of the ice surface (Rémy
et al. 1989). Despite these challenges, satellite radar accuracy
was sufficient to obtain measurements of the average elevation
of the ice surface, which, combined with airborne and terres-
trial radar measurements of ice thickness, helps in the interpre-
tation of seismic and gravity data. Over time, the errors
associated with radar techniques were decreased through
improved data-processing approaches such as waveform
retracking, which derives more parameters from the returned
pulse (Rémy and Parouty 2009). The increased accuracy of
ice-elevation observations allowed the detection of changes
in elevation of the Antarctic Ice Sheet itself (Davis and Fergu-
son 2004).

Overview of the impact of the Antarctic mantle on ice sheets
and sea level

Ice-sheet melting leads to inhomogeneous sea-level rise glob-
ally because of changes in the Earth’s gravity field resulting
from the ice-sheet melt (Fig. 5). As a result, a large part of
the northern hemisphere will experience sea-level increases
higher than the mean due to the melting of the Antarctic Ice
Sheet (i.e. north of the green line on Fig. 5). The role Antarc-
tica will play in sea-level rise, however, is not well known

(a)

2000

1000

Topography (m)
o

-1000

-2000

applied uniformly over the ice sheet,
with an elastic Earth, assuming that
melting occurs over a short period of
time. Calculated using SELEN4
(Spada and Melini 2019), including
harmonic degrees 0-128 and
rotational effects.

partly because of uncertainty in characterizing the Antarctic
mantle necessary for GIA modelling, which plays a key role
in monitoring and predicting the loss in mass of the Antarctica
Ice Sheet. The reason for the importance of GIA in monitoring
ice loss is that GIA model predictions are required to correct
gravity measurements as discussed above, which is vital for
measuring current ice-mass loss. Two reasons for the impor-
tance of GIA in predicting ice loss are outlined below.

The effect of the mantle on ice loss is through GIA-induced
bedrock uplift and accompanying grounding-line migration
(e.g. Gomez et al. 2010). The West Antarctic Ice Sheet
(WAIS) is a marine ice sheet, with the underlying bed in
large parts below current sea level by 1000 m or more
(Fig. 6), with the bed often deepening upstream. These factors
make the WAIS vulnerable to warming ocean temperatures
through a process called marine ice sheet instability (MISI:
e.g. Pattyn 2018). The ice discharge across the grounding
line increases with increasing ice thickness. Therefore, when
the ice sheet retreats, this can lead to increased dynamic thin-
ning of the ice sheet. A retreat moves the grounding line into
areas that may have the bedrock surface at a lower elevation
and covered by a greater thickness of ice relative to the original
grounding line, which again leads to increased ice discharge in
a process that can become self-repeating (Fig. 7). A retreating
grounding line slowed down by GIA-induced bedrock uplift
(Gomez et al. 2010) can also affect sea level by pushing out
seawater during uplift (Gomez er al. 2010).

100 km
depth

Fig. 6. Topography and viscosity
diagrams of Antarctica. (a) Bedrock
elevation relative to the present sea
level of Antarctica (Bedmap2:
Fretwell et al. 2013). (b) Spatial
variations in the estimated
upper-mantle viscosity underneath
Antarctica at a depth of 100 km (fig.
4a from Whitehouse ef al. 2019).
Copyright for both figures: http://
creativecommons.org/licenses /by /
4.0/
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MISI: retrograde slope

4 « Retreating grounding line

\ \ —=> Flux at the grounding line
Ice sheet i

Fig. 7. Schematic representation of marine ice-sheet instability (MISI).
Generally, ice discharge increases with increasing ice thickness at the
grounding line. The grounding line is the transition from grounded to
floating ice. When the bedrock is sloping back towards the interior, this
may lead to the unstable retreat of the ice sheet because ice flux increases
as the grounding line retreats (MISI). Source: Pattyn (2018, fig. 1a).
Copyright: http: //creativecommons.org/licenses /by /4.0/

Secondly, heat from the mantle largely controls large-scale
variations in geothermal heat flow, which exerts a strong influ-
ence on ice-sheet changes (e.g. Sutter et al. 2019). Bedrock
heating underneath the Antarctic Ice Sheet is important for
feeding basal hydrology through the basal melting of ice.
Basal sliding of the ice is likely to be enhanced when the ice
sheet is temperate at the bottom, leading to a more rapid
response in a retreating phase of the ice sheet. It is therefore
an important factor to consider in future ice-sheet stability
studies. Several geothermal heat-flow models exist (e.g. Sha-
piro and Ritzwoller 2004; Fox Maule et al. 2005; An et al.
2015; Martos et al. 2017) that show differences between
West and East Antarctica related to the crustal structure, tec-
tonic history and heat from the mantle (Fig. 8). However, cur-
rent uncertainties and differences between models are large
(Burton-Johnson et al. 2020a, b; Losing et al. 2020).

Antarctic mantle: open questions

Accurately and precisely characterizing the Antarctic mantle
is vital in understanding how the solid Earth will respond to
climate-change effects and plate-tectonic forcing. This has
been recognized as a key area of research for Antarctica

(a) 0° (b)

[ — N

20 40 60 80 100 120

(e.g. Kennicutt et al. 2015) as it affects ice-sheet change, sea-
level contribution, tectonics and mantle dynamics. Here we
establish current research directions and open questions that
can be informed by mantle studies. This volume should go
part way to addressing several of these questions.

Topography, composition and mantle structure

Antarctica hosts extreme topography: the Gamburtsev Subgla-
cial Mountains are the world’s largest intraplate mountain
range, and are likely to have been the focal point for the initi-
ation of the East Antarctic Ice Sheet (Paxman et al. 2016).
Along the western shoulder of the West Antarctic Rift System,
the Transantarctic Mountains are the world’s largest example
of rift-flank uplift (ten Brink and Stern 1992). What supports
Antarctica’s largest mountain ranges?

The thickness of the lithosphere plays a role in explaining
current topography because it determines how much topogra-
phy can be supported isostatically. Estimates of the thickness
of the lithosphere in the West Antarctic Rift System suggest
that it is abnormally low and similar estimates of East Antarc-
tica show it is abnormally high. What mantle parameters
make the West Antarctic Rift System abnormally
depressed and East Antarctica abnormally elevated? For
computational expediency, traditional models of GIA in Ant-
arctica have used a radially varying 1D approximation of the
Earth, leading to errors in the estimates of the present-day
GIA signal through failure to capture known variations in
the Earth structure across Antarctica (Nield er al. 2018).
How does lithospheric thickness vary across Antarctica?

Seismic velocity maps show clear differences between East
and West Antarctica. To a first order, seismic velocity anom-
alies can be interpreted as thermal anomalies (Cammarano
et al. 2003), which is consistent with the geological history.
However, the boundary between the two domains it not
well imaged. How are high-velocity East Antarctica and
low-velocity West Antarctica connected? A mantle plume
beneath Marie Byrd Land has long been postulated to explain
the regional doming, patterns of volcanism and elevated heat
flow (e.g. Kyle et al. 1994; Seroussi et al. 2017). A mantle
plume could be consistent with seismic models but other inter-
pretations of seismic data are possible because of the limited
resolution at depth of this method (Hansen er al. 2014).

0

Fig. 8. Geothermal heat flow from (a)
Martos et al. (2017) and (b) Shen

et al. (2020). Heat-flow
measurements are represented by
circles. Source: Losing and Ebbing
(2021, fig. 8). Copyright: http://
creativecommons.org/licenses /by /
4.0/
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Therefore, other lines of geochemical and geophysical evi-
dence have to be used to arrive at a conclusion on the presence
of a plume. Is a plume beneath Marie Byrd Land required
by observations? Are there other plumes beneath
Antarctica?

Geochemistry and geophysical studies have long recog-
nized inhomogeneity in the Antarctic mantle: for example,
between East and West Antarctica, and also within regions
at the scale of kilometres to thousands of kilometres (Hart
etal. 1995; Martin et al. 2014). The recent inclusion of 3D var-
iability in Earth models has improved GIA signal estimations
(van der Wal et al. 2015), however more work remains. How
many distinct mantle domains are there in Antarctica? At
what scale do mantle domains need to be defined to be use-
ful in modelling?

A number of mantle reservoirs (HIMU, EMI and EMII)
have been identified in Antarctica. What mantle reservoirs
(chemical and isotopic) exist in the Antarctic mantle?
Do they vary at a continental-scale? Is there a HIMU-
reservoir sensu stricto? This leads onto another question
once the Antarctic mantle is defined: How does the Antarctic
mantle domain compare with adjacent mantle domains
(e.g. South America, Australia, Zealandia and Africa) at
a global scale?

Change in topography and mantle structure

Models for elastic rebound and Antarctica GIA models do not
match well with the estimated velocities made from extensive
GPS campaigns (Bevis et al. 2009; Thomas et al. 2011; Groh
et al. 2012). In part, this is because ice thickness varies on
century- or decadal-long timescales not currently considered
in GIA models (Nield er al. 2014; Barletta er al. 2018). Hori-
zontal GPS velocities are dominated by plate rotation, but neo-
tectonic deformation and GIA also play arole (King ez al. 2015;
Vardic et al. 2022). Even though the GIA contribution is small
relative to other parameters, its sensitivity is such that even the
sign is dependent on the mantle viscosity (Hermans et al.
2018). In some regions, post-seismic deformation can be
detected (King and Santamaria-Gémez 2016) but the following
over-arching question remains: What mantle processes con-
tribute to observed present-day vertical and horizontal
motion, and at which temporal and spatial scales?

Convection, GIA and post-seismic deformation are a
function of mantle viscosity. Some modelling includes 3D vis-
cosity variations (Kaufmann ez al. 2005; King and Santama-
ria-Gémez 2016; Gomez et al. 2018; Whitehouse 2018). In
most cases, spatial variations in viscosity are scaled from seis-
mic velocity anomalies but this is a highly uncertain procedure
(e.g. Barnhoorn et al. 2011; O’Donnell et al. 2017). This raises
the question: How well can viscosity be derived from seis-
mic models and geochemical data, and how can the viscos-
ity information from geochemistry be incorporated into
modelling?

Viscosity is a macroscopic parameter that aggregates mate-
rial properties such as water content, grain size, temperature,
pressure and composition (e.g. Hansen et al. 2016). Water con-
tent can be detected in xenoliths and with magnetotelluric mea-
surements, and also indirectly in seismic evidence (Emry et al.
2015). Xenoliths provide grain size, water content and pres-
sure—temperature variations. Xenoliths and magnetotelluric
measurements represent information that is currently under-
used in geodynamics models and should be incorporated
where present. To aim for better viscosity models we need to
know: How do mantle material properties vary laterally
across Antarctica and with depth?

Another important cross-disciplinary consideration is at
what scale do continental-sized geophysical, remote-sensed

or modelling studies intersect with regional- to local-sized pet-
rological or geochemical studies? This is a fundamental prob-
lem of scales, from the macroscopic to the continent. Do we
need to make geophysical studies finer grained or petrolog-
ical studies coarser grained?

Integration across multiple temporal scales is also important.
Mantle processes operate on a timescale from decades to mil-
lions of years. New models allow integration of GIA and post-
seismic models (Nield er al. 2022). However, mantle-
deformation experiments and geodynamic models demon-
strate that both short- and long-term viscosity determines post-
seismic deformation (e.g. Pollitz and Thatcher 2010), and vis-
cosity changes due to stress that changes through time (e.g. van
der Wal et al. 2013). In general, viscosity can be seen as depen-
dent on the frequency of loading (Lau er al. 2021). What vis-
cosity is representative for which mantle process in
Antarctica and how can they be integrated?

Influence on ice

The strong feedback between solid Earth and ice through sur-
face heat flow enhances basal sliding, leading to a more rapid
response in a retreating phase of the ice sheet. Surface heat
flow reflects crustal composition but is also driven by the sub-
adjacent mantle. The effects of geothermal heat flow on ice
dynamics has been a long-standing issue for ice-sheet models
and estimates vary greatly (e.g. Burton-Johnson et al. 2020a,
b). What is the contribution of the mantle to surface heat
flow and, hence, ice-sheet basal melting? A second feedback
between solid Earth and ice affects the grounding line. What
is the effect of GIA on the position of the ice-sheet ground-
ing line in Antarctica?

The Antarctic mantle also plays a significant role in esti-
mates of the mass balance of the ice sheet as observations
need to be corrected for GIA. The GIA signal must first be
subtracted from the GRACE data before calculating the
true spatial distribution and magnitude of current ice-mass
change in Antarctica (e.g. Velicogna and Wahr 2006; Tho-
mas et al. 2011). The GIA models do not always agree
with each other or with empirical estimates (Martin-Espafiol
et al. 2016). In addition, new regional (Barletta et al. 2018)
and 3D GIA models are being developed (Powell ez al. 2020;
Blank et al. 2021). Improved constraints on the Antarctica
mantle can help to answer the question: What is the contri-
bution of GIA to the observed mass change and corre-
sponding sea-level change?

Volume overview

The chapters by Coltorti et al. (2021), Delpech et al. (2021),
Foley et al. (2021), Handler ef al. (2021), Leat ef al. (2021)
and Martin et al. (2021a) on mantle xenoliths in volcanic
rocks review occurrences from select geographical areas that
together cover all of Antarctica (Fig. 4). Important locations
covered by Chatzaras and Kruckenberg (2021) and Panter
and Martin (2021) focused on specific topics are also marked
in Figure 4. The chapters by Bredow et al. (2021), Ivins et al.
(2021), Pappa and Ebbing (2021), Paxman (2021), Schei-
nert et al. (2021), van der Wal et al. (2022), Wannamaker
et al. (2021) and Wiens et al. (2021) on geophysics, and the
overview chapter by Martin (2021), are more continental
scale in nature.

Mantle xenoliths of East Antarctica and the mantle proper-
ties inferred from igneous rocks of East Antarctica are
reviewed by Foley et al. (2021). These volcanic rocks have
been erupted through rifts and associated cratons of East Ant-
arctica in a setting unique to that of West Antarctica. Mantle
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xenoliths are only known from three locations and all come
from Indo-Antarctica-affiliated lithosphere. The xenoliths
are spinel bearing or spinel-garnet bearing, and contain geo-
chemical and mineralogical evidence for multiple enrichment
events that can often be linked to activity along major translit-
hospheric structures. The authors note that local modification
of the mantle by melt infiltration may influence large-scale
images derived from geophysical data.

South Victoria Land as the first locality of mantle xenolith
study in Antarctica has more than a 100 year record of scien-
tific data, which Martin et al. (2021a) collate and interpret
into a new petrogenetic model. The region has Paleoprotero-
zoic stabilization ages with some evidence for younger regions
of mantle. The mantle has been affected by fluids related to
oceanic crust subduction at ¢. 0.5 Ga and older events, as
well as a thermal and chemical disturbance associated with
Cenozoic volcanism. A unique feature is the iron enrichment
beneath Ross Island observed in the whole-rock chemistry
of primitive magmas, peridotite and pyroxenite xenoliths,
and the chemistry of mantle olivine. This iron enrichment is
potentially related to iron-rich crust or the exchange of iron
across the core-mantle boundary. The peridotite mantle of
the entire region has been cross-cut by multiple episodes of
pyroxenite veining.

North Victoria Land contains numerous active, dormant
and extinct Cenozoic volcanoes with abundant mantle xeno-
lith cargoes. Coltorti et al. (2021) synthesize the abundant
published and unpublished data to provide a petrogenetic
overview of the mantle from this region. A palacogeotherm
is calculated, oxygen fugacity of the lithospheric mantle is
reported relative to the fayalite—-magnetite—quartz buffer
and the water content of nominally anhydrous minerals is
reported. A long history from old depletion to recent referti-
lization and metasomatism is discussed, including a refertili-
zation episode related to the Jurassic Ferrar Large Igneous
Province emplacement and metasomatism related to Ceno-
zoic magmatism.

Marie Byrd Land has numerous Cenozoic volcanoes with
entrained mantle xenoliths, the occurrences and petrogenetic
implications of which are reviewed by Handler et al.
(2021). They show mantle compositions that have experi-
enced 10-25% melt depletion and which have been variably
metasomatized and refertilized. The timing of events show a
Proterozoic lithospheric mantle and evidence for Ordovician
events related to the complex tectonic history of the region,
consistent with a protracted history of Paleozoic convergence
and subduction.

In the Antarctic Peninsula, there are multiple generations
of mantle xenolith-bearing igneous rocks erupted under differ-
ing tectonic settings. Leat ef al. (2021) review the mantle
xenolith occurrences and contextualize them according to
their tectonic setting and age. Xenoliths are restricted to post-
subduction volcanic rocks emplaced in forearc or back-arc
positions. The xenoliths are spinel bearing, and may be resi-
dues from a mid-ocean ridge setting from the upper mantle,
and were subsequently accreted to form harzburgitic, oceanic
lithosphere.

Studies of mantle xenoliths on the subantarctic islands have
greatly informed our understanding of the mantle but are
included too infrequently in discussions on the Antarctic man-
tle. Delpech et al. (2021) review the information from mantle
xenoliths afforded by these island windows into the mantle, as
well as discussing serpentinized peridotite dredged from frac-
ture zones and suprasubduction zone peridotite from the Sand-
wich Plate. They show that the subcontinental and oceanic
lithospheric mantle contains ancient fragments that underwent
depletion significantly earlier than the formation of the overly-
ing crust, and there are frequent signs of subsequent metaso-
matic enrichment.

Other focused chapters have been invited. Panter and
Martin (2021) provide an overview of the West Antarctic
mantle deduced from mafic magmatism, and show that mantle
composition varies by tectonic setting and time. The mantle-
source changes coincide with changes in crustal structure
and composition that are also visible in tomographic models
and seismic data. Marie Byrd Land magmatism results from
plume activity, with chemical and isotopic evidence for a com-
ponent of subduction-modified mantle that is distinct from the
mantle in Victoria Land. Relative to Victoria Land, Marie
Byrd Land mantle has a weaker focal zone (FOZO) compo-
nent and more of the high-yu (HIMU) component.

Chatzaras and Kruckenberg (2021) review crystallo-
graphic preferred orientation studies on Antarctic mantle
xenoliths to inform seismic anisotropy studies. They report
the petrology, microstructure and seismic properties of the
mantle beneath Marie Byrd Land. There is evidence for dia-
chronous reactive melt percolation and refertilization, which
is likely to have modified seismic velocities and anisotropy.
They show that seismic properties are mainly controlled by
the strength of the olivine crystallographic texture, and suggest
that variations in the mantle structure are related to 3D defor-
mation during the region’s prolonged tectonic history.

The chapters in the geophysics section of the volume focus
on remote measurements and their interpretation, as well as on
geodynamic processes. Measurement campaigns and surveys
are described as appropriate to acknowledge the effort
required to obtain the data, to highlight which parts of Antarc-
tica remain understudied and to draw awareness to uncertain-
ties stemming from the practical limitations of working in the
testing Antarctic environment.

Magnetotelluric measurements are collected along select
profiles in Antarctica to study lithosphere and mantle temper-
ature, water content, and to make compositional inferences.
Wannamaker ef al. (2021) reanalyse measurements from
three campaigns. Near the South Pole, their study shows low
resistivity at Moho depths consistent with elevated thermal
data. The Ellsworth—Whitmore block study shows near-
cratonic geothermal conditions, as well as lithological vari-
ability. Moderate mantle hydration incompatible with exten-
sive melting is indicated in the Ross Sea study.

Wiens et al. (2021) describe the seismic models that have
been developed for parts, or the entirety, of Antarctica. The
chapter reviews different sources (distant earthquakes, active
seismic and ambient noise), different waves (S-waves and P-
waves) and different techniques (receiver functions, tomogra-
phy and full-waveform tomography), and their sensitivity to
mantle structure and Moho depth. Large contrasts in seismic
wave speed are seen across Antarctica, with slow velocities
below large parts of West Antarctica and thick lithosphere
below East Antarctica.

Pappa and Ebbing (2021) review gravity and magnetic
field measurements, as well as surface heat flow in Antarctica.
This chapter discusses integration with petrology to derive
upper-mantle temperature and to reduce ambiguity due to
unknown lithospheric structure. First-order results agree
with seismic models and provide extra compositional informa-
tion. Magnetic anomalies reflect different crustal terranes but
can also be inverted for the Curie depth, from which surface
heat flow can be derived. Uncertainties in surface heat-flow
estimates are reviewed.

Paxman (2021) explains the importance of palaeotopogra-
phy as a boundary condition for ice-sheet modelling. Paxman
reviews how structural inheritance played a role in shaping
early Antarctic ice sheets, and the role of the lithosphere
and the mantle in shaping the topography. Lithospheric cool-
ing contributed to subsidence, which made the WAIS
increasingly sensitive to MISI, and dynamic topography pro-
vides support to palaeotopography in Antarctica (e.g. the
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support of the Transantarctic Mountains) together with other
processes.

On relatively long timescales, viscosity controls mantle
convection and plumes. Bredow et al. (2021) review simula-
tions of mantle convection. They discuss simulations that give
the directions of Antarctic mantle flow and the locations of
possible mantle plumes. These simulations show that the ele-
vated heat flow supports a mantle plume in Marie Byrd Land.
Simulations of dynamic topography show it to be negative in
East Antarctica, contrary to what is expected from the
high topography.

Mantle rheology is utilized to model dynamic processes.
Mantle rheology is the science that describes the deformation
and flow of Earth materials. Ivins ef al. (2021) describe how
seismic tomography, material parameters and empirical con-
stants can be combined to obtain viscosity maps. They use
an S-wave velocity model (Lloyd et al. 2020) to estimate vis-
cosity at different depths in the upper mantle using three
approaches, and discuss the resulting differences.

Geodetic measurements can detect the response to past
ice-sheet-thickness changes in terms of crustal motion or grav-
ity change. Scheinert ef al. (2021) explain the processing pro-
cedure and the importance of correcting for the effect of
current ice-sheet changes. They review regional studies in
the Amundsen Sea sector and the Antarctic Peninsula, where
fast relaxation is detected. This chapter discusses measure-
ments of ice-height and ice-mass changes, and discusses
how they can be combined to improve estimates of ice melt
and GIA.

Viscosity maps as input for GIA modelling are reviewed in
van der Wal et al. (2022). The history of GIA research, GIA
observations, modelling techniques, and interactions between
GIA and the solid Earth are discussed. An important develop-
ment is the realization that low viscosity in West Antarctica
results in faster response times of the mantle, and higher sen-
sitivity to recent ice-thickness changes. This also implies a key
role for GIA in modelling ice-thickness changes of marine-
terminating glaciers that are sensitive to elevation change. In
addition, this chapter discusses the post-seismic deformation
detected in GNSS observations, which also require low vis-
cosity in the upper mantle.

Martin (2021) collates a review of the composition and
chemistry of mantle xenoliths from Antarctica using the
continent-wide dataset made possible by this Memoir and
places this into a global context. The Antarctic mantle is het-
erogeneous at all scales, which opens up a number of research
questions and has implications for geophysical models of the
lithospheric mantle.

Summary and outlook

Both the historical overview and the chapters in this volume
show how concerted efforts such as the International Polar
Year have increased our knowledge of the Antarctic mantle.
Technological developments are also an important driver for
Antarctic Earth science, from lower detection limits in geo-
chemical studies (Handler et al. 2021), novel isotopic studies
(Martin 2021) and micro-fabric studies (Chatzaras and
Kruckenberg 2021), and better stand-alone GNSS instru-
ments (Scheinert et al. 2021) to more precise magnetotelluric
measurements (Wannamaker ef al. 2021) and satellite mea-
surements (Pappa and Ebbing 2021). This in turn drove
the developments of numerical models for mantle composition
(Wiens et al. 2021), theology (Ivins et al. 2021) or mantle-
dynamics studies that can integrate those measurements
(van der Wal et al. 2022). With measurements still limited
in most of Antarctica, studying the Antarctic mantle is a
truly multidisciplinary effort.

In this Memoir, several open questions are tackled, such as
how does the mantle support mountain ranges (Paxman 2021)
and are there multiple Antarctic mantle plumes (Bredow et al.
(2021); Martin et al. 2021a, b)? Definitively answering ques-
tions like these will require a combination of several models
(lithosphere model, convection and composition).

Large contrasts between West Antarctica and East Antarc-
tica signal changes in temperature and, to a lesser extent,
changes in composition that are seen in mantle xenolith studies
and in seismic wave speed. Quantifying mantle parameters is
necessary for their use in geodynamic models but is subject to
considerable uncertainty (Martin 2021; Wiens et al. 2021).
The uncertainty in viscosity derived from a single seismic
velocity model is discussed in Ivins ef al. (2021). Other uncer-
tainties that could be usefully refined include uncertainty from
seismic models and uncertainties in mantle flow laws that
relate deformation to applied stress. Currently, the exact man-
tle properties everywhere in Antarctica are imprecisely known
because of poor mantle xenolith coverage and the coarseness
of geophysical observations in some regions. However, it is
encouraging that forward modelling of viscosity can recover
the low viscosities derived from geodetic measurements in
the Amundsen region and the Antarctic Peninsula (Ivins
et al. 2021). Combinations of mantle chemistry from rocks
and xenoliths, seismic data and gravity based on petrophysics
will also be useful in refining Antarctic mantle properties for
more accurate modelling of, for example, GIA and bedrock
heat flow (e.g. Fullea et al. 2021). The suggested improve-
ments listed in this paragraph, once undertaken, will also
improve estimates of flexural rigidity that are crucial for palae-
otopography studies (e.g. Paxman et al. 2019).

Viscosity is timescale dependent and varies by orders of
magnitude from post-seismic deformation to GIA to mantle
convection. It is still an open question as to whether stress-
dependent viscosity and transient viscosity need to be
included in geodynamic models (Ivins et al. 2021). In the lat-
ter case, is considering short-term and long-term viscosity suf-
ficient or does viscosity need to be considered as a function of
loading frequency (Lau er al. 2021)? A consistent description
of viscosity must consider deformation at the microscopic
scale from observations on mantle xenoliths (Chatzaras
and Kruckenberg 2021) and laboratory experiments (e.g.
Hansen et al. 2016). Further improvements should focus on
integrating information from mantle xenoliths (Martin
2021) and information from depths where wadsleyite and ring-
woodite dominate the mantle composition (Fig. 1) and where
the scaling is especially unconstrained.

GIA and post-seismic deformation can be simulated with
one numerical model such as that of Nield er al. (2022),
which means that the same viscosity structure can be tested
against observations of post-seismic deformation and GIA in
areas where both occur. Even if multiple models are used, at
least using the same viscosity description derived from geo-
chemistry and geochemical studies would be beneficial so
that observational constraints from different regions and pro-
cesses are available for the same unknown rheological param-
eters. Horizontal velocities are underused for GIA, and are
sensitive to tectonics, convection and post-seismic deforma-
tion. An improved palaeosea-level database would be another
very beneficial constraint to the GIA models as such data best
capture the relaxation through time.

The best approach for predicting mantle heat flow is an open
question actively being considered (e.g. Burton-Johnson et al.
2020a, b). Different approaches yield estimates of different
magnitudes at different spatial resolution. Better estimates
can be produced by integration of data from boreholes, rock
outcrops and mantle xenoliths with geophysical data including
seismic, gravity and magnetic (Burton-Johnson et al. 2020a).
Using new techniques such as machine learning can help this
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integration and assist in quantify uncertainties (e.g. Losing and
Ebbing 2021).

Geodynamic models have been developed for simulating
surface elevation at timescales from hours to millions of
years due to, for example, tectonics, GIA, sediment erosion
or loading, thermal subsidence and mantle-dynamics topogra-
phy (Bredow et al. 2021; Paxman 2021). An example of sub-
sidence and uplift due to GIA can be seen in Figure 9.
Although Figure 9 shows relative sea-level changes, these
largely correspond to solid Earth deformation rates as the
changes in the equipotential surface that determines the sea
level are typically an order of magnitude smaller.

The bedrock topography determines how ice can flow
towards the ocean (e.g. Paxman et al. 2019); topography
changes affect the position on the grounding line. van der
Wal et al. (2022) focused on feedbacks in the last glacial
cycle; this influence can be quantified in similar processes
across timescales.

Dynamic topography calculated with numerical models of
mantle convection (Bredow et al. 2021) are more frequently
being used when interpreting past observations of relative
sea level such as during the last interglacial (Austermann
et al. 2017) and the Pliocene, which is a period that is studied
extensively as an analogue to future warming. These dynamic
topography studies can also be used in coupled ice—landscape
evolution models. This would open up the possibility of better
connecting Antarctic ice evolution and palaeotopography to
measured sediment deposits located outside Antarctica (cf.
Pollard and DeConto 2020).

Under future projections of climate warming, the Antarctic
Ice Sheet is likely to contribute several metres of sea-level rise
by 2300 (DeConto et al. 2021). Therefore, precise estimates of
Antarctic ice loss are necessary. Over the next centuries, the
Antarctic Ice Sheet will interact with the ocean and the atmo-
sphere but also with the solid Earth. Recent studies have
already shown that the fast response of the Earth underneath
the WAIS is important to determine its precise response to
future warming (Gomez et al. 2015; Konrad et al. 2015; Lar-
our et al. 2019; Kachuck et al. 2020; Powell et al. 2021) but
models with realistic mantle properties and better-constrained
viscosity are necessary to quantify the effect.

This volume represents the current state of knowledge on
the Antarctic mantle. It should be useful to new students

Uplift rate (mm a™")

Fig. 9. The uplift rate (in mm a~") from glacial isostatic adjustment due to
the past melting of ice sheets over Antarctica. Past ice-sheet input is the
ICE-6G D global model (Peltier e al. 2018) and viscosity profile is the
radially varying 1D viscosity model VMS5a. Source: data were obtained
from https: //www.atmosp.physics.utoronto.ca/~peltier/data.php

entering the field, as well as to active researchers in Antarctic
and global mantle studies.
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