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Estimating past continental ice volume from sea-level data
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Abstract

We predict sea-level change since the Last Glacial Maximum (LGM) at four far-field sites (Barbados, Bonaparte Gulf, Huon
Peninsula and Tahiti) using a revised theoretical formalism. This formalism includes a time-varying shoreline geometry, an accurate
treatment of sea-level variations near regions of ice retreat and the influence of glacial cycle perturbations in Earth rotation. We
elucidate the physics of far-field sea-level change by de-constructing the predicted signal into spatially uniform versus spatially

varying components, as well as isolating contributions due to the ice load, the ocean load and the rotational potential. We
demonstrate that the sum of these three contributions plus the spatially uniform sea-level fall associated the with retreat of grounded
marine ice sheets can produce a significant difference between predictions of sea-level change at far-field sites and the eustatic (or

meltwater) curve associated with the adopted ice model. This difference is site and time dependent. For example, the total sea-level
rise since the LGM predicted using our ice–earth model can be either smaller (e.g., Barbados) or larger (e.g., Tahiti) than the eustatic
sea-level change. Finally, we review procedures that have been applied to estimate continental ice volume from far-field sea-level

observations and apply these procedures to data from Barbados and Bonaparte Gulf. Applying an ice-earth model that is tuned to
fit the Barbados data, we estimate a change in grounded ice volume from the LGM to the present of 43.5–51� 106 km3 based on
Barbados data and an LGM ice volume estimate of 51� 106 km3 based on Bonaparte Gulf data. Our results for the Bonaparte Gulf
data are consistent with the recent study by Yokoyama et al. (Nature 406 (2000) 713). These LGM ice volume estimates map into a

eustatic (or meltwater) sea-level rise of 115–135m. Taking into account plausible variations in the adopted radial earth model
introduces uncertainties in the range of 71.5� 106 km3 for ice volume estimates based on the Barbados data. r 2001 Elsevier
Science Ltd. All rights reserved.

1. Introduction

The level of the oceans relative to the land has
changed dramatically over the past B20 ka due to the
melting of the last great ice sheets (e.g., Jamieson, 1865;
Daly, 1925; Bloom, 1967; Walcott, 1972; Chappell,
1974; Farrell and Clark, 1976; Peltier and Andrews,
1976). A global distribution of sea-level observations
(e.g., Pirazolli, 1991) shows that the magnitude and
temporal form of sea-level change varies significantly
with geographic location relative to the major centers of
glaciation. For example, sea-level changes in regions
once glaciated (so-called ‘near-field’ regions) are char-
acterized by a monotonic fall over most, if not all, of the
period during which they have been ice free. On the

other hand, sea-level records from sites distant from
major glacial activity (so-called ‘far-field’ sites) display a
monotonic sea-level rise during the period of major
deglaciation.

The magnitude and spatial extent of the ice–water
mass exchange during a glacial cycle is sufficient to
produce a significant deformation of the solid Earth
which proceeds until a state of isostatic equilibrium is
reached. The surface mass flux and the associated solid
earth response are commonly described by the general
term glacial isostatic adjustment, hereafter abbreviated
to GIA. In near-field regions, for example, the uplift of
the solid surface during and following ice load removal
is the dominant process resulting in a sea-level fall of up
to several hundreds of meters from the Last Glacial
Maximum (LGM) to the present. In contrast, the
addition of glacial meltwater to the global oceans is
the dominant contribution to the observed sea-level rise
in far-field regions. (Note that meltwater derived from
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floating ice will not produce a sea-level change and so
we will use the term meltwater in connection with
grounded ice only.) These examples are, of course, end
members of the global sea-level response. At sites
where these two components of the GIA sea-level
contribution are similar in magnitude, a more complex,
non-monotomic signal is observed (e.g., Shennan et al.,
1995).

Relative sea-level variations associated with GIA are
driven by a number of mechanisms (e.g., Farrell and
Clark, 1976). The end-member cases described above
illustrate that the relative magnitudes of these mechan-
isms determine the spatial and temporal form of the
GIA-induced sea-level response. In general, near-field
data are most sensitive to the ice-load induced deforma-
tion. For this reason, these data have commonly been
employed to constrain the rheological properties of the
Earth as well as the spatial and temporal evolution of
the Late Pleistocene ice cover (e.g., Haskell, 1935;
Vening Meinesz, 1937; Wu and Peltier, 1983; Tushing-
ham and Peltier, 1991; Lambeck, 1993; Mitrovica, 1996;
Lambeck et al., 1998). Far-field data, in contrast, are
more sensitive to the rate and magnitude of meltwater
input to the oceans during deglaciation. These data
therefore provide a more robust measure of the
meltwater signal, which can be interpreted as the excess
ice volume existing on the Earth’s surface at some past
time relative to the volume at present (e.g., Nakada and
Lambeck, 1989; Peltier, 1994; Flemming et al., 1998;
Yokoyama et al., 2000). In fact, these data provide the
most direct measure of the total mass exchanged
between grounded ice and the oceans during the last
glacial cycle (e.g., Clark and Mix, 2000).

The different applications of sea-level data are of
interest to a variety of earth scientists. For example, the
constraints provided by near-field data on the spatial
and temporal distribution of ice in different regions can
be used alongside information obtained from glacial
geology and glaciology research to produce improved
reconstructions of ice sheet histories. The application of
far-field sea-level data to infer meltwater influx (and
thus past total ice volume) is of interest to both glacial
geologists and glaciologists, as a bound on the
integrated ice volume existing on the Earth’s surface at
any time, as well as geochemists and paleoceanogra-
phers who are interested in the total mass of grounded
ice during the last glacial maximum (LGM) to help
interpret the oxygen isotope record of sea water
recorded in deep ocean sediments. The interest of such
a broad range of earth scientists to this application of
far-field sea-level data has motivated the main goal of
this paper: to review and clarify the mapping between
glacial cycle ice mass variations and far-field sea-level
observations. This aim is particularly relevant given the
increasing complexity of GIA-based sea-level modeling
and the inconsistent use of terminology, both of which

have led to some confusion in the interpretation of far-
field sea-level observations.

To achieve the above goal we first review, in Section
2.1, the current theory of GIA-induced sea-level change.
This discussion includes recent advances such as the
incorporation of earth rotation (e.g., Han and Wahr,
1989; Milne and Mitrovica, 1996, 1998a) and the
accurate simulation of sea-level change in the vicinity
of marine-based ice sheets (e.g., Milne, 1998; Milne et al.,
1999). In Section 2.2, we apply the theory reviewed in
Section 2.1 and show predictions of sea-level change at
four far-field sites where data have been collected
(Barbados, Bonaparte Gulf, Huon Peninsula and
Tahiti). In particular, we de-construct the predicted
total signal at each of these sites into the different
components discussed in Sections 2.1 and 2.2.

In Section 3 we describe the procedure for estimating
the magnitude of ice-ocean mass flux from sea-level
data, and provide estimates of the reduction in ice
volume from the LGM to the present based on two
independent data sets. We also consider and quantify
some sources of uncertainty associated with the in-
ference procedure. A summary of our main results is
given in Section 4.

2. Modeling GIA-induced sea-level change

2.1. Sea-level theory

First, let us define the term ‘sea level’ as the vertical
height difference between the equilibrium ocean surface,
or geoid, and the Earth’s solid surface. Any relative
vertical motion between these two surfaces will con-
tribute to a change in sea level. This general relationship
can be expressed quantitatively as

S y;c; tð Þ ¼ C y;cð Þ G y;c; tð Þ � R y;c; tð Þ½ �; ð1Þ

where Sðy;c; tÞ describes a change in sea level between a
zero reference time (such as the beginning of the last
glacial cycle) and a later time t at a geographic location
with colatitude y and east longitude c: Gðy;c; tÞ and
Rðy;c; tÞ define the vertical perturbations to the geoid
and the solid surface, respectively, and Cðy;cÞ is the so-
called ocean function which is assigned the value of
unity in ocean regions and the value of zero in
continental regions (Munk and MacDonald, 1960). It
is assumed in Eq. (1) that the shoreline location does not
vary with time. The extension of theory required to
weaken this constraint is described below.

To accurately predict changes in sea level associated
with any geodynamic phenomenon, the physical me-
chanisms that contribute to the fields G and R in Eq. (1)
must first be identified. A significant body of work exists
that considers the influence of GIA on sea level (e.g.,
Woodward, 1888; Daly, 1925; Bloom, 1967; Walcott,
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1972; Chappell, 1974; Farrell and Clark, 1976; Peltier
and Andrews, 1976; Clark et al., 1978; Wu and Peltier,
1983; Nakada and Lambeck, 1987; Mitrovica and
Peltier, 1991; Johnston, 1993; Milne, 1998). An in-depth
historical review of this literature is beyond the scope of
this paper and, instead, we focus our discussion on
outlining the key GIA-related mechanisms that con-
tribute to sea-level change. This discussion will act as a
primer for the far-field sea-level predictions presented in
Section 2.2.

We consider first the influence of the surface mass
redistribution on sea level. The GIA-related surface
loading is comprised of two principal components: the
Late Pleistocene ice sheet histories and the associated
sea-level change, Sðy;c; tÞ: The total surface load,
Lðy;c; tÞ; is commonly written as

L y;c; tð Þ ¼ rII y;c; tð Þ þ rWS y;c; tð Þ; ð2Þ

where rI and rW are the densities of ice and water,
respectively. Iðy;c; tÞ is the change in height of ice
between a zero reference time and t: Ice shelves that are
not grounded do not load the Earth’s surface and so are
not included in the ice load function Iðy;c; tÞ: Clearly,
uncertainties in the ice sheet histories will be a source of
error in predictions of GIA-induced sea-level change.

To compute the effect of this surface load on sea level,
the internal rheological and density structure of the
Earth are required. The characteristic time scales of the
surface load expressed in Eq. (2) (100s to 1000s of years)
excite both an elastic and non-elastic deformational
response of the planet, and the simplest rheological
model that incorporates both these responses is a
Maxwell solid. (The mechanical analogue for this
rheology is a Hookean spring in series with a linear
viscous dashpot.) The Maxwell rheology is by far the
most commonly adopted in GIA modeling studies. The
radial (i.e., depth dependent) density and elastic
structure of the Earth have been determined to a
relatively high degree of accuracy using seismic methods
(e.g., Dziewonski and Anderson, 1981). The viscous
structure of the Earth is, in contrast, more poorly
constrained. Indeed, analysis of the observational record
related to GIA is one of the principle methods available
for estimating the viscous structure of the mantle (see
discussion in the Introduction).

The vertical deformation of the solid surface can be
computed by convolving in space and time the surface
load, Lðy;c; tÞ; with the so-called viscoelastic impulse
response Green’s function for radial displacement
(Peltier, 1974). This function defines the vertical surface
deformation of a spherically symmetric Maxwell viscoe-
lastic earth model to a surface load that is point-like in
space and time. One can consider the surface load due to
GIA as being composed of a large number of such
‘impulse’ loads and so the deformational response to a
general load can be expressed as a sum of impulse

responses (e.g., Peltier and Andrews, 1976; Clark et al.,
1978). To keep the mathematical complexity to a
minimum, we write this convolution in the following
short-hand form,

RL y;c; tð Þ ¼ L y;c; tð Þ*GFR;L y;c; tð Þ; ð3Þ

where the 	 denotes convolution in space and time.
RLðy;c; tÞ is the radial deformation of the solid surface
due to surface mass loading (hence the superscript L).
The Green’s function is denoted by GFR;Lðy;c; tÞ and
the superscript R indicates that this function relates
to the radial deformation of the solid surface.

The rheology and density structure of the earth model
are embedded within the Green’s function. Any
assumptions regarding the type of rheology and the
spatial variation of viscoelastic properties within the
model (commonly assumed to be depth dependent only)
will introduce a further degree of inaccuracy to the
prediction.

We next consider the effect of surface mass variations
on the geoid. When unperturbed by tides and pressure
gradients in the atmosphere and ocean, the ocean
surface must lie on an equipotential of the Earth’s
gravity field, and so vertical deflections of this surface
are related to perturbations in the Earth’s surface
gravitational potential. For example, the geopotential
will be raised in the vicinity of a large ice sheet due to the
direct gravitational attraction between the ice and the
ocean water. Of course, the ice sheet will deform the
solid earth and the associated, internal, mass redistribu-
tion will also perturb the geopotential. The deflection of
the geoid associated with the direct attraction of the
surface mass load is conventionally termed the ‘‘direct
effect’’, whereas the geoid perturbation related to the
surface load-induced deformation (or internal mass flux)
is termed the ‘‘indirect effect’’.

The vertical perturbation to the geopotential pro-
duced by the surface loading can be computed in a
manner analogous to Eq. (3):

FL y;c; tð Þ ¼ L y;c; tð Þ*GFF;L y;c; tð Þ; ð4Þ

where FL is the load-induced deformation of the
geopotential on the undeformed solid surface and
GFF;Lðy;c; tÞ is the impulse response Green’s function
for the geopotential perturbation. If the geoid were to
remain on the same equipotential during a glacial cycle,
the corresponding geoid height shift would be given by
FLðy;c; tÞ=g (to first order), where g is the surface
gravitational acceleration. However, the mean ocean
surface falls during a period of glaciation and rises
during a period of deglaciation. That is, the height of the
geoid relative to the solid surface depends on the volume
of water occupying the Earth’s oceans at any time.
(Furthermore, adjustments of the ocean surface also
occur in consequence of glaciation-induced deforma-
tions of the ocean floor). To first order, this contribution
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to the geoid height shift is spatially uniform and is
determined by ensuring that the volume of ocean water
associated with the predicted sea-level change, Sðy;c; tÞ;
is consistent with the ice-ocean mass flux delivered by
the adopted ice model. This aspect of the model is
discussed in detail below.

The ice–water surface mass redistribution is the
most important GIA forcing that contributes to
sea-level variations. A secondary forcing arises due to
perturbations of the Earth’s inertia tensor caused by
the surface mass flux and the consequent deformation.
This perturbation results in a small change in the
Earth’s rotation vector which acts to deform the
geoid and the solid surface (e.g., Han and Wahr, 1989;
Milne and Mitrovica 1996, 1998a; Bills and James,
1996).

The deformation of the ocean bounding surfaces
produced by the time-varying centrifugal potential
(henceforth the ‘rotational potential’) can also be
calculated using an impulse response theory. In this
case we convolve in time the rotational potential, which
we denote by Lðy;c; tÞ; with the relevant tidal visco-
elastic Green’s function.

RRN y;c; tð Þ ¼ L y;c; tð Þ*GFR;T tð Þ; ð5Þ

and

FRN y;c; tð Þ ¼ L y;c; tð Þ*GFF;T tð Þ; ð6Þ

where RRNðy;c; tÞ and FRNðy;c; tÞ are the rotation-
induced (hence the superscript RN) deformation of
the radial position of the solid surface and the
perturbation to the geopotential, respectively. The
superscript T associated with the Green’s functions
denotes forcings associated with tidal (action at a
distance) deformations of the planet. Expressions
relating the rotational potential to perturbations
in the rotation vector are given in Lambeck (1980) and
Milne and Mitrovica (1996, 1998a). Furthermore,
standard theories for computing GIA-induced
variations in Earth rotation are provided, for
example, by Sabadini et al. (1982) and Wu and Peltier
(1984).

The total GIA-induced perturbations to the solid
surface and the geopotential are therefore given by

R y;c; tð Þ ¼ RL y;c; tð Þ þ RRN y;c; tð Þ ð7Þ

and

F y;c; tð Þ ¼ FL y;c; tð Þ þ FRN y;c; tð Þ: ð8Þ

From (8), it follows that the GIA-induced height shift of
the geoid is given by

G y;c; tð Þ ¼
1

g
FL y;c; tð Þ þ FRN y;c; tð Þ þ DF tð Þ
� �

¼GL y;c; tð Þ þ GRN y;c; tð Þ þ GSU y;c; tð Þ

¼GSV y;c; tð Þ þ GSU tð Þ: ð9Þ

We have adopted in (9) the relation, GSVðy;c; tÞ ¼
GLðy;c; tÞ þ GRNðy;c; tÞ to separate the spatially vary-
ing (‘SV’) and spatially uniform (‘SU’) components of
the geoid change.

The uniform geoid shift GSUðtÞ is computed by
evoking conservation of surface ice–water mass. In a
closed hydrological system, any mass lost (gained) by
the ice sheets is gained (lost) by the oceans. Accordingly,
the following simple relationship holds:

VOW tð Þ ¼ �
ri

rw

VI tð Þ; ð10Þ

where VIðtÞ and VowðtÞ are the volumes of grounded ice
and ocean water relative to the associated volume at the
zero reference time. To ensure surface mass conserva-
tion, the surface integral of the GIA-induced sea-level
change, Sðy;c; tÞ; must equal VOW at any time. That is

GSV y;c; tð Þ � R y;c; tð Þ
� �

þ GSU tð ÞA ¼ VOW tð Þ; ð11Þ

where A is the area of the oceans, and the brackets /S
denote integration over the oceans. The first term in (11)
gives the change in volume bounded by the original
equipotential, (which coincided with the geoid at the
reference time) and the surface of the ocean floor
produced by load- and rotation-induced deformation.
We can re-arrange the conservation of mass relation (11)
to give GSUðtÞ directly,

GSU tð Þ ¼
VOW tð Þ

A
�

VDEF tð Þ
A

¼ �
ri

rw

VI tð Þ
A

�
GSV y;c; tð Þ � R y;c; tð Þ
� �

A
ð12Þ

in which we have adopted the notation VDEF ðtÞ to
represent the bracketed term in Eq. (11).

The appearance of GSUðtÞ in Eq. (9) ensures that the
change in the volume bounded by the upper and lower
ocean surfaces is consistent with the change in the
volume of ocean water.

The first term on the right-hand side in (12) has
commonly been called the ‘eustatic sea-level change’
(e.g., Farrell and Clark, 1976; Mitrovica and Peltier,
1991; Peltier, 1994) which is the spatially uniform sea-
level signal produced by direct mass exchange between
the ice sheets and the oceans. Inconsistent use of this
term within the GIA literature (e.g., Lambeck et al.,
2001) has caused some confusion. In the following, we
adhere to the conventional meaning and use the term
‘eustatic’ synonymously with ‘meltwater’. The second
term in (12), produced by load- and rotation-induced
deformations of the geopotential and the solid surface,
also contributes a significant spatially uniform sea-level
signal that is crucial to properly understand and
interpret far-field sea-level change (e.g., Clark et al.,
1978; Mitrovica and Peltier, 1991) (see next section).

In recent work (Milne, 1998; Milne et al., 1999) we
have emphasized that the sea-level equation (1) fails to
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account for two important GIA-related processes. The
first is a time-dependence in the ocean function arising
from the on-lap and off-lap of water on continental
margins as sea level changes. This process is shown
schematically in Fig. 1A and it has been treated in a
number of recent studies (e.g., Lambeck and Nakada,
1990; Johnston, 1993; Peltier, 1994; Milne and Mitro-
vica, 1998b). The second involves the influx of water to
sub-geoidal regions that are ice covered and subse-
quently exposed by a retreating ice margin (Fig. 1B). In
such areas, during ice retreat, the sea-level change is not
given by the GIA-induced perturbations to the geoid and
the solid surface, but rather by the absolute height
between the geoid and solid surface (see Fig. 1B). Milne
(1998) and Milne et al. (1999) have used the terms ‘water
dumping’ and ‘water influx’ to describe this process.
Peltier (1998) later discussed a similar correction using
the term ‘implicit ice’.

Let us denote the change in sea-level during two
successive time increments tj�1 and tj by dSðy;c; tjÞ: The
sea-level change at the general time tN is then given by

S y;c; tNð Þ ¼
XN

j¼1

dS y;c; tj

� �
: ð13Þ

Following Milne (1998) and Milne et al. (1999), an
extension of Eq. (1) that incorporates the two processes

described in the preceding paragraph is

dS y;c; tj

� �
¼C y;c; tj

� �
z y;c; tj

� �
GSV y;c; tj

� ���

þ GSU tj

� �
� R y;c; tj

� �
� GSV y;c; tj�1

� �

�GSU tj�1

� �
þ R y;c; tj�1

� ��

þ z y;c; tj

� �
� 1

� �
T y;c; tj

� ��
: ð14Þ

where the function zðy;c; tÞ takes the value zero in
regions characterized by the retreat of grounded ice
between tj�1 and tj and the value of unity elsewhere (in
practice, this field is defined by the adopted ice model).
Furthermore, the definition of the ocean function, c; is
extended so that it is zero in continental regions and in
regions covered by grounded ice. The field Tðy;c; tÞ is
the topography, that is, height of the solid surface
relative to the geoid (details of how this field can be
computed are given, for example, in Milne et al., 1999).

The sea-level described by (14) gives the same result as
an incremental change based on (1) except at continental
margins experiencing marine transgression or regression
and in localized areas traversed by a retreating marine-
based ice margin during times of ice retreat. For the
latter case, zðy;c; tÞ is zero and (14) reduces to

dS y;c; tj

� �
¼ �C y;c; tj

� �
T y;c; tj

� �
ð15Þ

and the sea-level change is given by the negative of the
bathymetry. Thus, Eq. (14) predicts a relatively large

Fig. 1. Schematic diagrams illustrating processes influencing sea-level change that are not incorporated in the traditional (e.g., Farrell and Clark,

1976) sea-level theory (Eq. (1)). (A) Sea-level rise (left) and fall (right) and a time-varying shoreline geometry. (B) Sea-level change when a grounded

marine ice sheet retreats. In this case, the sea-level change in the region vacated by ice is the total height difference between the geoid and the ocean

floor rather than the difference between the GIA-induced perturbation to these surfaces.
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and positive sea-level change (and thus water load) in
near-field regions that were vacated by a marine-based
ice sheet at the time of ice retreat (see Fig. 1B). In
contrast, the original equation (1) predicts a negative
sea-level change in regions of marine-based ice retreat
due, largely, to the solid-surface uplift and the reduced
direct gravitational attraction of the ice sheet. As
discussed in detail in Milne (1998), this represents an
error of several hundreds of meters of water in some
regions (e.g., Hudson Bay) and it has implications for
previous estimates of both ice thickness and mantle
rheology. As we discuss in the next section, predictions
of far-field sea-level changes based on Eq. (14) are also
markedly different from those based in Eq. (1). Put
simply, the influx of water into ocean areas vacated by
retreating ice will affect ocean levels even at great
distances from the previously glaciated region.

The influence of near-field water influx on far-field sea
level is evident when a revised version of Eq. (12) is
written that includes the extensions inherent to Eq. (14),

dGSU tj

� �
¼
dVOW tj

� �

Aj
�

dVDEF tj

� �

Aj
�

dVWI tj

� �

Aj

¼ dGSU
OW tj

� �
þ dGSU

DEF þ dGSU
WI: ð16Þ

where (as in Eq. (13)) the symbol d denotes a change
from time t ¼ tj�1 to t ¼ tj and so GSU tNð Þ ¼PN

j¼1 dGSU tj

� �
; Aj is the area of the ocean basin at the

time tj ; and dVWIðtjÞ is the volume of the ocean basin
exposed by the retreating marine-based ice, which is
given by

dVWI tj

� �
¼ z y;c; tj

� �
� 1

� �
T y;c; tj

� �� �
j
; ð17Þ

where the symbol /Sj denotes integration over the
ocean as it is predicted to exist at t ¼ tj : For the revised
formalism (14), dVDEFðtÞ is now given by

dVDEF tj

� �
¼ z y;c; tj

� �
GSV y;c; tj

� �
� R y;c; tj

� ���

� GSV y;c; tj�1

� �
þ R y;c; tj�1

� �
Þij ð18Þ

The third term in Eq. (16) gives the contribution of near-
field water influx to the spatially uniform component of
GIA-induced sea-level change. This term contributes
B10% to the total spatially uniform signal given by (16)
(Milne et al., 1999; see next section) and thus it
significantly affects predictions of far-field sea-level
change even though the water influx mechanism occurs
in near-field regions.

2.2. Far-field sea-level predictions

In this section we present a series of model predictions
to illustrate the relative magnitudes of the various GIA-
induced sea-level contributions discussed above. We
adopt a pseudo-spectral algorithm (Mitrovica and
Peltier, 1991; Milne, 1998) to solve the sea-level equation
(14). To begin, we specify appropriate models for the

rheology of the solid earth and the space–time history of
the Late Pleistocene ice cover.

All predictions are based on Maxwell viscoelastic
earth models that are spherically symmetric (i.e.,
parameters vary with radius only). The elastic and
density structure of the model is based on the seismic
model PREM (Dziewonski and Anderson, 1981).
PREM has a radial discretization of 25 km in the mantle
and 10 km in the crust. The non-elastic component of
the rheology is more crudely parameterized into three
layers. The Earth’s lithosphere is modeled as an
effectively elastic layer over GIA timescales by adopting
a very high value of viscosity in an outer shell of
prescribed thickness. A viscoelastic mantle region
extends from the base of the model lithosphere to the
core-mantle boundary (a depth of B2900 km). This
mantle region is separated in our models into two
isoviscous layers termed the upper mantle (which
extends to a depth of 670 km) and lower mantle (from
670 to 2900 km).

We adopt the ICE-3G deglaciation model (Tushing-
ham and Peltier, 1991) as our initial input ice history. A
glaciation phase is added to this model by assuming the
same space–time variation (but reversed) during glacia-
tion, and increasing the time increments between
loading episodes from 1 to 7 cal. ka. The chronology
for the original ICE-3G deglaciation history is based on
the radiocarbon to calendar time scaling presented in
Stuiver et al. (1986) (M. Tushingham, personal commu-
nication, 2000). We have revised the chronology to be
consistent with the results of Bard et al. (1990).

We initially focus on Barbados (13.21N, 59.51W)
because data from this location provided the first
complete record of sea-level rise from the LGM through
to the early Holocene (Fairbanks, 1989; Bard et al.,
1990) and, as a consequence, have been employed to
infer, either directly or via GIA modeling, the volume of
glacial meltwater input to the ocean during the previous
deglaciation (e.g., Peltier, 1994; Flemming et al., 1998).
The dashed line in Fig. 2 is a solution to the traditional
sea-level equation (1), revised to include a time-
dependent continent margin, using the viscoelastic earth
model adopted to construct the ICE-3G deglaciation
history from a global distribution of near-field sea-level
observations (Tushingham and Peltier, 1991). This earth
model is comprised of a 120 km thick elastic lithosphere,
an upper mantle viscosity of 1021 Pa s, and a lower
mantle viscosity of 2� 1021 Pa s. The total sea-level rise
is B115 m, of which B108 m is due to the eustatic
meltwater influx (corresponding to an excess LGM ice
volume of B41� 106 km3). The ICE-3G model was not
tuned to fit any far-field observations and so it is not
surprising that the fit to the Barbados data is not
particularly good. Tushingham and Peltier (1991)
compared the magnitude of the meltwater rise predicted
in Barbados to the observations of Bard et al. (1990) and
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noted that their model underestimated the data by about
5–10% (see discussion on their p. 4507).

As described in the last section, the traditional sea-
level equation (1) does not incorporate the influence of
near-field water influx into regions vacated by retreating
ice. Indeed, the far-field sea-level rise predicted by the
sea-level equation (1) will therefore be an overestimate
of the correct sea-level rise for a given ice–earth model
pairing. To illustrate this point, the dotted line in Fig. 2
is obtained by solving the revised sea-level equation (14)
for the same ice–earth model pair used to calculate the
dashed line. The total sea-level rise is predicted to be
B103 m in this case. The reduced sea-level rise,
compared to the solution of Eq. (1), is predominantly
due to meltwater (equivalent to B9m of sea-level)
fluxing into the ocean basin volume exposed by
retreating marine-based ice sheets (see Eqs. (16) and
(17)). Most of the remaining discrepancy is due to the
different water loading patterns in the two calculations.
Therefore, an accurate sea-level prediction indicates that
the ICE-3G deglaciation model contains an insufficient
(by B20%) volume to fit the Barbados data. These
results clearly demonstrate that an accurate inference of
ice volume change since LGM requires the application
of the near-field water influx mechanism incorporated in
the revised sea-level theory (Eq. 14).

The ICE-3G model is outdated. It was constructed
using an incorrect sea-level theory (Eq. 1) and an earth
model which is not compatible with the results of a

growing number of GIA modeling inferences. Recent
work indicates that the average viscosity in the upper
mantle is likely nearer to 3–5� 1020 Pa s than 1021 Pa s
(e.g., Lambeck et al., 1990, 1998; Lambeck, 1993; Forte
and Mitrovica, 1996; Mitrovica, 1996; Peltier, 1996;
Wieczerkowski et al., 1999). Furthermore, estimates of
the lower mantle viscosity currently lie within the range
5–50� 1021 Pa s (e.g., Nakada and Lambeck, 1989;
Forte and Mitrovica, 1996; Mitrovica and Forte, 1997;
Lambeck et al., 1998). Finally, inferences of lithospheric
thickness vary widely (e.g., Fjeldskaar, 1994; Lambeck
et al., 1998; Milne et al., 2001) although a value of
100 km is relatively representative.

Our goal in this article is not to argue for a specific ice
or earth model, but rather to assess the various
contributions to GIA-induced far-field sea-level rise.
Accordingly, we follow a rather crude exercise to
generate a ‘standard’ ice model that is tuned to roughly
fit the Barbados sea-level data. First, we scale up the
volume of the ICE-3G model by 20% (i.e., we increase
the excess ice thickness at all geographic locations by
20%) to establish an approximate fit to the Barbados
data (we can call this model ICE-3G2). Next, using an
earth model constrained to be close to recently preferred
values (an upper mantle viscosity of 5� 1020 Pa s, a
lower mantle viscosity of 1022 Pa s, and a lithospheric
thickness of 100 km), we solve the new sea-level Eq. (14)
using a sequence of ice models which have been
iteratively modified from ICE-3G2 until a reasonably
good fit to the Barbados data is obtained. This
modification involved changing the amplitude of the
ICE-3G2 load increments. The result of this exercise is
shown by the solid line in Fig. 2. The total predicted sea-
level rise from LGM to present should be interpreted as
near the maximum that is consistent with this data set
since the lowest three data points in Fig. 2 (triangles)
correspond to the coral species Porites asteroides, which
can live up B20 m below the ocean surface.

Fig. 3 illustrates the form and magnitude of the GIA
signals that contribute to the total prediction at
Barbados. The solid line in Fig. 3 is the same as that
in Fig. 2 and it shows the total predicted sea-level
change at Barbados. This prediction is decomposed into
the three remaining curves on the figure. The dashed line
is the contribution to the spatially uniform sea-level
change GSUðtÞ associated with meltwater addition,
dGSU

OW tð Þ in Eq. (16). The dotted line is the contribution
to the spatially uniform sea-level change arising from
load- and rotation-induced deflections of the geoid and
the ocean floor as well as the retreat of marine-based ice
sheets (i.e., the remaining two terms in Eq. 16). The
former contribution to the dotted line, which comprises
approximately two-thirds of the total signal, is primarily
due to ice-load-induced subsidence of the ocean floor in
regions peripheral to centers of deglaciation as well
as ocean-load-induced subsidence along continental
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Fig. 2. The solid, dashed and dotted lines show sea-level predictions at

Barbados (13.21N, 59.51W) based on three different GIA models (see

main text). The dots and triangles are sea-level observations based on

the coral species Acropora palmata (circles) and Porites asteroides

(triangles) that have been corrected for tectonic uplift (Fairbanks,

1989; Bard et al., 1990).
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margins (Mitrovica and Peltier, 1991; Mitrovica and
Milne, 2001). Finally, the dashed-dotted line shows the
spatially variable sea-level signal due to GIA (i.e., the
right-hand-side of Eq. (14) with the spatially uniform
term removed).

On inspection of Fig. 3, it is evident that the eustatic,
or meltwater, contribution dGSU

OW is the dominant
contributor to the total signal. This is an expected
result. However, the contributions from other sources
discussed above are clearly an important part of the
total sea-level response at this site. Indeed, these terms
sum to produce the difference between the total
predicted sea-level trend at Barbados (solid line) and
the eustatic signal (dashed line). The inference of
meltwater volumes based on observed sea-level records
at far-field sites relies on the accuracy to which the non-
meltwater signal (i.e., the difference between the solid
and dashed lines) can be predicted.

To illustrate the spatial variability of the predicted
sea-level signal we plot, in Fig. 4, relative sea-level
predictions at four key far-field sites: Barbados (13.21N,
59.51W) (Fairbanks 1989; Bard et al., 1990), Bonaparte
Gulf (12.01S, 128.01E) (Yokoyama et al., 2000), Huon
Peninsula (6.01S, 147.51E) (Chappell and Polach 1991;
Edwards et al., 1993), and Tahiti (18.01S, 149.51W)
(Bard et al., 1996). Superimposed on each frame is the
eustatic signal dGSU

OW tð Þ (which is, by definition, inde-

pendent of location). At LGM the discrepancy (the
meltwater curve minus total prediction) between the two
curves on each frame varies from B�14 m (Huon
Peninsula and Bonaparte Gulf) to B2 m (Tahiti).

The site-dependence evident in Fig. 4 is a reflection of
the distinct geographic sampling of the spatially variable
GIA-induced sea-level signal (e.g., the dashed-dotted
line in Fig. 3 for Barbados). To better understand the
origin of this site-dependence we shall now explore this
‘spatially variable’ signal in more detail. As discussed in
Section 2.1, the spatial variation has contributions from
the ice and ocean components of the surface load as well
as the GIA-induced perturbation to the rotational
potential. These individual contributions are shown in
Fig. 5A for each of the four far-field locations con-
sidered above.

The contributions of the ice-, ocean- and rotation-
induced perturbations to the spatially varying compo-
nent of the sea-level change at the four sites shows that
the largest spatial variation results from the ocean
loading. Compare, for example, the dotted lines for
Bonaparte Gulf and Tahiti. Tahiti exhibits a rise in sea-
level of B12 m during deglaciation due to ocean
loading. This rise is largely caused by the subsidence
of the ocean floor around Tahiti in response to the
loading of the south Pacific during deglaciation (e.g.,
Chappell, 1974). In contrast, the relatively small
magnitude and more complex form of the ocean-load-
induced signal at Bonaparte Gulf is a consequence of the
considerable spatial migration of the coastline in this
region, shown in Fig. 6. The late flooding of this area
results in a much reduced and delayed ocean loading
(e.g., Milne and Mitrovica, 1998b). The ocean-load-
induced signal at Huon Peninsula is also distinct from
the sea-level rise shown for Tahiti and Barbados and is
due to the relatively complex coastal geometry in this
area (see Fig. 6). These results illustrate the importance
of incorporating a time-dependent ocean-continent
geometry in the sea-level model (e.g., Lambeck and
Nakada 1990; Johnston, 1993; Peltier, 1994).

The ice-induced component of the spatially varying
sea-level signal is remarkably similar at each of the sites,
especially those in the southern hemisphere. Additional
calculations (not shown here) indicate that the signal for
the sites located in the southern hemisphere is domi-
nated by the direct gravitational attraction of the ice
model. Northern hemisphere ice accounts for almost
80% of the total excess ice volume in our standard ice
model at the LGM. The redistribution of this ice mass
into the ocean basins during deglaciation produces a
geoid drop in regions surrounding the ancient ice centers
compared to a geoid rise in far-field regions (e.g.,
Woodward, 1888). The ice-load-induced signal at
Barbados, although similar to that at the three southern
hemisphere sites, is not dominated by the direct effect of
the wasting ice masses. Note that the total sea-level rise
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Fig. 3. The total predicted sea-level curve at Barbados (13.21N,

59.51W) (solid line) as well as a decomposition into three component

parts. These components include the contributions to the spatially

uniform sea-level change associated with meltwater addition (dashed

lineFdGSU
OW tj

� �
in Eq. (16)), GIA-induced perturbations of the

geopotential and the solid surface, and near-field water influx (dotted

lineFdGSU
DEF tj

� �
and dGSU

WI tj

� �
in Eq. (16)) respectively as well as the

local (spatially variable) signal associated with ice-, ocean- and

rotation-induced sea-level perturbations (dashed-dotted line).
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at this site (compared to the southern hemisphere sites)
is smaller in magnitude and the predicted rise is
smoother and less rapid. These differences arise from
the relative proximity of this site to the Laurentide ice
sheet. The ice-induced sea-level rise at Barbados is
dominated by the solid-surface subsidence in this area.

The rotation-induced signal shows a non-monotonic
temporal evolution at all four sites. The origin of this
non-monotonicity has been discussed in detail in Milne
and Mitrovica (1998a). The rotation-induced signal has

a spatial dependence described by a degree two and
order one spherical harmonic function that resembles a
four-quadrant beachball (e.g., Han and Wahr, 1989;
Milne and Mitrovica, 1998a). Accordingly, antipodal
sites (Barbados versus Bonaparte Gulf or Huon
Peninsula) will show the same trends, while sites in the
remaining quadrants of the so-called 2–1 geometry (e.g.,
Tahiti) will have trends that are reversed in sign. The
rotation signal is of relatively small amplitude (p3m)
because these sites are all relatively close to the equator
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Fig. 4. Solid lines show sea-level predictions based on our standard GIA model (see text) at Barbados (13.21N, 59.51W), Bonaparte Gulf (12.01S,

128.01E), Huon Peninsula (6.01S, 147.51E), and Tahiti (18.01S, 149.51W). Dashed lines show contribution of meltwater volume to the spatially
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; in Eq. (16). The dots superimposed on the curves represent observational constraints.
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Fig. 5. (A) Plots of the spatially varying sea-level signal produced by perturbations to the geopotential and the solid surface from the surface load

and rotational potential (solid lines). Decomposition of this signal into contributions associated with ice loading (dashed line), ocean loading (dotted

line) and rotation-induced effects (dashed-dotted line) is illustrated. Results are shown for the four sites considered in Fig. 4. (B) The spatially

uniform component of the sea-level signal associated with the ice-load-induced (dashed line), ocean-load-induced (dotted line) and rotation-induced

(dashed-dotted line) perturbations to the geopotential and the solid surface. The spatially uniform signal associated with the net signal (solid line in

Fig. 5A) is shown by the solid line.
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(a great circle node in the 2–1 geometry). Nevertheless,
site-to-site differences can reach 5 m, and these differ-
ences account for a non-negligible portion of the site
variation evident in Fig. 4. As an example, the rotation
signal accounts for approximately one-third of the total
difference in predicted sea level at LGM between Tahiti
and Bonaparte Gulf.

The predictions shown in Fig. 5A provide useful
insight to the origin of the spatial variation in the
predicted RSL signals shown in Fig. 4. However, it is
important to note that the sea-level curves shown in
Fig. 5A do not represent the total ice-, ocean- and
rotation-induced components of sea-level change. The
total signal associated with each of these GIA forcings is
the sum of their respective spatially varying component
(shown by the dashed, dotted and dash-dotted lines in
Fig. 5A) with a spatially uniform term associated with
the geopotential and solid surface deformation inte-
grated over the ocean area (i.e., the contribution of
either the ice-, ocean or rotation-induced signal to the
right-hand side of Eq. (18)). For this reason, the relative

magnitudes of the total sea-level contributions from the
ice and ocean loading and the rotational potential may
not be accurately represented in Fig. 5A. The spatially
uniform signals associated with each of the GIA-
forcings considered in Fig. 5A are shown in Fig. 5B.

The deformation of the solid surface and the
geopotential produced by the ice and ocean loading
both contribute to a significant geoid fall from the LGM
to the present (Mitrovica and Peltier 1991; Mitrovica
and Milne 2001). Therefore, the spatially uniform
component of these signals will, in general, act to reduce
the total magnitude of the predicted ice- and ocean-
induced signals at the four sites. (Note, however, that
the net ocean-induced signal is amplified at Huon
Peninsula and Bonaparte Gulf since the local ocean
loading at this site produces a sea-level fall during
deglaciation; see Fig. 5A). The rotation-induced signal,
in contrast, produces a relatively small spatially uniform
signal and so the results in Fig. 5A can be treated as a
relatively accurate representation of the total rotation-
induced signal.

Fig. 6. Predictions of the coastline geometry in northern Australia and Papua New Guinea at four distinct times extending from the last glacial

maximum to the end of our model deglaciation event at 5 cal. ka BP (all times shown represent the calendar time scale). The locations of Bonaparte

Gulf and Huon Peninsula sea-level observations are given by the small red dot and triangle, respectively.
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We next consider the sensitivity of the predicted sea-
level signals at Barbados to variations in the viscosity
parameterization of the earth model. A series of
calculations were performed in which the lithospheric
thickness, upper mantle and lower mantle viscosity were
varied over plausible ranges. Our predictions showed no
significant variation for lithospheric thicknesses ranging
from 70 to 120 km and so these results will not be
considered further. In Fig. 7 we explore the sensitivity
of the decomposition performed in Fig. 3 to variations
in the upper and lower mantle viscosity. The top
plot shows predictions of the sea-level components
for earth models that are identical to the standard
model except that the upper mantle viscosity is reduced
to 2� 1020 Pa s (red lines) or increased to 1021 Pa s
(blue lines). The bottom plot shows predictions in

which the lower mantle viscosity is reduced to
5� 1021 Pa s (red lines) or increased to 5� 1022 Pa s
(blue lines).

The total sea-level rise predicted for the stronger
upper mantle model is just over 5 m larger than than the
prediction for the weaker upper mantle case. Note that
this variation is caused, largely, by a perturbation to the
spatially uniform signal (dotted line) and so will impact
all locations. The curves diverge by a similar amount in
the early Holocene due, in this case, to local loading and
rotational effects (dash-dotted lines). Varying the
viscosity of the lower mantle produces a larger change
in the total sea-level rise predicted at Barbados. The net
effect reaches B18 m at LGM and it decreases almost
monotonically from LGM to the present. Note that the
magnitudes of the non-meltwater contribution to the
spatially uniform sea-level change (dotted lines) and the
spatially variable GIA signal (dashed-dotted lines)
decrease with increased lower mantle viscosity. This is
an expected trend since the rate of mantle flow will be
progressively reduced as the deep mantle is stiffened. We
conclude that uncertainties associated with mantle
viscosity can be a limitation to the accuracy of sea-level
predictions within the far-field. As we discuss in the next
section, this uncertainty will, in turn, impact the
accuracy to which meltwater volumes can be inferred
from such data.

In the above analysis we have not addressed a number
of potentially important uncertainties associated with
the earth model adopted in the sea-level calculations.
These include the impact of fine-scale, large amplitude
changes in viscosity with depth (e.g., Milne et al., 1998),
deviations in the rheology from a simple linear viscous
flow law (e.g., Karato, 1998; Ranalli, 1998; Wu, 1999)
and the undoubted presence of lateral variation in both
elastic and viscous structure (e.g., Manga and O’Con-
nell, 1995; Kaufmann et al., 1997). Also, note that the
influence of changes in ocean water salinity and
temperature on sea level are not incorporated in the
model.

3. Inferring continental ice volume from far-field sea-level

observations

As stated in the Introduction, observations of far-field
sea-level rise provide the most direct estimate of the
volume of grounded ice existing between the LGM and
the present. In this section we build on the results
presented above to review the principal ideas related to
this inference procedure.
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Fig. 7. Sea-level predictions at Barbados (13.21N, 59.51W) based on a
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adopted for Fig. 3. The lines in the top frame show predictions based
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bottom show predictions based on our standard model except that the
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It will be useful in this discussion to rewrite Eq. (14) in
the highly simplified form:

dS y;c; tj

� �
¼ dSNMW y;c; tj

� �
þ C y;c; tj

� �
dGSU

OW tj

� �
: ð19Þ

Eq. (19) emphasizes that observed sea-level changes (the
left-hand-side of the equation) differ from the meltwater
contribution by a term that combines all the remaining
effects of GIA.

Eq. (19) also serves as a useful basis to describe
previous efforts to estimate ice volumes, VIðtÞ; which are
directly linked to the meltwater contribution, GSU

OW tð Þ;
through Eqs. (10) and (16), from far-field sea-level
observations. In general, the literature includes two
rather distinct approaches to this problem. One method
involves establishing a preferred ice-earth model pair (or
a suite of preferred models) and using these models to
predict the first term on the right-hand side of Eq. (19)
for a particular site of interest. These predictions can
then be used to correct the observed sea-level signal and
thus estimate the eustatic sea-level change (following
Eq. (19)). This procedure can be repeated for a group of
far-field sites and a suitable average obtained (e.g.,
Flemming et al. (1998)). A second approach is evident,
for example, in Peltier (1994). In this case an ice–earth
model pair are established which provide an acceptable
fit to the observed sea-level variation at a specific far-
field site (e.g., Barbados in the case of Peltier, 1994). Ice
volumes are then directly obtained from the input
model. Ideally, the ‘true’ ice–earth model pair should
provide a good fit to all far-field sea-level observations,
and the two procedures would yield consistent results.

The effort to estimate ice volume changes since the
LGM is clearly influenced by the accuracy of the
adopted models of Late Pleistocene ice cover and the
Earth’s viscoelastic structure, as well as the accuracy of
the sea-level theory (e.g., see Fig. 2) adopted to predict
sea-level changes given these model inputs. In this
regard, we note that previous estimates by the indepen-
dent groups cited above have been based on distinct ice–
earth model pairs and, perhaps, sea-level theories. In the
remainder of this section we apply the results of the
previous section to estimate ice volume changes since the
LGM through the analysis of observations at Barbados
and Bonaparte Gulf. (We note that data recently
obtained from the Sunda Shelf (Hanebuth et al., 2000)
can also be employed for this purpose. We hope to
consider the constraints imposed by these data, along-
side those derived from Barbados and Bonaparte Gulf
data, in a future study.)

In Section 2.2 we adopted a specific earth model and
tuned (that is, modified) the ICE-3G model until we
obtained a good fit to the Barbados sea-level observa-
tions (solid line, Fig. 2). Thus, following the second
methodology described above, our estimate of ice
volume changes since the LGM are trivially given by
the mass balance of the ice model. Our revised ICE-3G

model has an excess ice volume of 49.5� 106 km3. This
value maps into a total meltwater contribution to
eustatic sea-level change, GSU

OW tð Þ; or alternatively an
‘ice-equivalent’ sea-level change, of B130 m. We note
that our predicted sea-level curve for Barbados falls
about 5m above the oldest Porites asteroides data in the
observational record. We have already noted that this
coral species can live to depths of B20 m below the
ocean surface, and thus it is prudent to intercept this
estimate of excess ice volume as near the maximum
consistent with these observations.

Next, we turn to an estimate of ice volume changes
based on predictions at a set of far-field sites (the first
methodology described above). Specifically, we will
consider sea-level observations at Barbados and Bona-
parte Gulf. We choose the deepest LGM sea-level
indicator at Barbados (the Porites asteroides datum at
B130 m below present sea level) so as to estimate a
maximum LGM excess ice volume for these data based
on our standard earth–ice model pair. From Fig. 4, our
ice–earth model pairing indicates a discrepancy of 5 m
between predicted sea level at LGM and the meltwater
contribution to eustatic sea-level change. Accordingly,
we estimate GSU

OWB135 m from this datum. If we adopt a
different interpretation and assume that the coral on
which this datum is based lived at a depth of 20 m below
mean sea level, a significantly reduced meltwater sea-
level contribution of B115 m is obtained, which maps
into an excess ice volume at the LGM of 43.5� 106 km3.

Yokoyama et al. (2000) have published sea-level data
for Bonaparte Gulf, including a 21.3 cal. ka BP datum at
121.4 m below present mean sea-level. (During the
EPILOG meeting, some discussion arose concerning
the interpretation of the deepest sea-level indicators
identified by Yokoyama et al. (2000). Until this issue is
resolved, we shall adopt the interpretation put forward
by Yokoyama et al. (2000).) From Fig. 4, our predic-
tions at this site (and at this age) show a discrepancy of
B�14 m between predicted sea level and GSU

OW: There-
fore, we estimate a meltwater or eustatic sea-level
contribution of B135 m from this datum, which is
consistent with the maximum meltwater rise that can be
inferred from the Barbados data (based on our
predictions). This magnitude of sea-level rise is equiva-
lent to an excess ice volume of 51� 106 km3 at the LGM.
Note that, despite a difference of almost 9 m between the
depths of the Barbados and Bonaparte Gulf data points
considered above, our analysis reveals that they yield
consistent LGM ice volume estimates if the Barbados
datum considered is assumed to mark the height of the
LGM ocean surface.

Our inferred meltwater contribution (or, equivalently,
LGM ice volume) is consistent with the value estimated
by Yokoyama et al. (2000) on the basis of data from
Bonaparte Gulf. In addition, we note that our ice–earth
model pair also provides a satisfactory fit to the

G.A. Milne et al. / Quaternary Science Reviews 21 (2002) 361–376 373



observed sea-level curve for Bonaparte Gulf. Our
predicted sea-level at LGM (B117 m from Fig. 4) is
reasonably close to the observational constraint cited by
Yokoyama et al. (2000). We remind the reader that our
ice–earth model pair was tuned to fit the Barbados data
alone.

We can use the results in Fig. 7 to estimate the
uncertainty in our estimate of ice volumes (or, alter-
natively, the meltwater contribution to sea-level change)
arising from errors in the adopted radial earth model.
The predicted sea-level change at Barbados since the
LGM is 119 and 127 m for lower mantle viscosity values
of 50� 1021 Pa s and 5� 1021 Pa s, respectively. These
predictions result in LGM ice volume estimates (assum-
ing that the Porites asteroides datum accurately repre-
sents the mean sea level at this time) of, respectively,
53� 103 km3 and 50� 103 km3. That is, a plausible
range of lower mantle viscosity values maps into an
uncertainty of roughly 71.5� 106 km3 in the LGM ice
volume inference from Barbados data.

4. Summary

We have reviewed recent advances in the theoretical
treatment of GIA-induced sea-level changes and have
applied a recently revised theory to predict sea-level
histories at four far-field sites (Barbados, Bonaparte
Gulf, Huon Peninsula and Tahiti). The theoretical
advances include the incorporation of both rotational
effects on sea-level and a time-dependent shoreline
geometry, as well as an accurate treatment of sea-level
change in regions of ice retreat. Our application of the
revised theory was based on a radial viscoelastic earth
model that is representative of recent independent
inferences from the literature, and an ice model modified
from the ICE-3G deglaciation history in order to fit
observational constraints at Barbados.

The overriding goal of the study was not to argue for
the veracity of our standard ice-earth model pairing, but
rather to use this pairing as a tool for elucidating the
physics of far-field sea-level change associated with
GIA. To this end, we de-constructed the total predicted
sea-level variation into spatially uniform versus spatially
varying signals and we isolated contributions from ice
loading, ocean loading and rotational effects. This
exercise was performed to satisfy three specific objec-
tives: (1) to isolate the impact of the recent advances in
sea-level theory on predictions of sea-level change at far-
field sites, with special emphasis on the process of water
influx into regions of ice retreat; (2) to explore in detail
the discrepancy between the total predicted signal at
these sites and the meltwater (or eustatic) contribution
to sea-level change; (3) to critically review the methods
used to estimate the deglaciation-induced meltwater flux
(and thus past ice volumes) from far-field sea-level

observations, and to apply these methods using the
understanding developed in (1) and (2).

We have concluded that each of the improvements to
the traditional sea-level theory of Farrell and Clark
(1976) has an impact on predictions of far-field sea-level
change. Water influx into regions vacated by a retreating
marine-based ice margin introduces both a local (near-
field) and spatially uniform component to the predicted
sea-level change, and the latter (with an amplitude of
B10 m) impacts predictions at all far-field sites by
roughly the same amount. The influence of rotational
effects and a time-dependent ocean-continent interface
are, in contrast, more spatially variable within the far-
field. The rotation signal approaches zero toward the
equator and can change sign as one passes from one
quadrant to another within the degree two and order
one geometry that characterizes this signal. The impact
of a time-varying shoreline depends on the detailed
ocean-continent geometry and bathymetry in the
vicinity of a given site.

The meltwater contribution to far-field sea-level
change dominates the predicted signal. Discrepancies
between the meltwater curve, and the total predicted
signal arise from a rather complicated sum of ice, ocean
and rotation-induced deformations as well as spatially
uniform effects associated, for example, with water
influx in regions of ice retreat. For our adopted ice–
earth model, the discrepancy at LGM (meltwater minus
total signal) ranges from �14 m (Huon Peninsula,
Bonaparte Gulf) to 2m (Tahiti), although we have
demonstrated that this discrepancy can be sensitive to
viscosity variations in the radial viscoelastic earth
model. The discrepancy is also time-dependent, reflect-
ing the temporal evolution of the various GIA-related
contributions.

The meltwater component of the far-field sea-level rise
can be estimated by correcting the observations for the
contributions from the remaining GIA-related effects.
This ‘correction’ procedure has been explicitly per-
formed in some recent studies by applying a sea level-to-
meltwater mapping computed on the basis of a preferred
ice–earth model pairing (e.g., Flemming et al., 1998;
Yokoyama et al., 2000). The correction is implicit in
studies where ice–earth model pairing are tuned to fit a
specific far-field relative sea-level history (e.g., Peltier,
1994). In this case, the meltwater curve is taken directly
from the ice model.

We have applied these various procedures to the
observational record at Barbados and Bonaparte Gulf.
We have obtained estimates of excess ice volumes at
LGM ranging from 43.5� 106 km3 (equivalent to a
meltwater contribution to eustatic sea-level rise of about
115 m), to 51� 106 km3 (a meltwater contribution of
135 m) based on two contrasting interpretations of
Barbados coral data. We also obtained an ice volume
estimate of 51� 106 km3 based on the more recent
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Bonaparte Gulf data. This latter estimate is consistent
with with an independent analysis of the Bonaparte Gulf
data (Yokoyama et al., 2000).

A more robust estimate of eustatic sea-level change
since the LGM requires that other far-field data (such as
those from the Sunda Shelf) be brought to bear.
However, the basic principles involved in mapping sea-
level observations to an estimate of the eustatic or
meltwater signal, described herein, remains valid.
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