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INTRODUCTION

There are some problems in geophysics that just will not go away. Each
time the problem is believed to be resolved, new conflicting observations are
found or contradictions in interpretations or theory are discovered. The
phenomenon of glacial rebound and concomitant variation in sea-level is one
of these. Another example is the secular acceleration of the Earth and the
dynamical evolution of the Earth-Moon system. Jeffreys wrote major papers
on the second problem but, curiously, he made no contributions to the
former debate. This is despite the fact that glacial rebound provides a major
source of information on a problem that much preoccupied him, namely the
rheology of the mantle.

Both problems have continued to attract considerable attention from
geophysicists, partly because their solution requires one to examine evidence
from a wide variety of sources. For example, to study glacial rebound is to
study the growth and decay of the great ice sheets that periodically covered
northern Europe and North America throughout Pleistocene time. It is to
study the response of the solid Earth to the time-dependent and spatially
variable surface load consisting of the waxing and waning ice sheets and the
associated exchange of mass with the oceans. It is to study the Late
Pleistocene and Holocene geomorphological evidence and the recent tide
gauge records for sea-level variations along continental margins and ocean
islands. It is to study the tectonics of these shorelines and the judgements of
what deformation is produced by glacial rebound and what is the result of
crustal tectonic subsidence or uplift of the crust. A second reason why this
phenomenon attracts much attention is that the effects of the Pleistocene ice
sheets on the surface of the world have been many and profound. They
include the morphological shaping of those large continental areas that were
subjected to successive cycles ofglaciation and deglaciation. They include the
major oscillations in sealevel which affected the deposition ánd erosion of
coastal sediments around the world. They include the deformation of the
not-so-solid Earth, producing changes in this planet's mass distribution
thereby causing it to wobble and rotate irregularly and producing
perturbations in the trajectories of close satellites orbiting the planet.

The glacial rebound problem is hardly a new one. T.F.Jamieson in 1865
suggested that the many elevated shorelines in northern Europe and North
America were indicative of the Earth's adiustment to the removal of the Late
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Pleistocene ice sheets. N.S.Shaler in t874, reporting on the changing levels
along the coast of Maine, New England, made a similar suggestion (see, for
example, Andrews rg1-4). Attempts to model quantitatively the Earth's
rebound to the melting of the latest glacial cycle, between about zoooo and
Ioooo yr ago, were made by Haskell, Niskanen, and Vening Meinesz in the
r93os and r94os and in many respects their conclusion, that the average
viscosity of the mantle is about I-3 x Io21 Pa sec (see, for example, Cathles,
1975), is as reasonable a statement of the Earth's rheology as has been made
since. If this is correct, if the present estimates of the average mantle viscosity
are not very much better than those obtained in the earlier studies, why has
the subject enjoyed a renaissance over the past two decades? (See, for
example, Morner t982.) Several factors account for this. Foremost must be
the development of the plate tectonics paradigm. In searching for the
mechanism driving the plates an essential parameter (or parameters) is the
mantle viscosity, and glacial rebound is about the most appropriate
phenomenon available for establishing estimates of this function. Second, a
wealth of new geomorphological data of the positions of past terraces,
beaches or marine deposits, constrained in time by tnC ages, has become
available in recent years, not only from the formerly glaciated regions but
also from regions far from the limits of these ice sheets. Third, the problem
has become relevant today in the context of the enhanced 'greenhouse

effect'. With the adage that in order to understand the future it is paramount
that we understand the past, the Late Pleistocene and Holocene changes are
important in understanding possible future trends in glacial melting and sea-
level change.

It has not been possible in this lecture to address all aspects of the glacial
rebound problem and I have limited myself to some results that have come
from recent work carried out jointly with Dr M.Nakada, now at the
Kumamoto University, Japan, and with Professor S.M.Nakiboglu now at
King Saudi University, Saudi Arabia. It is appropriate to acknowledge here
their important contributions to this work. In the original lecture (reported
here) I discussed at some length new results for the North Sea. This is
discussed further in a second paper (Lambeck, Nakada & Johnston, r99o)
submitted to the Geophysicql Journal.

THE GLACIAL REBOUND MODEL

Consider a rigid planet partially covered with an ocean. The sea surface
will be an equipotential whose shape is determined by the gravity field of the
planet and ofthe ocean waters. Extraction ofwater from the ocean to form
an ice sheet leads to an overall lowering of the sea-level but not by a uniform
amount because the redistribution of mass on the rigid planet's surface
changes the shape of the equipotential surfaces. Near the newly formed ice
sheet the equipotential surface is pulled up and, depending on the new
distribution, the sea-level may actually be higher than it was before. Then, as
melting occurs, sea-level drops in the vicinity of the ice sheet, in response to
the modification of the equipotential surface, and at the same time it rises as
new melt-water is added to the ocean (Fig. r a). On a deformable planet the
ice sheet loads the crust and induces flow in the mantle awav from a zone
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Flc. r. Schematic illustration ofthe shape ofthe sea surface in response to glaciation
(a) near the edge of an ice sheet on a rigid planet, (b) same as (a) but for deformable
Earth and (c) far from the ice sheet along a continental margin. At time Z, the sealevel
begins to rise rapidly up to the time Ç and the shoreline moves from point A to B. In
this interval and afterwa¡ds the crust responds to this loading by subsiding beneath the
oceans and rising beneath the continent, producing a tilting of the margin. Thus at time
Tp, T, sea-level actually appears to drop (point C).

beneath the load while the reduced water load produces a rebound of the
oceanic crust. The shape ofthe sea surface is now determined àtany stage by
the time dependence of the gravity field of the solid body as \ryell as that of
the ice and water load (Fig. I b). Within and near the ice sheets, which may
reach maximum thickness of 3 km, the response of the crust is primarily
determined by the change in the ice load and if this response were simply that
of local isostatic compensation then the rebound would be of the order of
3oo m for every rooo m of ice. Further away, where typically the concomitant
fluctuation in sea-level is about roo m, the crustal adjustments are of the
order of 30 m for Ioo m change in water level if local isostatic compensation
prevails.

Consider sea-level change at a continental margin, far from the ice front.
As water is added into the ocean the seafloor of the adjacent continental shelf
and ocean basin is loaded and mantle material will flow from beneath the
ocean lithosphere to beneath the continent. The amount of deformation that
occurs will be a function of the magnitude and spatial distribution of the
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water load, of the flow properties of the mantle, and of the mechanical
responses of the lithosphere to both the load and concomitant mantle flow,
but generally there will be a tilting of the continental margin (Fig. I c). At an
ocean island, far from the ice sheet, the additional meltwater loads the sea
floor nearly uniformly about the island and the latter sinks with the sea floor
as water loading proceeds. But if the island is large there may be sub-
lithospheric flow from beneath the ocean to beneath the island and produce
some island uplift (Nakada 1986) and the sea-level response will be similar
to that at a continental margin.

A zero-order approximation to the change is established by the time-
dependent equivalent sea-level (esl), defined as

("", : (Change in ocean volume)/(ocean surface area). (r)

This is also referred to as eustatic sea-level although occasionally an isostatic
correction factor is applied (e.g. Denton & Hughes r98I, p. 274). Spatial
departures from this equivalent sea-level function can be as large as or larger
than this amount itself and this definition, as a measure of sea-level, has
limited usefulness beyond being an estimate of the change in ocean volume
through time.

M athematical formulation
Geomorphological indicators specify the positions of former shorelines at

latitude rp, longitude l" at times t, related to the present shore line at time /o
bY 

Â((<p,1.:  t ) : ((<p,?,": l ) -((rp, l , : lo),  e)
where ( is the level at any time I relative to some arbitrary crustal reference
point. In the absence of vertical tectonics the sea-level change can be
expressed as the sum of three terms

((q,À: Ð : ("(q,À: l)+(,p,1,: t)+(*(9,î": l) (: a)

and the relative change, expressed with respect to the present sea-level, can
be written as

(sb)
The first term in both expressions (., or Â(", is the change in sea-level that
results if ice melting occurred on a rigid Earth. Sea-level is modified as melt-
water is added into the oceans but, because the shape of equipotential
surfaces is altered while the redistribution of the surface load occurs, this
term is a function of the time and space history of the ice load I(t) and of the
geometry of the oceans O(l) into which the melt-water has been deposited.
As melting proceeds, the equipotential surface falls within and near the ice
sheet and rises at sites further away.

The second term, (, or A(, in equations 3, corresponds to the additional
change in sea-level produced by the deformation of the Earth in response to
the glacial unloading. It is a function of the Earth's ¡heology (the function
q) and of (l). The third term, (* or Â(*, is the additional deformation
produced by the melt-water loading of the ocean basins and is also a function
of q, of the ocean geometry O(t) and of the sea-level change ((l) itself.
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Equation (3) is therefore an integral equation that is solved iteratively for ((r)
subject to the condition that mass is conserved and that the ocean surface
remains an equipotential at all times (Farrell & Clark 1976; Nakiboglu,
Lambeck & Aharon t983; Nakada & Lambeck t987).

To solve the sea-level equation $) models are required of (i) the Earth's
response function n(Ð, (ii) the ice volumes I(<p,L:t) and (iii) the ocean
function O(rp,l,:l). Generally these models contain parameters that are
poorly known and which are to be estimated from comparisons of the
predictions with observation of sea-level change. In particular, the
comparison of observations with model predictions enables estimates to be
made of the Earth's response function and of some of the gross parameters
defining the ice load geometry.

Earth model

Observations in Scandinavia and the Hudson Bay region indicate that
rebound has continued to change long after the deglaciation ceased and this
indicates that the description of the Earth's response must include a viscous
component. The simplest description, and one that has proved to be largely
adequate for modelling this phenomenon, is in terms of a linear viscoelastic
body, speciflcally a Maxwell body, in which the response to surface loading
is characterized by an initial elastic deformation followed by stress relaxation
such that the load-induced stresses in the body ultimately vanish. The
parameters that define the initial elastic deformation are the seismically
derived shear (p) and bulk moduli for which realistic depth-dependent
models are available. Depth-density relations, also based on the seismically
defined models of the Earth, are used. The upper layer of the Earth, the
lithosphere, is assumed to have a very high viscosity so that it effectively
responds to the glacial cycle loads as an elastic layer. The thickness of this
layer will be regionally variable but a nominal value of 5o km, representing a
compromise between oceanic and continental values, is adopted in the
following calculations unless otherwise indicated. A two-parameter mantle
viscosity model has been adopted in the flrst instance; an upper mantle
viscosity qo- defined as an average value between the base of the lithosphere
and the 65o km seismic discontinuity, and a lower mantle viscosity r¡,^
describing the viscous response of the region from this latter boundary down
to the core-mantle interface. These viscosities should be seen as effective or
equivalent parameters, designed to give adequate descriptions of the Earth's
response, rather than as realistic representations of the Earth's physical
behaviour. Only if adequate matching of observations and theory proves
elusive can more complex rheological models be justified. The resulting
parameters describe, therefore, only the planet's response in a narrow
domain of the duration of load cycles, of stress magnitudes and of load
wavelengths and they should be used with considerable caution when applied
to geophysical problems that fall outside this range.

Ice model

In reconstruction of the ice sheets the usual practice is to establish
isochrone maps of the limits of the ice sheet as deglaciation proceeds and
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then to predict the ice thickness using mechanical models for the ice sheets
(e.g. Paterson ry72; Hughes I98r). A critical unknown in this calculation is
the amount of isostatic compensation that has occurred beneath the load,
particularly when the ice sheet geometries are complex. The effect of the
delay in the isostatic response is another vexing question and it means that
the ice models are not free from assumptions about the Earth's response to
loading. In contrast to the Paterson and Hughes models in which the ice sheet
is in static equilibrium at all times, Budd & Smith (198r, 1987) argue that it
is important to consider dynamic, non-equilibrium, time-dependent changes
of the ice sheets that are driven by external climatic forcing and feedback
mechanisms and they argue that the ice volumes may differ significantly from
those estimated with the static models.

An important parameter in the ice reconstruction models is the total
volume of ice locked up in the ice sheets at the time of maximum glaciation.
Peltier & Andrews (t976), for example, check the volume in their ice model
by comparing it with the position of sea-level at about rSooo yr ago, which
they assume to be at 8o-roo m below the present level, and the ice models are
partly influenced by the observations of past seaJevels. The above value of
8o-roo m is based primarily on the observations along the Atlantic and Gulf
of Mexico margins of North America and the Caribbean (Johnson &
Andrews t986) but the values may not be representative of the Earth as a
whole. In particular, these values are not consistent with the r3G-r50 m levels
found further away from the former ice sheets sites (Chappell ry74, 1987)
and this means that additional ice loads are required in the predictions of
Holocene sea-level change. The location of this missing meltwater remains a
point of considerable debate.

The Late Pleistocene ice sheet includes the three major ice domes of
Laurentia, Fennoscandia and Antarctica (Figure 3a). For the Laurentian
and Fennoscandian ice sheets the ICE-I model of Peltier & Andrews (t916),
in which the load is specified by areally averaged ice columns of 5" latitudinal
by 5'longitudinal extent at discrete time intervals of rooo yr, has been widely
used. For modelling the sea-levels at sites in the vicinity of the ice load
different discretization schemes predict different sea-level curves, and this
coarse definition is inadequate. Instead, a smoothed ro spatial representation
of this model is used here in which the height of each column varies linearly
with time in the rooo-yr time intervals. This is the ARCI model discussed by
Nakada & Lambeck (t988a, b).

V/u & Peltier (rq8:) introduced a second melting model, ICE-2, which
represents an adjustment of the ICE-I model so as to give better agreement
between observations and predictions at a number of sites. This model will
be a function of the rheology adopted and it cannot be used for estimating
the Earth's response to the loading. A I" interpolated version of the ICE-z
model, denoted ARCz, is used in some predictions below but only for the
purpose of indicating the sensitivity or otherwise of the sea-level response to
the spatial and temporal distribution of the ice load.

Several authors (e.g. Schytt et al. t968; Grosswald l98o; Ruddiman &
Duplessey t985) have concluded that alarge ice sheet was located over the
shelves of the Barents and Kara Seas and the adjacent Russian Plain, with
overall dimensions comparable to that of the Fennoscandian ice dome.
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Fto. z. Equivalent sea-level curveò (Equation t) for a number of ice models discussed
in text. The models denoted ARC refer to the northern hemisphere ice sheet and ANT
refers to the Antarctic models. F refers to the Fennoscandian sheet and is included in the
ARC models. BKS relers to the Barents-Kara Seas ice sheets and is included in the model
ARC3.

Evidence for crustal rebound in eastern Svalbard, Archangel Bay and
Novaya Zemlya also points to a major ice sheet having existed over the
Barents Sea (Salvigsen I98r; Johnson &Andrews 1986) but the timing of this
occurrence remains poorly constrained. Insufficient evidence is available for
a realistic description of this load and we have adopted a simple model
comprising a circular surface area and a parabolic cross-section and which
holds a volume of ice that contributes to a sea-level change that is about 7o o/o
of the volume of the Fennoscandia ice dome and which melted at the same
rate. This is consistent with the model proposed by Hughes et ø1. (tg9r) for
their maximum ice model. Trial calculations have indicated that the sea-level
predictions for the sites used in this paper are not very sensitive to the details
of the geometry of this load and this simple model is adequate for present
purposes. The principal consequence ofintroducing the additional load is to
modify the equivalent sea-level curve (Fig. z). The addition of the Barents-
Kara ice load to ARCI forms the model ARC3 used below. Soviet research
has suggested that there may also have been an East Siberian ice dome
resting on the seafloor of the Laptev, East Siberian and Chukchi Seas, with
a volume equal to that of the Greenland ice sheet (Grosswald 1988). Such an
additional ice volume would go a long way towards solving the "missing
meltwater" problem but it has not been included here.

The role of Antarctic deglaciation in glacial rebound and sea-level
calculations has generally not received as much attention as the Arctic ice
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Estimates of equiualent sea-leael contributions from uarious ice sheets according to dffirent ice
models

ARCI ARC2 ARCq

Laurentide
Cordillera
Greenlandr
Scandinavia 2

Barents-Kara
Mountain glaciers
Antarctica (ANT3)

Total
1 Includes Iceland and Innuitia.
2 Includes British Isles.
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sheets. There is, however, a body of information that suggests that substantial
changes in volume have occurred over the past 2oooo yr. In particular, there
is field evidence that suggests that grounded shelf ice covered much of the
Antarctic continental shelf areas at the last glacial maximum (Stuiver er a/.
t98I; Kellogg, Truesdale & Osterman 1979). Floating ice shelves may have
extended outwards well beyond the shelf margn (e.g. Ruddiman & Duplessey
t985) and buttressed a larger ice sheet in the interior than the present ice
sheet (Johnson & Andrews 1986). Ice cores from Law Dome suggest that
little change in ice thickness occurred in the past Sooo yr but that prior to that
the surface elevations were rooo-r5oo m greater (Budd & Morgan 1977).
Hughes et al. (r98r) have attempted to reconstruct the ice sheet for Late
Pleistocene time and have concluded that it contained about ro7 km3 more
grounded and above sea-level ice than is contained in the present ice sheet so
that it would have contributed about 24mto the sea-level equivalent (Clark
& Lingle 1979; Nakiboght et al. r9$).

Perhaps the most compelling argument for significant Antarctic melting
since Late Pleistocene time is from the sea-levels l8oooyr ago which, far
from the ice sheet, appear to have been between r3o and I5o m below the
present levels. Adopting a Laurentide contribution of 59 m, 15 m from
Fennoscandia and a further ro m from the Barents-Kara Seas, the total
maximum equivalent sea-level is about 85 m and the discrepancy with these
observations is about 4ño m. The Antarctic model of Hughes er a/.
contributes about z4m to the equivalent seaJevel curve and the total
maximum value is about rlom (Table r), and the discrepancy remains
significant unless the Hughes et al. maximum reconstruction is adopted for
the northern hemisphere. However, if the dynamic non-equilibrium ice
models are accepted then these ice sheets may already be excessively large.
The ice model for Antarctica adopted here is the Io model ANT3 of
Nakada & Lambeck 1987, 1989) and contains an equivalent sea-level
volume of 34m. The rate of melting of this ice has been assumed to be in
phase with that of the northern ice sheets (Fig. z).

From Denton &
Hughes (t98r)
Min Max

7 5.6 8+.8
o'7 4'6
o'8 9'4

r9'4 2o'r
2.t  r  5'5
4'5 3'2

24'3 24'3

t27'4 r6t.9
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Viscosíty parameters for dffirent Earth models used in forward modellíng*

Viscosity (Pa sec)

Model Iu-

Er Iozo
Ez 2 x ro2o
E4 rozr
El4 z x to2r
Er6 ro2r
Ez8 ro21

î r *

I021

I021

IO21

lo22

lo22

I023

* All rnodels use realistic elastic parameters and density profiles with depth according to the
model of Dziewonski & Anderson (I98I)

PRINCIPAL CHARACTERS OF THE THEORETICAL SEA.LEVEL CURVE

Equation (3) is solved for the three components (", (, and (* using the
Arctic and Antarctic ice models discussed above. Sea-levels are computed for
three regions; for north-western Europe and Atlantic coast of North
America which both represent sites relatively close to or within the limits of
the major northern ice sheets at the time of maximum glaciation, and for the
Australian and Pacific region which represent sites far from any of the former
ice sheets. The equivalent sea-level curve corresponding to the ice models is
consistent with sea-level observations between r 8 ooo and 6ooo yr ago at sites
that are far from all of the ice sheets and where the sea-level is relatively
insensitive to the Earth's rheology as well as to the details of melting of any
of the ice sheets (Nakada & Lambeck I989). Several different Earth models
covering a range of plausible viscosity profiles are used and the appropriate
parameters are characterized in Table II.

Relatiue sea-leuel curues

The relative sea-level, as defined by (¡ b), is the sum of the three terms Å(",
Â(,, Â(* each of which varies spatially and temporally in a complex manner.
The relative sea-levels are likewise predicted to exhibit considerable
variability and no single curve adequately characterizes the Holocene sea-
level change. Predicted sea-levels are a function of both the ice and Earth-
response parameters but, as illustrated by the above examples, this
dependence varies with geographical location and time and some separation
of the parameters does become feasible. In discussing the geographical
variation the sites are divided into the far-, near- and intermediate-fields, and
a fourth zone defined as lying within the interior of the ice sheet at the time
of maximum glaciation. The far-field is defined as the region far from the ice
sheet where the sealevel curve is determined in the first instance by the rigid
body term. In this zone the water term Â(, is small but its regional and
temporal variation for the past 6ooo yr is an important indicator of mantle
structure and detailed models of coastal geometry are required. The
intermediate field is the zone well outside the ice sheet where the sea-level is
determined by both Â(. and A(,. Detailed ice models will generally not be
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rbr
Ftc. 3. (a) Limits of the major ice sheets in the northern hemisphere at the time of the
last glacial maximum (from Denton & Hughes l98r). Location of sites at which the
sealevel response has been computed are shown. r = Cape Henrietta Maria (Hudson
Bay), z : Boston, 3 : Barnstable (Massachusetts), 4 : Newfoundland, 5 : Ange¡-
man River (Gulf of Bothnia), 6 : The Hague, 7 : Southend-on-Sea (Thames Estuary).
@) Location of sites in the far-field in the Australian resion for which the sea-level
response has been computed.
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FIc. 4. Relative sea-level change p¡edicted for Moruya (Fig. 3): (a) different viscosity
models (¿l Table z) and ice model ARC¡, (b) for model E4 with different lithospheric
thickness and ice model ARC3, (c) same as (a) but for ice model ANT¡, (d) for Earth

. model E¿ and different ice models.

required to model sea-level change in this area. The near-field refers to the
region near the periphery of the ice sheet at the time of maximum
reconstnrction where the sea-level curve is determined in the first instance by
the ice term Â(r. Here the sea-level response will be sensitive to the detailed
melting history of the ice sheet margins. The interior-freld sea level response
for the large ice sheets is dependent on the gross structure of the ice dome and
is less sensitive to the detailed geometry of the margins of the ice dome.

Late Pleistocene and eqrly Holocene sea-leuels in the far-field. Fig. + illustrates
some typical predictions of sea-level at a site far from the ice sheet. Most
observational evidence comes from the past roooo yr. Of importance in these
predictions is that for the period up to about 6ooo yr ago, the relative sea-
level change is insensitive to mantle parameters within a broad range of
viscosities (Fig. 4) but it is quite sensitive to the gross melting characteristics
of the ice sheet (the volume of melt-water and the rate at which this water is
added into the oceans). Results for two similar Arctic melting models are
illustrated in Fig. 4. These are the ARCI and ARCz models discussed above
and the predicted sea-levels differ little in terms of their equivalent sea-level
functions as defined by equation (I). Predicted sea-level curves in the far-field
remain essentially unchanged for the two Arctic ice models but if additional
melt-water is added from, for example, Antarctica, then these curves are
significantly modified. The predicted sea-levels at ISooo yr ago are variable
in the far-field by amounts that are mantle viscosity dependent but, for the



l 2

ice model ARC3*ANT3, generally are of the order of rze-I3o m below
present sea-level. Far-field observations ofsea-level in the interval up to 6ooo
yr ago, therefore, constrain the gross aspects of the Arctic and Antarctic ice
models.

Late Holocene sea-leuels along continental margins in the far-field. The
predicted far-freld sea-levels along continental margins for the past 6ooo yr
are characterized by a maximum value of up to a few metres above the
present level at about 6ooo yr ago, with amplitudes varying significantly
within a given region because of the dependence of the melt-water loading
term Â(* on the coastal geometry and on the earth-response parameters. One
example is illustrated for two sites, Karumba and Halifax Bay, on opposite
sides of Cape York Peninsula (Queensland, Australia) (see Fig. 3). In both
examples significant differences in Holocene amplitude maxima are predicted,
with differential magnitude being a function of the earth-response para-
meters. The principal cause of this difference is the water loading term
which is strongly dependent on coastal geometry. This suggests that a useful
measure of sea-level change is the differential value defined by

ô("* : ^("-^(- \ ua)
for sites n and m, in the same general region. Figure 5 illustrates these
differential values for several earth models as well as for the two ice models,
ARC3 and ARCI. The independence of these differential values on the ice
models is an important observation as it permits the mantle response
parameters to be essentially free from assumptions about details of the ice
models other than the form of the equivalent sea-level curve. As the mantle
response is governed primarily by the Earth's physical properties in the
vicinity of the site it becomes possible to examine whether regional variations
in this response occur. For example, by comparing the response parameters
deduced from Late Holocene far-field observations along continental
margins with very broad shelves of continental lithosphere with those
deduced from far-fleld ocean basin islands, it becomes possible to examine
differences between oceanic and continental rheologies.

Another important characteristic of the Late Holocene sea-level curve in
the far-field is the gradient of the drop in sea-level over the past 6ooo y once
the maximum high-stand has been attained. Low-viscosity mantle models
with short relaxation time-constants produce a rapid drop in level to the
present-day value whereas higher viscosity mantle models produce a more
uniform fall in this level and the shape of this part of the curve provides a
further constraint on possible earth-response parameters.

Late Holocene sea-leuels qt ocean islands in the far-field. At very small ocean
islands there will be little or no differential response to water loading between
the island and the surrounding sea-floor, and both the island and the sea-
floor move in unison in response to the addition of the meltwater. As the size
of the island increases. the melt-water load induces mantle flow from beneath
the oceanic lithosphere to the mantle beneath the island, producing
differential vertical movement between the island and sea-floor by an amount
that will be a function of upper mantle viscosity and lithospheric thickness.

K.LAMBECK Vol. 3r
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Fig. 6 illustrates some typical results for melting models in which all melting
ceased by 6ooo yr ago and the predicted amplitude of the'Holocene high-
stand increases with increasing island size. For example, for the island of Viti
Levu (Fiji), whose diameter is about I20 km, the predicted Holocene high-
stand is very similar to that observed along continental margins but for the
nearby small island of Niue this high-stand is much reduced in amplitude.

Holocene sea-leuels in the intermediate-field. At distances of up to about
rooo km from the edges of the maximum limits of the ice sheets the relative
sea-levelchange is influenced strongly by both the rigid and ice terms (^(", ^(,)
and at Bermuda, for example, models with relatively low mantle viscosity (Er
or E4) predict that sea-level reached its present value soon after 6000 Y a5o,
whereas models with higher viscosity (Et6 or Ez8) predict an ongoing
apparent rise in sea-level up to the present (Fig. Z) In these latter cases an
equilibrium state has clearly not yet been reached. The dependence of these
predictions on the ice models is also important in terms of total volumes of
ice and rates of melting but less so in terms of the details of the geometry of
the ice sheet margin.

Holocene sea-leuels in the near-field. Sea-level change at sites near the margin
of the former ice sheets is dominated by the ice unloading term. Major
differences are predicted to occur between nearby sites located near the
margin of the former sheet - compare for example the results for Boston and
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Barnstable (Massachusetts) (Fig. 8) - and the predictions are strongly
dependent on the details of the ice model in the vicinity of the site.
Furthermore, the predictions are strongly dependent on the mantle viscosity.
Differential values of sea-level may be useful here in separating out the two
factors. Predictions for Boston and Barnstable, for example, are approxi-
mately independent of the mantle viscosity unless the upper mantle viscosity
is 5 5 x ro20 Pa sec and the lower mantle viscosity is ro21 Pa sec. Likewise,
the differential values are approximately independent of the lithospheric
thickness unless this value approaches or exceeds about 2oo km. Because the
number of parameters required to define the ice models will be large and the
number of independent sea-level data will generally be small, it is unlikely,
however, that unique ice models can be established by inverting the sea-level
observations (Quinlan l98t). This is demonstrated clearly for both the
Boston and Barnstable predictions where the ice model ARCz, which
represents local adjustment of the Laurentide ice sheet, has the same effect on
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sea-level as does the addition of the Antarctic ice sheet (Fig. 8). The
differential sea-levels A(,* are dependent on only the nearby ice sheets. At
sites in the North Sea region of Europe, for example, contributions to sea-
level resulting from the melting of the Laurentide, Antarctic and even
Barents-Kara ice sheets are essentially constant over the region so that
differential values are largely free from assumptions made about these ice
sheets.

Sites within the limits of the former ice sheet margin. At sites covered by ice
at the time of maximum glaciation, evidence for sea-level change exists
generally only for the past Sooo-roooo yr. Key sites for observations of this
kind are within the Gulf of Bothnia, typified by the Angerman River site, and
within the Hudson Bay, typified by the Cape Henrietta Maria site (see Fig.
3a). At both locations contributions to the relative sea-level curve from the
distant ice sheets are small and (, Þ (.,(. so that the relative sea-level curve
is determined essentially by the responses of the crust to the unloading of the
surrounding ice sheet. The predicted rebound is relatively insensitive to
the details of the ice model of the margins but it is a direct function of the
adopted thickness of the ice near the centre of loading, as can be seen from
a comparison of the predictions for the ice models ARCI and ARCz for the
Angerman River site (Fig. q).

The horizontal dimension of the Fennoscandian ice sheet is typically about
I5oo km and the predicted rebound at Angerman River is relatively
insensitive to lower mantle viscosity unless this value is low, less than about
.1021 Pa sec (Fig. 9, model EI). In contrast, the Laurentide ice sheet is of
much larger extent and the rebound in the Hudson Bay is a function of both
upper and lower mantle viscosities. In neither case are the predicted sea-level
changes strongly dependent on lithospheric thickness.

Summary

The above model results reveal that the predicted sealevel change
associated with the melting of the late Pleistocene ice-sheets may exhibit a
complex global pattern and that in order to predict this change globally and
with accuracy it is necessary to have a detailed knowledge of the melting
histories of these ice sheets in both space and time. Adequate information is
generally not available from glaciological information only. There remains,
for example, considerable uncertainty about the extent of the Late Pleistocene
ice sheet over the continental shelf of the Barents and Kara seas and
estimates range from a volume equal to that of the Fennoscandia ice sheet
to virtually zero grounded ice. There is a similar uncertainty about the extent
of Late Pleistocene Antarctic melting. Nevertheless, from the above
theoretical results it does appear that some separation of the ice and earth-
response variables is possible from an examination of sea-levels at different
time intervals and at varying distances from the margins of the former ice
loads and by using differential sea-level observations from sites in the same
region. Far-field observations from 12000-6000 yr ago, for example,
establish the equivalent sea-level curve largely independently of mantle
models. Far-field, Late Holocene differential sea-levels constrain mantle
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models largely independently of the detailed ice models. Differential
Holocene sea-levels in the near-field constrain both ice and mantle models.
Complete separation of parameters will generally not be achieved with the
observational data currently available. For example, considerable trade-offis
possible between the mantle parameters defining the lithospheric thickness
and the upper mantle viscosity.

One of the major assumptions in these studies is that tectonic deformation
of the shorelines is negligible. Typically, the rates of sea-level change over the
past 6000yr range between o and+o'smmyr-r and any tectonic uplift or
subsidence can seriously distort the estimated parameters for the Earth's
response or melting models. Other than independent evidence for vertical
movements, a check on the tectonic stability is provided by the position of sea-
level during the last major interglacial at rroooo-r2oooo yr ago. Globally
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these levels at far-field sites appear to have been only a few metres above their
present level and if at any site remnants of this sea-stand are found at much
higher or lower levels then tectonic contributions can be expected to have
occurred.

OBSERVATIONAL EVIDENCE OF SEA-LEVEL CHANGE

Evidence for the positions of past sea-level, expressed relative to the
present position, is varied and not without ambiguity (see, for example, the
volumes edited by van de Plassche 1986; Tooley & Shennan t987; Devoy
1987). Broadly speaking, the indicators are of two types: fixed indicators,
including mangroves, shells and micro-atolls whose growth positions are at
a fixed level in the tidal range, and relational indicators which indicate that
the level occurred somewhere above or below a specified level. The latter
include estuarine and near-shore sediments, fossil coral reefs, beachrock,
coastal dunes and shingle ridges. The occurrence of the storm ridge, for
example, indicates that sea-level at the time of their formation was somewhere
below the level occupied by the deposit. Similarly, the occurrence of a fossil
coral reef indicates that the sea-level was somewhere above this level at the
time of the coral growth. In both instances only approximate bounds of
varying degrees of accuracy can be placed on the sealevel indicators.

Late Pleistocene and Early Holocene sea-leuels (zoooo-6ooo yr ago)

Only at relatively few sites does the sea-level record extend back with
precision and reliability beyond about roooo yr. One exception to this is the
level at about rSooo-2ooooyr, at the time of the last maximum glaciation
when the sea-level remained at a nearly constant level for a period of at least
several thousand years. The estimation of this level is important in that it
contains the information on the total volume of ice in the Late Pleistocene ice
sheets. The evidence for these levels is generally poorly preserved because of
its burial or removal by later sea-level transgressions and because of its
occurrence at depths where direct observations are not possible. At locations
far from the ice sheets the evidence suggests that the sea-levels at the time of
maximum glaciation occurred at about I3o-I5o m below their present level
with r3o m representing a'reasonable'value (Chappell ry74; 1987). Oxygen
isotope evidence also suggests such levels (Chappell & Shackleton t986;
Birchfield 1987). Some of the observed spatial variability of this maximum
glacial sealevel may be the result of the imprecise nature and interpretation
of the observations, particularly when they are only relational indicators but,
even in the absence of tectonic activity, some of the variation may be
physically significant because the surface load at that time, with a
concentration of the major ice loads in the northern hemisphere and the
withdrawal of water from oceans, was sufficiently different. Failure to
recognize this spatial variability can lead, therefore, to erroneous conclusions
being drawn about the volumes of ice locked up in the great ice sheets of Late
Pleistocene time.

Far-field observations ofsea-level during the interval from rSooo to about
r2ooo yr ago are rare. Better established are the rises in sea-level observed
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from about Ioooo-r2ooo to 6000yr ago. Fig. ro illustrates one example of
such a record from a site in New Zealand. The submerged features used to
define these sea-level curves include mangroves, shells and estuarine
sediments. Generally these records vary little, within observational errors,
from one site to another as far apart as Australia, New Zealand, Malaysia
and Japan and the rates of sea-level rise of about 5 mm yr-l imply a melting
rate of land or grounded ice of about 6oo km3 yr-r.

Fig. Io also illustrates the observations at two sites located near the centre
of the Fennoscandia and Laurentide ice sheets, respectively. Here the
positions ofpast shorelines are well elevated above present sea-level and are
indicative of major rebound of a crust that has been depressed by ice sheet
loads of several kilometres in thickness. The observations in these regions
exhibit considerable spatial variation particularly for sites near the margins
of the former ice-sheet (such as Newfoundland and Boston). Here the pattern
of the observed sealevel change relative to the crust is intermediate between
the two extremes of the far-field and central ice sheet sites.

Late Holocene seø-leuels in the far-field (6ooo yr ago to the present)

Possibly the most satisfactory observations in the far-field for this time
interval are the heights of fossil micro-atolls above their modern counterparts
now living in tropical waters in a very narrow tidal range of the low tide.
Another generally satisfactory measure is provided by the position of chenier
ridges above their modern equivalents. In both examples it is the difference
in positions of the micro-atolls or of the base of the chenier ridges between
the past constructions and the present values that is the important measure
ofa change in sea-level relative to the crust and the relative observations are
independent of the choice of height datum, although they do assume that
tidal amplitudes have not changed significantly with time.

In the far-field along continental margins, sea-levels at 6000 yr ago
typically reached their present value or exceeded it by a few metres. The levels
subsequently remained near this level or, if a high-stand developed, dropped
at anearly uniform rate to their present level (Fig. roc, d). When examined
more closely, the observations of sea-level change during the past 6ooo yr at
sites far from the ice sheets indicate different patterns, even in the same
general geographical region. At some sites the present sea-level was reached
at about 6ooo yr ago and has changed little since then. At other sites elevated

FIo. ro. Observed and predicted sea-level change. (a) Christchurch (New Zealand).
The data is f¡om Gibb (I986). The prediction is based on the Australasian models. (b)
Angerman River (Gulf of Bothnia) (Liden, t938), The prediction is based on the
European model parameters. (c) Cape Henrietta Ma¡ia (Hudson Bay) (Walcott, r97z).
(d) Boston (Massachusetts) (Kaye & Barghoorn t964). (e) Bermuda. The predictions
for these North American sites are based on the parameters derived for the European
region. (f) Karumba (North Queensland) (Chappell et al- I98z). (g) Halifax Bay
(North Queensland) (Chappell et al. rg9z). (h) Vahitahi (Tuamotu Islands) (Pirazzoli
et al. 1987). The predictions for the last three sites are based on the Australasian model.
(i) Thames Estuary (England) (Devoy t98z). O Zuid Holland (van de Plassche, r98z).
The predictions for the last two sites are based on the European model.
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high-stands developed whose amplitudes vary significantly over relatively
short distances. Differences occur particularly between bays and gulfs on the
one hand and open coastline on the other hand. At far-field oceanic islands,
away from continental margins, the characteristic Late Holocene sea-level
curve is apparently a nther small amplitude ( < r m) maximum occurring
between about 4ooo and zooo yr ago, with the later occurrences appearing to
be associated with the smaller islands (Fig. Ioe).

A COMPARISON WITH OBSERVATIONS

Sea-leuels at rSooo yr ago

In the far-field the position ofsea-level r8ooo yr ago appears to have been
at aî average of r3o-r5o m below the present level while in the Caribbean
this level may have been shallower, perhaps 8o-roo m below present. If the
latter observations are correct, this difference between near-field and far-field
levels rules out mantle models with relatively low viscosities because such
models predict little geographical variation beyond the immediate limits of
the Late Pleistocene ice sheet. This bears closer investigation. The
combination of ice models ARC3 and ANT3 appears to contain adequate
volume. In matching the absolute values of the far-field predictions with
observations, all that can be constrained is the total ice volume and, unless
further data are available from a wide geographical distribution ofstations,
the source regions cannot be identified from these data alone.

Far-field results for the interuql rzooo-6ooo yr ago

Sça-levels in the period rzooo-6ooo yr ago from the far-field indicate a
generally satisfactory agreement between the predicted and observed values
for the combined ARC3 and ANT3 ice models in terms of both the timing of
the addition of melt-water into the ocean and the rate at which this is added.
The sea-level predictions at all of these sites in this interval are insensitive to
the choice of mantle model and the deduced equivalent sea-level curve is
independent of Earth-model assumptions. Again, these observations alone
cannot uniquely define the source regions of the melt-water and what is
desirable are dala from stable regions at high southern latitudes. The
observations from sites near the centre of the former ice sheets do help by
excluding major increases in ice volumes of both the Laurentide and
Fennoscandian ice sheets: increasing the ice loads here increases the
discrepancies between predictions and models within a wide range of
plausible mantle viscosity models (Wu & Peltier 1983; Nakada & Lambeck
r987).

Far-field Late Holocene: continental margins

Observations for the holocene high-stands are well developed at numerous
sites along the Australian margin and significant variations in amplitudes
have been reported and have been widely attributed to the occurrence of
Holocene tectonics, although the importance of the adjustment of the crust
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to melt-water loading had been previously recognized by Chappell et al.
(r982).

Nakada & Lambeck (lq8g) have examined the observational evidence for
the amplitude of the Holocene highstand at about 6ooo yr ago in the
Australian region. At all sites the observations for the past 6ooo yr are
consistent with a linear fall in level following the development of the
high-stand. Fig. I I summarizes the predicted differential amplitudes for
selected station pairs and the ice models ARC3 and ANT3 as a function of
upper and lower mantle viscosities. The observed differential value for the
Karumba and Halifax Bay sites in northern Queensland defines a fairly wide
range of acceptable mantle viscosity solutions. The pair of stations along the
eastern margin of Australia, Halifax Bay and Moruya, defines a different
range of permissible solutions. The Cape Spencer and Whyalla sites along
the Spencer Gulf, and the trans-Tasman pair of Moruya and Hauraki
Gulf (New Zealand), define other solution spaces. Taken together, these
differential observations define a precise solution for the mantle viscosity that
is essentially independent of the ice model assumptions. Calculations with
models in which the lithospheric thickness is variable indicate that this
solution is also independent of the value for lithospheric thickness unless it
is of the order of 2oo km or greater.

With this mantle model, the amplitudes of the predicted Late Holocene
high-stand around the Australian margin are consistently z-3 m higher than
observed. This can be attributed to a rise in the equivalent sea-level over the
past 6ooo yr of z1m although the source of melt-water cannot be identified
from these observations. One possibility, favoured by Nakada & Lambeck
(1989), is that minor Antarctic deglaciation continued up to the present, as
is suggested by evidence for Late Holocene ice retreat in areas such as the
Vestfold Hills in Antarctica. Another possibility is that the rise in equivalent
sea-level is the result of the melting of mountain glaciers. Estimates of the
present rise in sea-level from this source are about o'5 mm yr-l (Meier 1984),
or about 3 m over the past 6ooo yr if this extrapolation into the past is valid.
With the addition of this Late Holocene melt-water the predicted sea-levels
are in good agreement with observed patterns throughout the Australian
region (Fig. ro).

Far-field Late Holocene: ocean islands

Models in which all melting ceased at 6ooo yr ago tend to produce sharply
defined highstands at 6ooo yr ago on ocean islands as well as along
continental margins. In contrast, observations from small islands generally
indicate that the maximum highstand did not occur until 3ooo-4ooo yr ago.
This difference has sometimes been attributed to the delayed response of the
various marine markers to the rise in level or to a lack of preservation of the
older material. But if the addition of Late Holocene melt-water is permitted
then there is indeed good agreement between observations and theory for
these island sites (Fig. Io). Now the maximum level does not develop on the
smaller islands until some time later and the sea-level curve remains relatively
flat over a period of zooo-3ooo yr. Earlier and higher high-stands are
predicted for the larger islands such as Viti Levu.
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Differential values for island sea-levels can also be used to obtain an
independent estimate of mantle viscosity by comparing results for islands of
different dimensions located in different parts of the far-field. preliminary
results suggest that the upper mantle viscosity beneath the oceans may be
somewhat lower (J 5x role Pa sec) than beneath the continental margins.
Caution in this interpretation is necessary, however, for not only are the
observations questionable but the Paciûc Islands, particularly the young
ones, are not known for their tectonic stability. Nevertheless, this result does
open the possibility for examining lateral variations in the Earth's response
to surface loading on time-scales of ro3-loa yr.

Near-field Holocene : north-western Europe

Holocene sea-level change along the North and Baltic Seas' shorelines is
dominated by the rebound of the crust in response to the glacial unloading
of Fennoscandia with Çr>Ç,Þ(*. Furthermore, after completion of
deglaciation, spatially differential values

Â(" * :  Ç i@)-Ç@) o  <  I  <  6oooaBP,

where the superscript F refers to the Fennoscandia ice sheet, are essentially
independent of the contributions from the more distant ice sheets.

The predicted differential sea-levels have been compared with observed
values for three sites. The Angerman River data are from Liden (1938) with
the ages reduced to the same 1aC system as the other data. The Zuid Holland
data arc from van de Plassche (1982) and the Thames Estuary data are from
Devoy (1982). At all three sites, using the ice model ARC3, the differential
predictions are roughly consistent with the data at epochs 0-6000 yr ago for
n"- -(z-5) x ro20 Pa sec and t1 ̂  ) ro" Pa sec. Resolution for lithospheric
thickness is poor at these sites, unless fI exceeds about rzo km. For higher
values of H an immediate trade-off occurs with thick lithosphere and low
upper mantle viscosity models predicting similar results to those from
reduced thickness lithosphere and increased viscosity mantle models.

At epochs earlier than about 6ooo yr ago discrepancies between models
and predictions become significant, with the older observations pointing to
lower mantle viscosity values for the upper mantle than do the more recent
data and no consistent solution emerges unless the ice model is modified. In
particular, these comparisons suggest that the Fennoscandian ice sheet
contains too much ice such that the rebound is overestimated, particularly
for the early to middle Holocene period. The isochrones of the Fenno-
scandian ice sheet are generally well-established and different complications
have produced very similar results. Less certain are the ice thickness
estimates. The ARCI model has a maximum ice thickness of 35oo m at the
centre of the ice dome (Peltier & Andrews 1976), consistent with the model
of Hughes et al. (rg9r), but this is model-dependent (on the earth response
and whether static or dynamic ice models are used) and the ice volumes may
be over-estimated.

Îhe predicted differential sea-levels are illustrated in Fig. rz based on an
ice model in which the Fennoscandian ice heights have been scaled at all
epochs and localities by a factor of o.75, reducing the ice thickness at the
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Angerman R¡ver - Thamgs Estuary

Vol. 3r

log Iuñ (Pa s)

Frc. rz. Same as Fig. rr but for the sites in the North Sea at epochs zooo,4ooo, 6ooo
and 8ooo yr before present, and for an ice model in which the Fennoscandian ice sheet
has been reduced by 75 per cent of its volume in ARC3.

centre of the ice dome to about 25oo m at the time of maximum glaciation.
The corresponding reduction of the equivalent global sea-level curve is about
3-4m àt r8ooo yr ago and zero by 8ooo yr ago when all Fennoscandian
glaciation ceased and this reduction does not affect the predictions of Late
Holocene sealevel in the far-field. The differential sea-levels now produce a
consistent solution for the mantle viscosity throughout the entire period
o-8ooo yr ago of about (S-6) x ro20 Pa sec for the upper mantle and a lower
mantle greater than about 3 x ro21 Pa sec. Resolution for this latter
parameter remains poor. The predicted relative sea-change at the three sites
is in reasonable agreement with the observed values except that at times
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before about 6000-7000 yr ago the (observed-predicted) values are sys-
tematically positive (Fig. lo). Several explanations are possible including the
inadequacy of the melt-water contributions from the more distant ice sheets
and an inconsistency in the time-scale adopted for the ice models on the one
hand and for the sea-levels on the other hand.

Near-field Holocene: Hudson Bay and Atlantic North America

In broad terms the mantle under the Scandinavian shield may be expected
to have similar physical properties to that under the Canadian shield and
the Earth's response to glacial unloading in the two regions may also be
anticipated to be similar. Fig. Io compares the observed values with
predicted results for r¡n* : 5 x Io20 Pa sec, Î- : Io22 Pa sec and the ice
model ARC3/ANT3 for several sites. For the Cape Henrietta Maria site in
the Hudson Bay the predicted rebound is clearly excessive. Either a stiffer
mantle is required or the ice load needs to be reduced. Weaker mantles, such
that much of the relaxation occurred.during the early period of melting,
appear to be excluded by the nearly linear change in the observed sea-level.
The load reduction can be achieved by either reducing the total ice volume,
thereby aggravatingthe'missing ice volume'problem, or by having much of
the melting occurring earlier in time, thereby increasing the discrepancy in
the far-field during the interval Ioooo to 6ooo yr ago. Major discrepancies
occur at the Boston and Newfoundland sites near the former Laurentide ice
margin (Fig. lo). The response at these sites is strongly dependent on the
details of the ice model margin and no simple solution appears to exist for
this region. More work is required before conclusions can be drawn about
either the Laurentide ice sheet or the mantle structure beneath North
America from these near-field sites. The comparison for Bermuda is similar
to that for The Hague and Thames Estuary and together these observations
suggest that the melt-water needs to be added into the oceans at an earlier
time. However this is inconsistent with the far-field evidence.

CONCLUSION

Sea-level variations observed since Late Pleistocene time contain a wealth
of information on the Earth's response to surface loading, on the deglaciation
cycle and on vertical tectonics. By a careful examination of the spatial and
temporal variations in these levels and by using differential methods it
becomes possible to separate out these various effects and to improve our
understanding of both the Earth's rheology and the extent of glaciation in late
Pleistocene and early Holocene time. From a preliminary examination of the
data the following conclusions can be drawn about the ice sheets.

(i) The total amount of land ice released from the Late Pleistocene ice
sheets after about roooo yr ago raised sea-level by about I3o m on average.
This is considerably greater than is contained in most models of the northern
ice sheets of Fennoscandia and Laurentia.

(ii) The missing melt-water cannot be attributed to the eastern Laurentide
ice sheet. nor to the Fennoscandian ice sheet. Indeed. sea-level observations



K.LAMBECK Vol. 3r

near these centres of glaciation indicate that these ice volumes may already be
excessive.

(iii) Plausible source regions for the missing melt-water include Antarctica,
the Barents-Kara Seas, possibly western Laurentia and the Siberian platform.
Sea-level observations from sites near these regions are required to test these
latter possibilities.

Despite these limitations on the knowledge of the ice volumes and their
melting rates, conclusions can be drawn about the Earth's rheology by using
spatial difference of sea-levels from sites within the same general region. Such
analyses suggest that (i) the lower mantle has a higher viscosity, by perhaps
as much as two orders of magnitude, than the upper mantle; (ii) the upper
mantle exhibits lateral variations in viscosity through about one order of
magnitude, from about 5 x Iole Pa sec for ocean mantle to 5 x lo20 Pa sec
for the primarily continental mantle beneath Western Europe.

These conclusions remain, however, open to debate, being based on small
and inadequate data sets of past sea-levels. Other than improvements in
modelling techniques (e.g. Fjeldskaar & Cathles I984) further information is
required on the global positions of sea-levels at the time of the last glacial
maximum and at about 6ooo yr ago. Improved mapping of regional
fluctuations in the amplitude and time of occurrence of the far-freld Holocene
highstand - of its variation with distance from the coastline, with island size
and with coastline geometry - is particularly important. Improved inform-
ation on the time and rates of the rapid rise in far-field sea-level from
about r8ooo to about 6oooyr ago is also important. Of considerable
importance is new information on all parts of the sea-level curve from sites
near, or on the edge of, the Antarctic continent in order to establish broad
constraints on the melting history of that ice sheet.

The modelling of sealevel change requires very detailed descriptions of the
coastlines, with a resolution of the order of ro', in order to model the loading
effect of melt-water with precision. In particular, where there are broad
shallow seas near the observation sites it is necessary to model the variation
in the coastline with time. Detailed descriptions of the spatial and temporal
extent of the ice loads also are essential for modelling the changes in sea-level
in the vicinity of the ice sheets. This information is generally not available
and sea-level observations from near the ice margins are of limited value for
modelling the Earth's response.

Much work remains before we can conclude that the glacial rebound
problem is solved, but the goals are sufficiently important for understanding
the physics of the solid Earth and for providing a base for understanding the
role of glacial melting in recent and present sea-level change to make the
effort worthwhile. Perhaps Jeffreys recognized the complexities of the
problem and made the correct decision in staying away from it.
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