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Introduction

The Earth's surface and interior is constantly deformed by internal and external forces and

this is reflected in changes in the planet's shape, gravity or rotation. In some instances

these forces cannot be quantified and observations of the deformation permit, by an

inverse process, the estimation of the forces. An example would be electromagnetic

torques àcting on the base of the mantle of the Earth where the observed response would

be an acceleration of the planet's axial rotation and the inferred parameters would be the

strength of the torroidal magnetic freld in the core or the electrical conductivity of the

lower mantle. In other examples the forces operating on the Earth are known and the

observations of deformation define the rheology of the planet. An examples of this is the

tidal force where observations of surface defonnation permit the bulk elastic and viscous

properties of the Earth to be estimated. In other situations the forces and the rheology are
^Uom 

partially known and the observations can contribute to a better understanding of the

forces and the Earth's rheology. This is the case of the glacial rebound problem which is

discussed in this lecture.

The significance of the glacial rebound problem is that it provi.les an example of interacti-

on between mantle and iurface pto""ssei on a time scales of ld to lff years. It is a

problem at the interface be¡veen sotid-earth geophysics on the one hand and surficial

studies of geology, geomorphology, glaciology and sea-level change on the other hand'

The surfac. pro..5és - the growth and decay of the great ice sheets during Pleistocene
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time - stress and deform the mantle by amounts that are observationally significant and
which, through a feed-back mechanism, determine in part the volumes of ice that can be
supported by the planet. The solid-earth geophysics part of the problem provides one of
the more direct experiments for determining the Earth's response to forcing and the results
provide an important intermediary between the high frequency seismic and geodetic
observations and the much lower frequency phenomena associated with mantle convection
and plate tectonics.

The glaciological or surficial problem is one of inferring from a range of observations
constraints on models of the Late Pleistocene ice sheets. But there are few if any direct
measures of the changing ice volumes during the last glacial cycle and the inferrence can
only be successfully achieved by means of the geophysical modelling of the earth
response. Furthermore, the linking mechanism between the solid-earth geophysics and the
glaciology is sea level. As the ice sheets grow and decay, so does sea level change in a
complex manner and it is largely the modelling of the temporal and spatial changes in sea
level that provides this link: The geophysical modelling is an indispensible part of the
study of sea-level change and the growth and decay of large ice sheets.

The relation between sea level, ice sheets and the solid Earth

The observed change in sea level takes the form of the position and age of former
shorelines above or below their present level and the observational evidence suggests a
complex pattern of such temporal and spatial change. Consider in the first instance the
hypothetical case of the formation of an ice sheet on a continent of a rigid planet. Water is
taken out of the ocean to form the ice dome and, on average, sea level will fall by an
amount

A(;Ø : (pn" x change in ice volume)/þnr*x ocean surface area (1 )

(where p is density). This is the eustatic sea level (esl) change and it provides a measure
of the change in ice volume through time. But the gravitational attraction of the newly
formed ice sheet causes the water to be pulled towards the ice so that sea level may
actually rise in the vicinity of the ice margin and further away sea level will fall by more
than the average amount Also, the removal of the water to form the continental ice sheets
changes the surface mass distribution in the oceans and the gravity field of the planet, and
hence the shape of the sea, undergoes further change, even in areas far away from the ice
sheet. In the more realistic case of a deformable earth as the ice sheet grows the Earth is
stressed and flow is induced in the mantle. The concomitant change in the water load also
modifies the state of stress in the mantle and furttrer contributes to the redistribution of
mass in the mantle. The problem that needs to be solved, therefore, is one of mantle
convection driven by a surface load that is time and position dependent. In a qualitative
manner the resulting change in sea level at a position ó and time z before the present can
be schematically expressed as

Al@,r) = A,l"(r)*AT¡(ç,r)*Al*(9,r) Q)

The first term is the eustatic sea level defined by (1). The second term, the ice-load term.
A(,, or the glacio-isostatic term, describes the incremental change in sea level that is the
result of the deformation of the Earth under the changing ice sheets. It includes the
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contribution from the change in the gravity f,reld produced by the changing mass distribu-
tion of the ice and by the redistributed mass within the mantle. This term will be a
function of both the rheological model of the Earth and the temporal and spatial distributi-
on of the ice sheets. The third term, the water-Ioad term 4f,,, or lrydro-isostatic term,
defines the contribution to the changing sea level produced by the adjustment of the Earth
to the redistributed water load and includes the contribution from the associated changes in
the gravity field. It will be a function of the earth rheology, of the shape of the oceans
and of the change in sea level itself

Equation (2) is an integral equation which can be solved iteratively. Solutions are obtained
by expanding the surface loads and the ocean geometry into spherical spherical harmonics.
High degree expansions, to degrees 180, or even240 in some instances, are required in
order that the expansions converge to a degree that is commensurate with observational
accuracies. The earth model is described by elastic par¿rmeter and density profiles derived
from seismic models. The viscosity profile is usually approximated by a number of
discrete layers of different effective linear viscosities whose values are considered as
unknowns, to be inferred from the observational data.

One requirement for the solution of the sea level equations is a model for the ice sheet
growth and decay. Because of the global nature of the problem all ice sheets must be
considered even if the main area of interest is, for example, the rather restricted region of
Great Britain or the North Sea. Overall, the history of the ice sheets and their changes in
volume during the last glacial cycle is not well known and the solutions of the sea-level
equation (2) have tended to be iterative ones; seeking improved estimates of ice volumes
from those observations that are insensitive to mantle rheology parameters and vice versa.

Figure 1 illustrates the schematic sea level changes that can be expected in different parts
of the globe. Figure la is for a location near to the centre of a former ice sheet, such as
that of Laurentia or Fennoscandia. Here the dominant contribution to relative sea level
change comes from the ice-load term and the characteristic curve, following the onset of
deglaciation, is one of a quasi-exponential fall up to the present. The shape of this curve is
determined primarily by the viscosity structure of the mantle and by the thickness of the
ice sheet. For locations near the former ice margins, the contributions Af, and Af, to the
total sea level change may be of a similar amplitude but of opposite sign, and quite
complex temporal and spatial patterns of sea-level change can develop (Figure 1b). For
these sites, such as along the coast of Norway, the sea-level curve is a function of both
the earth rheology and of the details of the ice sheet in the neighbourhood of the site.
Also, the timing of the small relative maxima at about 6000 years ago determines the
termination of global deglaciation. Further away from the ice sheets, such as along the
coast of the Netherlands where the magnitude of the ice-load term is less than that of the
esl contribution, the sea-level curve resembles the eustatic curye but with the important
distinction that the levels continue to rise relative to the crust even when deglaciation has
ceased, albeit at a slower rate than during the lateglacial stage (Fig. 1c). At sites well
away from the influence of the former ice sheets, such as locations along the Australian
margin the sea-level change follows, in the first approximation, the equivalent sealevel
function. But departures from the esl curve, while small, are significant in that they
contain important information on both mantle and ice-sheet parameters' At these conti-
nental margin sites sea level since the time of the last glacial maximum is characterised by
several features (Fig. 1d): (i) a stationary or nearly stationary level at a depth of 130-140
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Figure 1. Schematic representations of relative sea-level change at (a) a site near the

centre of the ice load, (b) a site within the ice sheet but near the margin, (c) an

intermediate-field site, and (d) a far-field continental margin site.

m below present sea level which formed when the ice sheets were at their maximum limit

and which constrains the total ice volume at this time; (ii) a rapid rise in sea level, at a

rate of 10-15 m per 1000 years, at the time the ice sheets melted and this constrains the

bulk rate of melùng of the global icesheets; (iiÐ the time at which sea level frst reached

its present value, at about 6 ka BP (before present), when all melting ceased and after

which a small highstand developed; and (iv) a nearly uniform fall in sea level from this

highstand until the present time, which constrains the mantle rheology.

A summary of results

By examining sea level observations from these various localities it becomes possible to

separate out some of the unknown p¿rÍrmeters that defîne the Earth's response and the ice

sheets. Numerous different localities have been examined from which a number of

conclusions can be reached aþout the extent of the last great ice sheets. These include:
(Ð The ice sheet over Antarctica was greater than the present ice cover and its partial
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melting contributed signiflrcantly to the rise in sea level in lateglacial time. This melting
may actually have lagged behind the melting of the northern hemisphere ice sheets by
about 1000 years.
(ii) Antarctic melting did not cease at 6000 years BP but a small amount of melting
continued into more recent time.
(iiÐ A major ice sheet existed over the Barents Sea in Late Pleistocene (Iate Weichselian)
time which may have extended to the east over the Kara Sea.
(iv) The maximum ice thickness over Great Britain is unlikely to have exceeded about
1500 m at the time of maximum glaciation and this ice sheet did not extend across the

North Sea to Norway after about 20000 years BP.
(v) The maximum ice thickness over Scandinavia is unlikely to have exceeded about 2500

m at the time of the last maximum glaciation.

Provisional conclusions reached about the rheology of the Earth include the following:
(Ð The manrle below about 670 kn depth is considerably more viscous ( about 1G2 Pa s)

than the average value of about (2-ÐlÚ0 Pa s determined for the mantle above this depth.
(iÐ The upper mantle viscosity exhibits little variation with depth above the 670 km

seismic discontinuity but does exhibit some lateral variation, being less under oceanic

lithosphere than under continental lithosphere.
(iiÐ The effective lithospheric thickness is also regionally'variable, with an average value

for continental areas of about 65-70 km.

Conclusion

Many of the conclusions drawn here are preliminary but they illustrate how the combina-

tion ôf geophysical modelling with the examination of the sea level record for different

regions-and for different times leads to important inferences on the physics of the solid

earth and on the distribution of major glaciers during the last glacial cycle. Much more

can be done, including the development of improved modelling techniques, the introduc-

tion of more realistic physical models for the Earth, and improved data aquisition
methods. NeverthelesJ, the modelling is sufficiently well advanced for it to have useful

predictive properties. Thus it becomes possible to predict the evolution of the North Sea

floor from, for example, the time of the last glaciation to the present and Figure 2

illustrates results for a few selected epochs. An interesting consequence of the dynamic
response of the Earth to the changes in the combined ice-water load is that the maximum

.tttèrg"n.. of the North sea floor does not occur at the time of maximum glaciation but at

some time later, and that this maximum emergence persists for some considerable time,
from about 16000 years BP to about 12000 years ago, before gradually subsiding. This is

in contrast to what occurs further away in the oceans where sea level was rising rapidly

from about 16000 years ago until about 6000 years ago.

It also becomes possible to predict how much sea level change will still occur at any

locality from any residual rebound. Figure 3 compares the predicted and observed sea

levels at three locations in the North Sea region. Agreement between the two is good at

two of the sites but less satisfactory for the German Bight locality, indicating that there

may be scope for further improvement in the ice sheet model used for Fennoscandia. At

all three sitès, sea level continues to rise; at rates of about 0.7 mrn/year in the Thames

Estuary to 0.2 mm/year in the Gennan Bight. Corresponding values for Zuid Holland are

0.6 mm/year and for the Groningen coast 0.4 mm/year. It must be emphasized that these
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are only the glacio-hydro-isostatic contributions to the sea level rise and that any so-called
'greenhouse' effects would be superimposed on this, as would any contributions arising
from land subsidence due to soil compaction or water extraction.

Figure 2. Predicted palaeo-shorelines and shallow-water bathymetryfor epochs at22, 14,

10, and 8 thousand BP. Areas above sea level are shaded. The time t:22000 years BP

corresponds to the time of maximum glaciation over Great Britain. The maximum North

Sea floor emergence is reached at about 14000 years BP. Depth contours are at 20, 50,
100, 150 and 200 m.
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Figuur 3. Predicted and observed (with error bars) changes in sea level at three locations
in north-western Europe.
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