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Abstract. Global sea-Ievel changes have been occurring since
the last Pleistocene deglaciation. Recently the contribution of
current postglacial rebound to local sea-Ievel variations has
been removed by means of a radially stratified earth model in
order to assess the amount of sea-Ievel rise due to recent dimatic

changes. We have studied the effects oflateral variations in the
viscosity structure on the postglacial uplift rates along the conti
nental margins. Finite-element calculations in cylindrical ge
ometry show that the spread in the cumulative vertical
displacement may be affected by 20% in the presence of lateral
rheological contrasts. But the vertical rates of deformation can
attain differences of up to 50% for the different models. Hori
zontal deformation rates along continental margins are much
more affected by the lateral variations in viscosity and can be
used in the future as constraints on mantle rheology.

Introduction

There is currently mounting a great interest in the behavior of
sea-Ievel trends because of its connection to the societal issue of

global warming from the increase in greenhouse gases (e.g.
Schneider, 1989). Sea-Ievel rises ofO.5 to 1.5 meters are com
monly predicted for the next 100 years from the increase in
global temperature (e.g. Bolin et al., 1986). Nakiboglu et al.
(1989) have analyzed sea-Ievel data from tidal gauge records
and estimated a secular sea-Ievel rise of 1.15 ± 0.38 mm/yr.
Trupin and Wahr (1990) have also found a rate of 1.75 ± 0.3
mm/yr from global tide gauge data. It has long been recognized
that postglacial rebound of the crust can still exert influences on
the present sea-Ievel trends far beyond the boundaries of the for
mer ice load (e.g. Farrell and Clark, 1976; Lambeck and Naki
boglu, 1984). By means of a vertically-stratified viscoelastic
model (Peltier, 1974), Peltier and Tushingham (1989) have re
moved the component on ongoing glacial readjustment to the
mean sea-Ievel observations. They found by filtering out this
contribution that there exists now a global rise of sea-Ievel of
2.4 ±0.9 mm/yr, which they construed to be potentially related
to global warming. Thus this result differs from those of Naki
boglu et al. (1989) and Trupin and Wahr (1990). However,
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many of the tidal stations are situated dose to continental mar
gins under which lateral variations of mechanical properties are
likely to occur, as inferred from geophysical data (e.g. Keen and
de Voogd, 1989; Mithal and Mutter, 1989). Moreover, someof
these stations lie dose to the edge of the former ice sheets, such
as Boston, where lateral variations in the upper mantle can be
important in the local rebounding process (Sabadini et al.,
1986). For these reasons it is important to assess quantitatively
the effects of upper-mantle lateral heterogeneities on the
present-day postglacial uplifts near the edge of the former ice
load and along plate margins.

Our previous works on the effects of lateral heterogeneities in
glacial isotasy have only dealt with the vertical displacements at
the center (Sabadini and Gasperini, 1989; Gasperini and Saba
dini, 1989) and at the periphery of the ice sheet (Sabadini et al.,
1986). In this paper we will focus on the current vertical and
horizontal rates of postglacial rebound at the edge of the ice load
and continental margins, as these geodetic quantities will soon
become available from advances in space-positioning technol
ogy (e.g. Global Positioning System).

Numerical ModelIing and Various Models

We have employed a finite-element code, described in
Gasperini and Sabadini (1989), which can portray the time-de
pendent deformations from surface loading on a viscoelastic
half-space in cylindrical geometry with axisymmetry. The mo
mentum equation in radiaI and depth variables is solved at each
timestep with a constitutive equation appropriate for a linear
Maxwell viscoelastic solid, which provides the time-dependent
behavior. This code has been checked with time-dependent ana
lytical solutions for a half-space (Gasperini and Sabadini,
1989).

It is necessary to choose both the depth and the width of the
numerical grid to be at least two orders of magnitude greater
than the radius of the parabolic ice load with a radius of 800 km,
which characterizes the Fennoscandian ice-sheet. The great
depth of the mesh renders the numerical solutions to be insensi
tive to the boundary conditions at the bottom, set here to be rigid
(zero displacements). We have assumed a stress-free surface
and have allowed for only vertical movements along the axis of
symmetry (r=O).
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Table l Physical Parameters of Material Properties
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Comparison of vertically stratified and laterally
heterogeneous models

We now proceed to examine the effects of different lateral
heterogeneous models shown in Fig. l and to compare the verti
cal and horizontal deformation fields with the conventional ver

tically stratified model (panel A in Fig. I). In Fig. 2 are shown
the vertical displacements for the four different models (solid
curve (A), dashed curve (B), dotted curve (C), dash-dotted (D))

as a function of time (t = 8 to 18Kyr after deglaciation) for four
different observation points ro= 800,900, 1000 and 1,100 km
from the center of the ice cap. From previous studies of lateral

In Fig. l panel A portrays a vertically-stratified model, simi
lar to that used by Peltier and Tushingham (1989) in which the
lithospheric viscosity used was 1030 P; panel B represents a
model with an asthenosphere present and point P marking the tip
of the low viscosity zone; C describes a mode l with only a
thicker lithosphere beneath the load and D has a very thick litho
sphere in addition to a low viscosity zone adjacent to it. We note
that the viscosity of the crust and lithosphere in our models B, C
and D is 5 X 1023 P, more consistent with lithospheric rheology
(Tsenn and Carter, 1987).

We have employed a simple time-history of ice-Ioad disinte
gration, corresponding to an instantaneous (Heaviside function
H(t)) event. The ice load is subtracted at t = O to mimic this phe
nomenon. Elastic deformation takes pIace instantaneously and
this is followed by viscoelastic creep throughout the half-space
according to the local rheological properties. We surmise that
different time-histories of deglaciation can also interact with lat
eral variations of the upper-mantle and can be influential on the
deformation of the plate, particularly near the periphery of the
ice-sheet, which are time-dependent in character (e.g. Nakada
and Lambeck, 1987).

B
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Fig. l. Schematic diagrams of the axisymmetric half-space
models: A)-Uniform model; the three layers denote the crust,
the lithosphere and the mantle. B)-A low velocity region is in
serted beneath the oceanic region (dotted). Point P marks the tip

of the asthenosphere. C)-Laterally varying crust and litho
sphere, without low viscosity region. D)- The continentallitho
sphere is thickened with respect to the preceding models and
with an asthenosphere. Only a portion of the computational do
main is portrayed here. Vertical and horizontal scales are shown
along the sides. The radius of the ice cap is 800 km .

A typical grid consists of 45 unevenly spaced linear elements
in the z-direction (vertical) with 25 elements in the top 450 km of
the mantle and of 82linear elements in the r-direction (horizon

tal) with 46 elements covering a radius of 1000 km from the cen
ter (r = O) of the ice-sheet. Instead of using analytical

expressions for portraying the lateral variations of the rheology
(Gasperini and Sabadini, 1989), in Fig. l we have numerically
assigned rheological properties to the crust (dark strip), the
lithosphere (slanted stripes), the asthenosphere (dotted patch)
and the mantle (horizontal stripes). The physical parameter val
ues of the models are summarized in Table l. Both the horizon

tal and vertical scales are given ih panel B along with a vertically
exaggerated portrayal of the parabolic ice cap whose maximum
height is 2.5 km.
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Fig. 2. Vertical displacement as a function oftime afterthe ice

sheet disintegration. The distance ro of the point of observation
from the ice-center is varied from 800 km (panel a) to 1100 km
(panel d). The solid curve denotes the uniform model (A in Fig.
l) and the dashed one corresponds to model B, the dotted and

dash-dotted curves stand for models C and D respectively. The
transition point P is located at 880 km from the ice-center for
these laterally varying models.

E = 1.103 X 1012dyne/cm2
'TJ=5x 1023P
'TJ= 1030p (model A)

E = 1.675 X 1012dyne/cm2
'TJ= 1030p (model A)
'TJ=5XI023p

Lithosphere

Low viscosity zone E = 3.275 X 1012dyne/cm2
'TJ= 1021p

Mantle E=3.275x 1012dyne/cm2
'TJ= 1022P

E and 'TJare respectively Young' s modulus and the dynamic vis
cosity. Poisson ratio is 0.25 and the density is constant at
3.38 g/cm3.

Crust
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Fig. 4. Vertical velocity for different locations of the continen
tal margins with respect to the ice-center; only models A and B
are compared. The solid curve denotes the uniform model; in
model B, the point P of the transition is located at 1080 km from
the ice-center (dashed curve), at 880 km (dotted) and 680 (dash
dotted).

In Fig. 4 we show the infIuences from varying the degree of
horizontaI penetration of the low viscosity zone by shifting the
transition point P from 880 km, used in Fig. 3, to 680 and 1080
km respectively. These three curves (P = 880 km, dotted curve;
P= 680 km, dash-dotted; P= 1080, dashed curve) with the low
viscosity zones are compared with the uniform model (solid
curve) for the same observation points used in the previous fig
ure. We observe that with the graduai penetration of the as
thenosphere (P = 680 km) beneath the ice load the rate of
subsidence of the land is increased in the near-field region. On
the other hand, the effects from P = 880 and 1080 km are much
less pronounced and similar to the uniform model because the
observation point (ra= 800 km) is farther away from the transi
tion points P. In the near-field there is a trade-offin the deforma
tion rates between ra and P. A maximum spread in the vertical
velocity solutions is obtained for ra = 900 km. The rate of subsi
dence is increased for laterally varying models. For observa
tional points farther away the differences in the solutions are
decreased. In this situation there exists a trade-off among three
parameters: (1) position of the ice edge, (2.) the observational
point ra and (3.) the transition point P.

Another quantity of geodetic interest, which, up to now, has
not received much attention in postglacial rebound, is the hori
zontaI rate of deformation, measured with respect to the center
of the ice cap. We have verified the numerical accuracy of com
puting the horizontal deformation by using successively larger
grids. The evolution ofthe horizontal velocities, corresponding
to the vertical velocities ofFig. 3, are shown in Fig. 5. We ob
serve at once that the effects from lateral variations are much

larger for the horizontaI velocities than for the verticaI rates of
rebound. The effect of lithospheric thickening provides much
larger variations in the horizontal velocities than the presence of
the asthenosphere. The horizontal velocities are much more
sensitive to lateraI variations than the vertical velocities, espe
ciaIly in the far field. This tendency is opposite to the sensitivity
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variations in postglacial rebound (Sabadini et al., 1986;
Gasperini and Sabadini, 1989) the vertical displacements near
the peripheral bulge and the far field are shown to be much more
sensitive than to deformation in the center. The horizontally uni
form model (A) behaves much stiffer than the other models with
lithospheric thinning in the oceanic portion of the lithosphere. In
the near field (ra= 800 km) the deformation is smallest for the
uniform model, while model D with the thickest lithosphere,
which stores the greatest amount of elastic strain, yields the
most vertical displacement. Farther away the verticaI displace
ment for the uniform model decays slower with distance than for
the other laterally heterogeneous models and it contains the
largest cumulative deformation (see panel d). The spread in the
vertical deformation among the different models increases from
about 10% at ra= 800 km to 20% at ra= 1000 km at t = 13,000
yr, which roughly corresponds to the present time. We note that
this amount can be greater for asthenospheric viscosity lower
than the modest value of 1021 P, used here.

The sensitivity of the vertical rates of rebound to lateral varia
tions in mantle rheology are presented in Fig. 3, for the corre
sponding verticaI displacement curves in Fig. 2. In generai, the
vertical velocity in the immediate periphery of the ice load (ra
between 900 and 110 km) is sinking at a rate of about 2 mm/yr,
which is consistent with spherical model calculations (Peltier
and Tushingham, 1989). Rere we see in panels (a) and (b) the
importance of the trade-offs between time-windows of the ob
servation and lateral heterogeneities in the near field (ra= 800
and 900 km). This would have implications on the sensitivity of
the near-field solutions to the spatial-temporaI variations in the
ice-melting history (Nakada and Lambeck, 1987), when com
paring the uniform with laterally varying models. On the other
hand, for observation points outside the edge of the load (panels
c and d) there is an enhancement in the rate of subsidence for the
earth models with laterally varying properties, as the medium
becomes easier to be deformed. The differences in subsidence

rates become greater farther away. For t = 13 Kyr this spread
reaches about 40% .
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Fig. 3. Vertical velocity in mm/yr, as a function of time for var
ious points; positive values correspond to land uplift rates or sea
level reduction. The meaning of the symbols adopted for the
curves is identical to Fig. 2.
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found for the vertical velocities in the far field. In general, hori
zontal rates of deformation can today reach rates of l to 1.5 mml
yr, which may be detectable in a local geodetic survey of
strain-rates using laser ranging techniques.

These calculations, albeit cast in a simple geometry, have
nonetheless demonstrated the importance oflateral variations of
mantle rheology in influencing both the vertical and horizontal
rates of deformation near continental margins from ongoing
postglacial rebound. Within this class of models we hav~ found
that substantial differences of around 50% in the rates of vertical

deformation can be found. Thus there stilI exist ambiguities in
the extraction of secular sea level trends by removing vertical
uplifts due to post giaci al rebound along continental margins.
Future measurements of strain-rates of deformation, which are
more sensitive than vertical velocities, may give us better con
straints in the amount of lateral variations of viscosity along
plate margins. This may, in turn, help to èvaluate quantitatively
the secular sea level trends, caused by climatic changes.

Fig. 5. Horizontal deformations in mm/yr for different obser
vation points; positive values correspond to displacements away
from the ice-center. As in Fig. 2, the laterally varying models B,
C and D correspond respectively to the dashed, dotted and dash
dotted curves.
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