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ABSTRACT. The existence oflateral viscosity variations in the earth mantle could
be inferred by recent tomographic results. This can potentially cause substantial
changes in the interpretation of the results from usual postglacial uplift modelling
which assumes a uniform mantle. In this work we study the impact of a high
viscositycraton located below the lithosphere in Fennoscandia. The solution
is obtained using a finite element code which treats the surface rebound of an
axisymmetrical viscoelastic half-space. The effects on the vertical displacements
and velocity fields could be of the order of 30% in the centre of deglaciated areas and
become larger for horizontal displacements, strain-fields and vertical velocities at
the peripheral region. Viscosity increases beneath continental regions with respect
to oceanic regions may be able to explain the systematically lower viscosity values
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inferred from sea-Ievel data from Pacific Island sites. Our findings are potentially
very important in the interpretation of GPS data.

1. Introduction

In this work we will focus on the efIects of a viscosity increase beneath stable

continental regions on vertical and horizontal deformation induced by post-glacial

rebound. The existence of cold and stifI continental roots, extending to a depth

of 350-400 km, is suggested by the seismic tomography of the upper mantle

(Woodhouse and Dziewonski, 1984; Grand, 1987). Seismic wave anomalies clearly

reveal an anomalous high velocity region beneath stable continental areas with

shear wave velocity increases of 1.5-3 per cent with respect to the normal upper

mantle (Grand, 1987). If the observed velocity anomalies can be attributed to
thermal anomalies, we expect that the mantle beneath the continents must be

mechanically stifIer than its surrounding. The behaviour of such a stifI upper
mantle will be modelled by a viscosity increase along the lateral direction. We

must emphasize that at least a part of the observed velocity increase below the

shields can be attributed to lateral variations in the composition of the upper mantle

(Jordan, 1981). From seismic tomography, we can obtain an upper bound for the
viscosity increase, if we assume that the whole velocity anomaly is due to thermal

heterogeneities. In this way we can make use of standard rheological models to
estimate the viscosity variations associated with temperature instabilities. We are

interested in lateral variations in the upper mantle, so we can neglect the efIects of
the pressure variations and activation volume in the linear rheologicallaw:

l/ = Aexp(Ea/RT)

where A is a coefficient which does not depend on the temperature T. Ea denotes

the activation energy of 523 Kcal/mole and R denotes the gas constant. It is easy
to estimate from the above equation that lateral temperature variations of 100-200

ac, inferred from seismic tomographic results (Grand, 1987), correspond to lateral
variations in the viscosity l/ of around 1-2 orders of magnitude.

It is highly probable that the whole amount of seismic velocity anomalies cannot

be explained in terms of thermal variations, because at least a 50-60 per cent of the

velocity increase below the shields could be attributed to compositional anomaly

(Dost, 1990). A lower bound for the thermal anomaly of 100 ac, which corresponds
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Figure 1: Comparison between model withjump (solid) and smoothed (dashed) viscosity
transition for vertica.l displacement (panel a) and velocity (panel b) at the surface.

to around an order of magnitude of viscosity variations, could be assumed as a
reasonable estimate for the thermal gradients below the continental shields.

An interesting approach to discriminate between thermal and compositional
origin of heterogeneities is the result based on work by Yan and al. (1989). They
derived the thermal structure of the Earth at depth of 150 km and the corresponding
heat flow from the c5V. results of Woodhouse and Dziewonski (1984) obtaining a
good agreement with the heat flow data determined by Chapman (1985). This
result could support the idea that the thermal structure is the primary governing
factor in the generation of lateral velocity variations in the lithosphere and upper
mantle while compositional changes affect velocity structure to a lesser extent.

Even if part of the variation is due to compositional transitions, we can expect
an order of magnitude in the viscosity heterogeneity between the oceanic and
continental part of the upper mantle. This well agrees with recent findings by
Nakada and Lambeck (1991, this issue) that found, from the analysis of sea-Ievels
in the Pacific Islands sites, an upper mantle viscosity which is significantly lower
than the claS8ical value of 1021 Pa· s, commonly found from uplift data along
continental margins.

Upper-mantle heterogeneities in postglacial rebound where modelled first by
Sabadini et al. (1986). In previous papers (Sabadini and Gasperini, 1989; Gasperini
and Sabadini, 1989) we have already demonstrated that the data in the center of
the deglaciation are compatible with lateral variations of at most 1 or 2 order of
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magnitude with wavelength from l to 4 times the radius of the load. Here we wish
to analyse the effects on some geophysical observables of a high-viscosity craton
located beneath the deglaciated area of Fennoscandia. In this case sphericity effect
can be neglected (Wolf, 1984) but the result can be extended by similarity to the
Laurentide ice sheet.
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Figure 2: Vertical displacement at the surface for uniform model and viscosity varied
models with transitions located at ditferent distances fromthe center.

2. The model

We have used the finite element code cast in axisymmetrical formulation

described in our previous papers (Gasperini and Sabadini, 1989; Sabadini and
Gasperini, 1989). The code allows us to treat the surface loading problem of a
viscoelastic half-space with buoyancy from contrasting densities included.

The applied load, appropriate for Fennoscandia ice sheet, is modelled as a
parabolic disk with a maximum thickness of 2500 m and a radius of 800 km. The
time history is chosen to be very simple and consists of a sudden unloading at
T = O. For most of the cases we are going to show the viscosity transition has been
modelled by using jump variation in the viscosity values. In fact, we found the style
of the transition to affect very scarcely the observed values at the surface. This can
be seen in figure l where we reported the vertical displacement (panel a) and the
vertical velocity (panel b) at T = 13000 years after deglaciation for jump (solid
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line) and smoothed (dashed) models with transition located at R = 800 km from
the center of the load. For the smoothed case the viscosity transition is applied in
four steps and the transition zone is 160 km wide.

The viscosity of the mantle is kept fixed at Vm = 1021 Pa· s. The craton extends
from the base of a high viscosity lithosphere (120 km thick), to a depth of 400 km.
Most of the computations correspond to lateral viscosity jumps between the craton
and the mantle by a factor of 5 and lO (ve = 5 . 1021 Pa· sand Ve = 1022 Pa· s,
respectively), which are consistent with seismic tomographic estimates.
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Figure 3: Panel a: gravity anomaly differences between cratonic and uniform models.
Panel b: horizontal gravity gradient differences between cratonic and uniform models.

3. Results

In the following we analyze the behaviour of the geophysicalobservables under
the influence of a horizontal viscosity transition in the upper mantle with the
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Figure 4: Vertical velocity far different models with ve/Vtn = 5 (panel a) and ve/Vtn = lO
(panel b).

transition point P located at different distances (400, 800 and 1200 km) from the
center of the load.

The first observable is the vertical displacement at present time (i.e. 13000
years after deglaciation)j in figure 2 we can observe that, dose to the center of the
load, the maximum differences with respeet to the uniform model are obtained for
p = 800 and P = 1200. The amount of the difference is of the order of 15% for

ve/Vtn = 5 and of the order of 25% for ve/Vtn = lO. The location of the transition
point affeets the results only for P < 800 while for larger distances the solutions
converge asymptotically to the case of a uniform upper mantle with viscosity Ve.

This is in agreement with our previous resu1ts (Sabadini and Gasperini, 1989) which
have shown that the displacement in the center is controlled by the average viscosity
below the load.

The vertical displacement can also be viewed as a gravity anomaly. This is, in
faet, related to the so called "residual displacement" of the deglaciation process
which is the difference between aetual displacement and the displacement at the
equilibrium. Assuming a gravity-displacement ratio of 0.19 mgal/m we plotted in
figure 3 (panel a) the differences between the computed gravity anomaly profile for
different cratonic models and the the gravity profile for the uniform model with
viscosity of 1021 Pa· S.

The differences with respect to the uniform mode! are as large as 35 mgal dose
to the center for ve/Vtn = lO and of the order of lO mgal dose to the border of
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the load. We can note that for the models with the transition point located at
800 and 1200 km from the center, the peripheral bulge is increased with respect
to the uniform model. We also plotted in the same figure (panel b) the difference
in the horizontal gravity gradient. Bere the maximum differences are of the order
of 75JLgal/km. The maxima are located dose to the transition point for the model
with p=400 and dose to the ice margin for P=800 and P=1200.

In figure 4 we show the effects of the horizontal viscosity variation on the uplifting
velocities. We can observe that the velocity in the center are larger for cratonic
models for both the viscosity contrasts while dose to the border the results are
very similar for the different models. The effects of the stiff upper mantle are larger
for the lower viscosity contrasto In fact, the maximum deviation (around 20%) is
obtained for the lowest viscosity ratio (vc/vm = 5). This is probably due to the
complicated mechanism of stress accumulation and release which takes pIace among
the craton, the mantle and the lithosphere during the course of the deglaciation
processo
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Figure 5: Total horizontal displacement from the center of symmetry at the surface for
different models with vc/vm = 5 (panel a) and vc/vm = lO (panel b).

Only few works on post glacial rebound have thus far displayed resu1ts for the
horizontal movements. This because until now horizontal distances were difficult

to measure with the required accuracy. Recently, Gasperini et al. (1990) found the
horizontal displacement to be more sensitive to the lateral variation in the viscosity
of the lithosphere and upper mantle than the vertical displacements. James and
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Morgan (1990) have shown that the horizontal displacement has a decays slower
with distance than the vertical one. The new geodetic technique of the Global
Positioning System (GPS), that became recently available, allows now to evaluate
variation of the length of baselines of some hundreds of km with an accuracy of few
parts in 108 (Tralli and Lichten, 1990).

In figure 5 we reported the horizontal displacement with respect to the center of
symmetry for the same models already shown. We observe that the deviations from
the uniform solution (solid line) are larger for the high viscosity contrast and for
location of the transition point at P=800 and P=1200. The position of P controls
the horizontal displacement for distances larger than the radius of the load but the
maximum values are almost independent of the model. The decay with distance is
slowerfor P=800 and P=1200.
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Figure 6: Horizontal strain fields for different models with vc/vm = 5 (panel a) and
vc/vm = lO (panel b).

The horizontal motion can be better evaluated by looking at the total horizontal
strain. In figure 6 the Err component is plotted versus distance from the center
for the two different viscosity contrasts. We can see that the model with P=400
shows a very sharp maximum dose to the transition point of the viscosity and the
sharpness becomes more evident for the higher viscosity contrasto The same model
shows also a low value of the displacement at the center of symmetry while, for
R > 800 km, perfectly reproduces the results of the uniform model. The models
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Figure 7: Horizontal strain rate for different models with vc/vm
vc/vm = lO (panel b).

5 (panel a) and

with P=800 and P=1200 also show a relative minimum of the horizontal strain in

correspondence of the transition point.
A very similar behaviour is displayed by the horizontal strain rate Érr (figure

7). For this parameter the maximum differences between the different model are of
the order of some parts in 109yr-1• This indicates that some years of data will be
sufficient to detect variations beyond the experimental uncertainties and to locate
the position of the viscosity transitions.

Postglacial rebound also affects the seismicity in otherwise tectonically stable
regions, such as the Canadian and Fennoscandian shields. Taking into account that
the realistic state of post-glacial stress is also related to the duration of the ice load
and to the number of glaciation-deglaciation cycles occurred before, our assumption
of unstressed initial state is clearly not justified. Nevertheless we want to show some
pictures of the evolution of the state of stress for the models examined in this work:
they should be intended as variation with respect to the true initial state. We used
in these computations (figure 8) the models with smoothed transition: the variation
of viscosity is divided in four step and distributed over a distance of 160 km.

In figure 8 the maximum shear stress fields, relative to the the four models
analyzed in this work, are displayed at different times after the deglaciation. For
the uniform mantle, at the beginning of the relaxation process (T=2), the maximum
shear stress is quite uniformly distributed in the upper mantle below the load up to
a depth comparable to the load radius. The maximum shear stress migrates toward
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the lithosphere and, at present time (T=60), accumulates both at the top and at
the bottom of the lithosphere, dose to the transition surfaces. Large values of the
maximum shear stress are only found at intermediate depths in the proximity of
the ice margino

As far as the laterally varying models are concerned, we can observe that the
maximum shear stress remains within the craton for longer times and then slowly
migrates toward the lithosphere. For P=400, the viscosity transition point is also
the limit of the high stress region while for P=1200 the high stress area is delimited
by the load margino The cratons induce a residual stress in the stiff upper mantle
and cause the high stress region to disappear at the bottom of lithosphere.

4. Concluding remarks

In this work we have shown that a high viscosity region in the upper mantle
below the continental shields can influence the geophysical observables associated
with post-glacial rebound. Close to the center of the ice load, the stiffer zone could
be responsible of the reduction of one third in the total vertical displacement and of
the increase of 25% in the vertical velocity. This could affect the interpretation of
sea-levels along continental margins and gravity anomalies in the centre and along
the peripheral regions.

We emphasize the critical role played by the horizontal displacements and
velocities in discriminating between different models when the new geodetic data
from GPS and VLBI (very long baseline interferometrYi Kroger et al., 1987)
techniques will be soon available. The horizontal strain and strain rates are, in
fact, very sensitive to the presence of lateral viscosity transitions in the upper
mantle.

Finally, the accumulation of stress in the cratonic part of the upper mantle
could alter the evolution of the stress field in the lithosphere and the associated
geophysical processes, such as the seismic focal mechanism patterns.
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