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Abstract

The carth’s response to the deglaciation in Fennoscandia is modelled using a layered viscous model with an
elastic lithosphere. The modelled tilting of palacoshorelines at particular locations peripheral to the former ice load
and the pattern of the present rate of uplift consistent with the observations strongly suggest a low-viscosity
asthenosphere. Earth models without a low-viscosity asthenosphere give significant mismatch to the present rate of
uplift, and are unable to mimic the observed tilting of palacoshorelines. Models with a viscosity of the lower mantle
of 1.0-2.0x 102" Pa s, and a viscosity of the upper mantle of 0.7-1.0 X 10*' Pa s overlain by low-viscosity
asthenosphere with a thickness ranging from 25 to 100 km, fit equally well with the observations. It is suggested
strongly that the asthenosphere has a thickness of less than 150 km and a viscosity of less than 7.0 X 10'° Pa s.

1. Introduction

Data on post-glacial uplift provide important
information on the physical properties of the
earth’s mantle and lithosphere. Data from the
Fennoscandian elevation of past shorelines and
the present rate of uplift relative to sea level have
been used with geophysical models to determine
the physical properties of the earth’s upper layers
for many years [1]. There is, however, little agree-
ment regarding the importance of the astheno-
sphere. Some have argued that a low-viscosity
asthenosphere is needed to explain the pattern of
uplift in Fennoscandia. As early as 1935 Van
Bemmelen and Berlage [2] analyzed the Fenno-
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scandian uplift and found that their data sug-
gested a 100 km thick asthenosphere with a vis-
cosity of 1.3 X 10" Pa s. McConnell [3] showed
that the uplift data for Fennoscandia were consis-
tent with a 200 km thick asthenosphere with a
viscosity of the order of 10?" Pa s. Cathles [4,5],
also based on Fennoscandian uplift data, argued
strongly for a 75 km thick asthenosphere with a
viscosity of 4 X 10" Pa s. Wolf [6] suggested that
the asthenosphere is 100 km thick and has a
viscosity of 1.2 X 10" Pa s. Some recent investi-
gations, however, find no evidence of a low-
viscosity asthenosphere [7-9]. In two previous
studies [10,11] it has been shown, by the use of a
maximum glaciation model, that the observed
present uplift pattern cannot be explained satis-
factorily without introducing a low-viscosity as-
thenosphere. Mitrovica and Peltier [12] have
shown, with an inversion method, that the
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Fennoscandian uplift data give a non-unique so-
lution to the mantle viscosity. Models with a weak
asthenosphere overlying a 10?' Pa s deeper man-
tle provide a good fit to the Fennoscandian relax-
ation spectrum. This fit is also good with a low-
viscosity zone lying above a two-layer deep man-

tle. In contrast to this conclusion the present
study shows that the solution is unique, and that
the uplift rate and palaeoshoreline tilts cannot be
explained by models without a low-viscosity as-
thenosphere. The present study aims at placing a
more stringent constraint on the asthenospheric

15000 C'" -years BP

11500 C"-years BP

10000 C" -years BP

9300 C"-years BP
QIC'Q

Fig. 1. The modelled extent and thickness of the ice sheet during the deglaciation in Fennoscandia (partly based on [27]). The
contour interval is 400 m, except for the first 800 m. The contour interval for the ice sheet of 9300 yr BP is 200 m, except for the

first 400 m.
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thickness of Fennoscandia, and uses data from
the more marginal parts of the Fennoscandian
glaciation because this is where the critical data
for clear determination of the mantle viscosity
are found [4]. It is shown in a series of compara-
tive calculations that changes in the astheno-
spheric thickness and viscosity have a significant
impact on the present rate of uplift and tilting of
the palacoshorelines.

2. Modelling

The deglaciation history used in the calcula-
tions (Fig. 1) is different from that of the previous
studies because it assumes an ice-free North Sea
and Barents Sea at maximum glaciation. The
extent of the ice sheet must be considered as a
minimum. The ice thickness, however, is debat-
able, and the thickness used here must be consid-
ered as a maximum thickness. In a recent paper
an argument for much thinner ice has been put
forward [13]. The deglaciation model has been
digitized with a spatial resolution of approxi-
mately 50 km by 50 km.

The earth is modelled as a half-space with
constant gravitation and adiabatic density gradi-
ents in a Newtonian mantle in which the viscosity
may vary with depth. The viscous fluid is overlain
by an elastic lithosphere of constant thickness.
With this flat earth model, the isostatic problem
is treated analytically using the Fourier transform
technique [4,10,11]. It has been shown that the
errors introduced into the flexural response by a
flat earth model are negligible [14,15]. The pa-
rameters used in the calculations are given in
Table 1.

3. Uplift data

This study uses two types of uplift data: pre-
sent rate of uplift, and shoreline tilt vs. time.
These processes are mainly the result of move-
ment of the solid earth, and they are barely
affected by movement of the sea level. Move-
ments of the solid earth are here assumed to have
a glacial isostatic origin connected with the melt-

Table 1
Parameter values

8.35 x 1010 Nm-2
3.34 x 1010 Nm-2
Poisson’s ratio 0.25

3300 kg m-3

917 kg m3

Young’s modulus

Lame’s modulus

Density of mantle
Density of glacier ice

ing of the last ice sheets. The uncertainties in the
determination of the two data types are described
in the below. In addition to the uncertainties in
the determination, which can be quantified, there
is also another uncertainty which cannot be quan-
tified. This uncertainty is connected with the
mechanism responsible for the observed move-
ments. It is not unreasonable to assume that
there is a neotectonic component in the uplift
rate and the palaeoshoreline gradients [16,17]. At
present, however, it is impossible to quantify this
component. In this paper it is assumed that the
neotectonism is of minor importance. The gen-
eral pattern of the uplift is here believed to be
the result of glacial isostasy, but there may be
local disturbancies to this general pattern caused
by tectonic processes.

4. Observed present rate of uplift

The observed present rate of uplift in Scandi-
navia relative to mean sea level [18] increases
from 0 mm/yr on the coast of Norway to 9
mm/yr in central Sweden (Fig. 2). The uncer-
tainty in the observations inland can be signifi-
cant: near the coast and close to mareographs the
standard error is at its best 0.2 mm/yr [19]. To
obtain the uplift of the crust relative to the earth’s
centre rather than relative to mean sea level, the
uplift rate must be corrected for eustatic changes.
This involves (1) a correction for the gravitational
effect of the uplift (geoidal eustasy) and (2) a
correction for the uniform eustatic sea level
change. The geoid change caused by ongoing
redistribution of material within the earth is cal-
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Fig. 2. Observed apparent rate of uplift in Fennoscandia [18].
Solid lines indicate areas covered by observations. The heavy
line A-B indicates the position of the profile used to quantify
the misfit between the observed and the theoretical rate of
uplift (cf. Figs. 4 and 5).

culated at approximately 0.5 mm/yr in the cen-
tral Baltic Sea [11]. There is no absolute measure
of the global uniform eustatic change, and it is
not an observable entity [20]. The closest we can
come to an estimate is probably weighted aver-
ages from all the tide gauge data in the world,
which show that the global sea level has risen by
I mm/yr over the last century [21]. The uplift of
the crust relative to the earth’s centre is thus the
sum of the present rate of uplift and the eustatic
factors. Crustal uplift thus adds up to 1 mm/yr
along the Norwegian coast and close to 10.5
mm /yr in central Fennoscandia.

5. Hydroisostasy

Hydroisostasy, the movement of the ocean bot-
tom caused by sea level change, is modelled sepa-
rately with the modelling technique described
above. The land-ocean distribution during the
deglaciation is assumed to be as present. For the
modelled sea level change, assumed to take place

outside the present land area, the published eu-
static curve by Shepard [22] is used. The present
rate of uplift / subsidence caused by this sea level
rise is modelled as 0.0-0.2 mm/yr along the
Norwegian coast, and as —0.2 to +0.2 mm/yr
along the eastern coast of Sweden (Fig. 3). This
is, however, a simplification, because the water
loads will never be distributed uniformly over the
oceans. The significance of spatially non-uniform
water loads in post-glacial relative sea level has
been specifically addressed in a recent paper [23].
However, it is evident from the modelling (Fig. 3)
that the hydroisostatic effect of uniform (as well
as non-uniform) water loads does not have a
significant impact on the pattern of the present
rate of uplift in Fennoscandia.

6. Theoretical present rate of uplift

During the modelling the maximum present
uplift rate is kept close to 10 mm/yr (matching
the observations) by adjusting the viscosity pro-
file. A series of earth models with viscosity pro-
files which give a present uplift rate of 10 mm /yr
is shown in Table 2. The uplift patterns in the

Fig. 3. Calculated present hydroisostatic movements (mm /yr}
caused by the eustatic sea level change according to Shep-
ard [22]. Earth model used in the calculations is model 4
(Table 2).
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peripheral areas will be different for different
mantle viscosity profiles. In most cases a flexural
rigidity of 10 N m (elastic thickness ¢, = 24 km)
is used, which is assumed to be at the lower end
of that considered realistic.

Previous modelling shows that the observed
uplift pattern cannot be explained satisfactorily
without introducing a low-viscosity asthenosphere
[11]. The best-fit model for the maximum glacia-
tion model was obtained with a mantle viscosity
of 1.0x 10" Pa s and a 75 km asthenosphere
with a viscosity of 1.3 X 10" Pa s. The modelled
asthenosphere rheology was exactly the same as
that proposed by Van Bemmelen and Berlage in
1935 [2], and in accords with the conclusion of
Wolf [6]. Mitrovica and Peltier [12] conclude that
this model does not fit with the Fennoscandian
relaxation spectrum. Their conclusion is based on
a relaxation spectrum for our best-fit model
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(model LVZ, fig. 11 in [12]) with relaxation times
exceeding 6000 yr. It is, however, shown in [10]
that the maximum relaxation time for this earth
rheology is 3800 yr. The correct relaxation spec-
trum gives an excellent fit to the Fennoscandian
relaxation spectrum presented in [12].

In the following we shall examine different
mantle rheologies (Table 2) in terms of present
rate of uplift, modelled on the basis of the
above-mentioned deglaciation history and sea
level history.

Mantle viscosity below 1.0 x 10°'" Pa s: We
shall start our examination of the different viscos-
ity profiles with a uniform mantle. The one and
only uniform mantle viscosity that theoretically
gives a present-day maximum rate of uplift of 10
mm/yr is 0.54 X 10?! Pa s. The deviations from
the observed present rate of uplift are significant,
up to 4 mm/yr in central parts of the profile

——— 7%km asth (model 4)
———  150km asth, {modal 5)
— = 250km asth. {model 6]
= = = = 500km asth. {model 71 -3

Deviation (mmiyr)

900 1200
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250km asth,

Deviation (mm/yr)
o

«2.0
— et ) (model 6)

—— =250 {model 11} 2.5

-3.0 3.0
0 300 500 a00 1200

Distance (km)

1RAA

Fig. 4. Deviations between observed and theoretical present rate of uplift on a profile across Fennoscandia (for location, see Fig.
2). (A) Models with mantle viscosity of less than 1.0 % 10! Pa s (models 1-3, Table 2). (B) Models with mantle viscosity of
1.0 % 10%" Pa s, and changing asthenospheric thickness (models 4-7). (C) Models with mantle viscosity of 1.0 % 10*' Pa s, and
changing flexural rigidities (models 4 and 8-10). (D) Models with mantle viscosity of 1.0 x 10*' Pa s, thick asthenosphere and
changing flexural rigidities (models 6 and 11). The shaded area represents the assumed error of the observed present rate of uplift

(0.5 mm/ yr).
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(Fig. 4A). Introducing a low-viscosity astheno-
sphere above a mantle with a viscosity of 0.8 X
10%' Pa s reduces the deviations, especially for
models with a thin asthenosphere. However, the
deviations from the observations nevertheless re-
main significant, indicating that the earth’s man-
tle has a viscosity above 0.8 X 102! Pa s.

Mantle viscosity of 1.0 X 10?' Pa s: The next
series of calculations is for a mantle with a of
viscosity of 1.0 X 10" Pa s (Fig. 4B). The model
with a thin asthenosphere (75 km) gives a better
fit to the observations than a thicker astheno-
sphere (150-500 km). For a thin asthenosphere
the maximum deviations are reduced to half com-
pared with the mantle with a viscosity of 0.8 x 102!
Pa s. For models with a thin asthenosphere
changes in the flexural rigidity cause only minor
adjustments (Fig. 4C). The deviations between
the observations and models with a thick astheno-
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sphere, however, can be reduced by increasing
the lithosphere rigidity (Fig. 4D). Thus, a thick
asthenosphere combined with a high rigidity
lithosphere gives a good fit. As will be shown
later, however, this is not a viable option, because
models with high flexural rigidity cannot produce
the observed palacoshoreline gradients.

Lower mantle with a viscosity of 2.0 X 10*! Pa
s: The next series of calculations is carried out
with a mantle that has a viscosity of 2.0 X 102! Pa
s overlain by a low-viscosity asthenosphere. Mod-
els with an asthenosphere thinner than 250 km
give significantly higher uplift rates in the periph-
ery than is observed (Fig. 5A). However, for
models with a very thick low-viscosity astheno-
sphere (or, rather, an upper mantle with a lower
viscosity) the long-wavelength components decay
fast enough to reduce the peripheral uplift rate.
This suggests that a model with a lower mantle

Lower mantle 2.0 x 10°" Pa s /
1 asth. 75km :

Deviation (mmiyr)

—— upper manila 0.5 (model 15)
= upper mantle 0.7 (model 16)
— — upper manile 1.0 {modal 17)

[ 00 600 800 1200 1500
Distance (km)

Fig. 5. Deviations between observed and theoretical present rate of uplift on a profile across Fennoscandia (for location, see Fig.
2). (A) Models with mantle viscosity of 2.0 % 10%! Pa s, and changing asthenospheric thickness (models 12-14, Table 2). (B) Models
with lower mantle viscosity of 2.0 X 102! Pa s, a 75 km low-viscosity asthenosphere and changing upper mantle viscosity (models
15-17). (C) Models with lower mantle viscosity of 5.0 X 10*' Pa s, and changing upper mantle viscosity (models 18-20). The shaded
area represents the assumed error of the observed present rate of uplift (0.5 mm / yr).
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Table 2
Rheological models
Lower mantle| Upper mantle Asthenosphere Lithosphere
Model viscosity viscosity thickness viscosity | Flexural rigidity

B 102! Pa s 1021 Pa s km 1019 Pa s 1023 Nm
1 0.54 0.54 -- -- 1.0

2 0.8 0.8 75 2.0 1.0

3 0.8 0.8 250 24.0 1.0

4 1.0 1.0 75 1.4 1.0

5 1.0 1.0 150 7.0 1.0

6 1.0 1.0 250 175 1.0

7 1.0 1.0 500 38.0 1.0

8 1.0 1.0 75 1.4 0.1

9 1.0 1.0 79 2.0 100.0
10 1.0 1.0 75 10.0 500.0
11 1.0 1.0 250 40.0 250.0
12 2.0 2.0 75 0.65 1.0
13 2.0 2.0 250 11.0 1.0
14 2.0 2.0 500 29.0 1.0
15 2.0 0.5 75 2.8 1.0
16 2.0 0.7 78 1.45 1.0
17 2.0 1.0 75 0.96 1.0
18 5.0 0.33 -- - 1.0
19 5.0 0.5 75 1.7 1.0
20 5.0 0.7 75 0.93 1.0

(below 670 km) viscosity of 2.0 X 10?' Pa s over-
lain by an upper mantle of significantly lower
viscosity could also fit the observations, if we
introduce a low-viscosity asthenosphere that could
remove the short-wavelength deviations in central
parts of the profile.

Introducing a thin low-viscosity asthenosphere
into models with a lower mantle viscosity of 2.0 x
10" Pa s gives a good fit if the upper mantle has
a viscosity close to 0.7 X 10?' Pa s. The fit is as
good as for a lower mantle viscosity of 1.0 x 10?'
Pa s (model 4). An upper mantle with 0.5 x 102"
Pa s or 1.0 X 10?' Pa s gives a significantly worse
fit to the observations (Fig. 5B).

Lower mantle with a viscosity above 2.0 % 107!
Pa s: Models with a lower mantle with a viscosity

higher than 2.0 X 10*' Pa s give uplift rates in the
peripheral areas that are too high (Fig. 5C). These
high peripheral uplift rates cannot be reduced by
increasing the flexural rigidity, as shown above,
because such increases actually lead to higher
uplift rates in the peripheral areas. It is difficult
to imagine a lower flexural rigidity in the coastal
areas of Norway, and even if such low flexural
rigidity did hold sway, the effect on the present
uplift rates would be minor (cf. models 4 and 8 in
Fig. 4C).

No low-viscosity asthenosphere: Two recent in-
vestigations have, however, explained the Fenno-
scandian uplift without introducing a low-viscos-
ity asthenosphere. One of them [7], based on
global data, has a lower mantle with a viscosity of
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2.0 X 10%" Pa s that is overlain by an upper man-
tle with a viscosity of 1.0 X 10%' Pa s. However,
application of the above glaciation history to this
model gives a central uplift of more than 19
mm /yr. This can be reduced to 10 mm/yr by a
considerable increase in the flexural rigidity (1.5
X 10* N m, ¢, =275 km). It appears from the
above results that the peripheral uplift rates for
such a flexural rigidity value will be much too
high [cf. 11]. An alternative to this high flexural
rigidity is a reduction in the ice thickness. Theo-
retically this could also give a central uplift rate
of 10 mm /yr. However, as will be shown later, a
thinner ice will increase the misfit between the
observed and theoretical palaeoshoreline tilting
in western Norway. Peltier's model, which is based
on an attempt to reconcile a global database,
does not fit with the observations for Fennoscan-
dia, and must be refined to include a low-viscosity
asthenosphere, at least for this area.

The other model [8,9], based on data from
northwest Europe, has an upper mantle viscosity
of 3-5 x 10*” Pa s and a lower mantle viscosity of
2-7x 10" Pa s. Modelling the present rate of
uplift with the above glaciation history and a
lower mantle viscosity of 2 X 10%' Pa s, for exam-
ple, requires an upper mantle viscosity close to
3% 10°" Pa s to match the observed maximum
rate of uplift. This model gives an uplift pattern
across the profile similar to that of model 14
(Table 2 and Fig. 5A), which shows large devia-
tions from the observations. Similar discrepancies
are found for a lower mantle viscosity spanning
from 2 to 7 % 10*' Pas.

In general, models with a lower mantle viscos-
ity of 2.0 x 10*' Pa s or higher, without a low-
viscosity asthenosphere, are not viable options.
The reason is that the short-wavelength compo-
nents decay too slowly, giving significant devia-
tions in central parts of the uplift dome.

Conclusions based on the present rate of uplift
are as follows:

(1) The lower mantle has a viscosity 1.0 x 102
Pa s and not significantly more than 2.0 x
10°'Pa s.

(2) The upper mantle viscosity is between 0.7 and
1.0 x 10" Pas.

(3) The present rate of uplift in Fennoscandia is

impossible to explain without introducing a
low-viscosity asthenosphere. For models with
mantle viscosity of 1.0 X 102'-2.0 x 10*' Pa s
any low-viscosity asthenospheric thickness be-
tween 25 and 150 km gives uplift patterns
with a good fit to the observations, if the
flexural rigidity is between 1.0 and 500.0 X
10> N m (24 < t, < 190 km; Fig. 6A). Models
with asthenospheric thickness above 150 km
give a significant deviation from the observed
present rate of uplift (Fig. 6B).

7. Tilting of palaeoshorelines

The post-glacial sea level changes in Fenno-
scandia have been mapped with shoreline dia-
grams, which show the displacement and tilting of
the palacoshorelines. Four sites along the coast
of Norway with observed palaecoshoreline tilting
have been selected for the present investigation.
These are Bergen, Tregndelag, Altafjord and
Varangerfjord (Fig. 2).

The accuracy of the shore level displacement
data, on which the gradient curves are based,
varies because different determination methods
have been used. The curves from southern Nor-
way have the highest accuracy, because they are
based on dated cores from dammed lakes of
different heights. The uncertainties could have
three different sources [24]: (1) determination of
the isolation contact, (2) determination of the
threshold height, and (3) dating of the sediments.
The uncertainty range for (1) is 1-2 ¢cm and for
(2) is less than 1 m. The most crucial point is the
dating of the sediments. The uncertainty in radio-
carbon dating is generally less than 200-300 yr
[24]. The total uncertainty in the determination of
the late-glacial gradients for Trgndelag and
Bergen is thus probably less than 0.1 m/km.

Another uncertainty is, as mentioned above,
the interpretation of the uplift curves. Significant
parts of the tilts could, theoretically, be caused by
neotectonism. There are post-glacial sea level ob-
servations from western Norway that clearly indi-
cate tectonic movements [16]. However, it is as-
sumed here that the tectonic influence on the
curves used in this paper is of minor importance.
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The calculations of the tilting history for our
four sites (Fig. 7) have been carried out with the
different mantle and lithosphere models given in
Table 2 (models 4-6. 8, 9, 11, 14 and 19). The
geoid change caused by uplift is not considered

Fig. 6. Theoretical present rate of uplift (mm/yr). (A) 1.0
10" Pa s mantle with a 75 km thick esthenosphere. (B)
1.0x10%" Pa s mantle with a 250 km thick asthenosphere
(note the uneven uplift contour spacing in southern Sweden).
Note also that the 1 mm/yr contour (the heavy solid line)
corresponds to the zero contour of the observed apparent rate
of uplift (Fig. 2).

here, because the influence on the calculated tilts
is insignificant [25], at less than 5 cm /km [26].

The main results are as follows:

The gradient curves at the more peripheral
locations (Altafjord and Varangerfjord, Figs. 7C
and D) give a reasonably good fit with the obser-
vations assuming a thin (75 km) low-viscosity as-
thenosphere and a low flexural rigidity (1.0 x 10>
N m, 1, =24 km). However, the same is the case
for models with a thicker (250 km) asthenosphere
combined with a higher flexural rigidity (250 x
10 N m, 7, = 150 km). (Note that the modelling
assumes an ice-free Barents Sea. The influence of
a Barents Sea ice on these gradient curves de-
pends on the ice thickness and the timing of the
deglaciation, but in general it will tend to reduce
the gradients at these locations, and in the
Varangerfjord area in particular.) Despite this,
models with a very thick asthenosphere (models 6
and 14) seem to be unrealistic, because they give
palaecoshoreline tilts that are close to double the
observed values (Altafjord).

The western Norway gradients (Bergen and
Trondelag, Figs. 7A and B) are clearly more
sensitive to asthenospheric thickness and litho-
sphere rigidity than the northern Norway data.
Models with an asthenosphere thicker than 250
km give gradients in late-glacial time that are too
low, and too slow a gradient decay as a function
of time. Models with flexural rigidity greater than
100 X 10% N m are also not in accordance with
the observations, giving similar low gradients in
late-glacial time. To obtain higher late-glacial
gradients a thin asthenosphere combined with a
low flexural rigidity is required. A model with a
mantle that has a viscosity of 1.0 x 102" Pa s
overlain by a 75 km low-viscosity asthenosphere
with a flexural rigidity of 1.0 X 10¥® Nm gives
late-glacial gradients that are slightly higher than
those observed. These gradients could, however,
be reduced by a minor increase in the flexural
rigidity or in the asthenospheric thickness.

The models consistent with the tilting observa-
tions have a low-viscosity asthenosphere overlying
an upper mantle with a viscosity of 0.5-1.0 % 102!
Pa s. Any asthenospheric thickness between 25
and 100 km (with a viscosity between 0.06 and
2.7 x 10" Pa s) fit equally well with the observed
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Fig. 7. Theoretical vs. observed shoreline tilting for (A) Bergen [28], (B) Trendelag [24], (C) Altafjord [29.30] and (D) the
Varangerfjord area (low gradient at ca. 12000 yr BP from [31], high gradient from [32]). Locations are shown in Fig. 2. Theoretical

models are 4-6, 8, 9, 11, 14 and 19 (Table 2).

tilting histories. An asthenospheric thickness of
more than 150 km (viscosity of 7.0 X 10" Pa s)
introduces deviations from the observations.

Models without a low-viscosity asthenosphere,
as proposed by Peltier [7] and Lambeck [8,9], will
give gradients that are more or less similar to
model 14 (Table 2, a lower mantle of 2.0 x 102!
Pa s and a 500 km thick asthenosphere). It is
clearly shown that this model is not a viable
option, because it cannot produce the observed
shoreline gradients. The palaeoshoreline gradi-
ents for model 14 are too high for sites farthest
from the centre of the ice (northern Norway)
(Figs. 7C and D) and too low tilts for sites closer
to the centre of the ice (western Norway) (Figs.
7A and B), demonstrating that the misfit cannot
be reduced by modification of the ice thickness.
A thinner ice will give increased misfit between
the observed and theoretical palacoshoreline tilt-
ing in western Norway.

8. Conclusion

Models consistent with the observed present
rate of uplift and palaeoshorelines in Fennoscan-
dia strongly suggest that the earth’s mantle has a
low-viscosity asthenosphere. Published mantle
models without a low-viscosity asthenosphere are
unable to explain the uplift pattern. Models with
a lower mantle viscosity of 1.0-2.0 x 10! Pa s,
and an upper mantle viscosity of 0.7-1.0 x 102!
Pa s overlain by a low-viscosity asthenosphere
with a thickness ranging from 25 to 100 km, fit
equally well with the observations. An astheno-
spheric thickness of 150 km gives significant devi-
ations from the observations, strongly suggesting
that the asthenosphere is in fact less than 150 km
thick, with a viscosity of less than 7.0 X 10" Pa s.
The modelling is carried out with an ice model
with maximum ice thickness. A minor reduction
in the ice thickness gives a minor increase in the
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modelled mantle viscosity. A significant reduction
in the ice thickness seems to be out of the ques-
tion because it gives an increased misfit between
the observed and theoretical palacoshoreline tilt-
ing.
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