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Abstract

Glacial isostatic adjustment data are commonly used to invert for the radial viscosity structure of the mantle.
However, the effects of lateral variations in mantle viscosity in such inversions are not yet accounted for. Here we
analysed synthetic sea-level data for the Fennoscandian region, which are derived from a three-dimensional (3D) earth
model with realistic lateral and vertical viscosity variations deduced from seismological and geological information.
The inversion of the 3D synthetic data for a best-fitting 1D viscosity profile reveals that (i) lateral lithospheric
thickness variations can be detected with 1D model predictions, if the data are grouped into regional subsets,
(i1) combined lateral variations in lithospheric thickness and asthenospheric viscosity are not properly resolved with
1D model predictions, and (iii) the spatial and temporal distribution of observational data strongly affects the
resulting 1D viscosity profile. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The glacial isostatic adjustment of the Earth as
a result of mass redistributions during the ice-age
cycles is successfully modelled within the frame-
work of global glacial isostatic adjustment theory
[1-4]. However, while the complex three-dimen-
sional (3D) variation of the combined ice and
water load is fully taken into account [5-7], the
properties of the Earth’s crust and mantle are
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assumed to vary in the radial direction only.
This latter assumption, which simplifies the mod-
elling procedure significantly, ignores the complex
3D structure of the Earth’s interior as seen by
seismic tomographical imaging [8-10].

Several studies have been carried out in the past
to infer the effects of lateral variations in mantle
properties on observations related to the glacial
isostatic adjustment process. While most of these
studies, based on simple axisymmetrical ice load
histories, were intended to assess the effects of
some 3D variations in the Earth’s mantle in gen-
eral [11-17] studies on more realistic, fully 3D ice
and earth models are rare [18-21].

Our own results from solving the forward prob-
lem of glacial isostatic adjustment on a 3D earth
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[13,15,18,20] suggest that lateral variations in
lithospheric thickness alone result in modelling
differences for relative sea-levels (RSLs) around
ARSL~10 m, when compared to radially sym-
metric earth model predictions. We have derived
a least-squares ()?) misfit between model predic-
tions and observational data, and the reduction in
x2-misfit for RSL data is good (3> <1). The best
model found reflects the average lithospheric
thickness, and lateral lithospheric variation can
be detected with 1D models.

When both lateral variations in lithospheric
thickness and asthenospheric viscosity are taken
into account, modelling differences for RSLs are
around ARSL ~20 m in the peripheral areas and
ARSL ~ 100 m in the central areas. However, the
reduction in y2-misfit is less good (3> =2), and the
best-fitting 1D model results in wrong lithospheric
thickness and asthenospheric viscosity values.
Hence, the correct asthenospheric viscosity varia-
tion cannot be detected with 1D models.

In [17], a 2D earth model with a thick conti-
nental root underneath a parabolic ice sheet of
the size of the Fennoscandian Ice Sheet and a
thinner lithosphere outside the glaciated area
with an underlying low-viscosity asthenosphere
has been used to generate synthetic sea-level
data. The authors then inverted the synthetic
data for the best-fitting 1D viscosity profile, but
the low-viscosity asthenosphere was not recovered
with the best 1D viscosity models.

In this paper, we extend our previous results by
following a different approach: as in [17], we for-
mulate the inverse problem by calculating syn-
thetic sea-level data from a 3D earth model for
Fennoscandia, whose vertical and lateral viscosity
distribution is derived from seismological and
geological information. We then analyse the re-
sponse of 1D earth models based on vertical vis-
cosity variations only by comparing the 1D re-
sponse to the 3D synthetic data. We use realistic
RSL data from the Fennoscandian region, with
their irregular distribution of sea-level sites, sam-
pling times, and observational uncertainties, and
replace the observed sea-level data by our syn-
thetic 3D earth model predictions. This approach
enables us to study the limiting resolution of a
real data set on the inverse inferences of the 1D

mantle viscosity profiles. The advantage of this
approach is to gain valuable insight into uncer-
tainties in modelling, if the 3D nature of the earth
is neglected. We also investigate the effect of spa-
tial and temporal distribution of observational
data on the resulting viscosity structure.

2. Models
2.1. Earth models

A layered, isotropic, compressible, Maxwell-vis-
coelastic half-space with a constant gravitational
attraction of g=9.81 m s 2 is used to model the
glacially induced perturbations of the solid Earth
in the Fennoscandian region. As shown earlier
[22,23], the flat-earth approximation is adequate
to describe the glacial isostatic adjustment for an
ice model of the size of the former Late Pleisto-
cene ice cover over Fennoscandia. We solve the
Boussinesq problem for a layered, viscoelastic
half-space using the commercial finite-element
package Abaqus, which has been modified to in-
clude pre-stress advection in order to allow the
deformed free surface to return to its initial equi-
librium via viscous flow [24,25]. Thus, the equa-
tion that describes the conservation of momentum
is given by:

Vio—pgVw =0 (1)

where o is the incremental stress tensor, p the
density, g the gravitational acceleration, and w is
the vertical displacement. The first term in Eq. 1,
the divergence of stress, describes the surface
force deforming the Earth. The second term arises
because the undisturbed Earth is assumed to be in
hydrostatic equilibrium, with the gravitational
forces balanced by the hydrostatic pre-stress.
This pre-stress is being advected along with the
material when the body deforms either elastically
or viscoelastically. Thus, the second term in Eq. 1
represents the gradient of the advected pre-stress,
pgw. The presence of this term is required in order
to provide the buoyancy force that is needed to
satisfy the boundary conditions in the fluid limit,
and without this term, there would be no viscous
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Fig. 1. Lateral variation underneath Fennoscandia in litho-
spheric thickness (in km, from [30]) and asthenospheric low-
viscosity zone (grey, from [29,30]) derived from seismological
observations.

gravitational relaxation [26,25]. Rigid boundary
conditions are applied to the bottom and sides,
which surround the area of interest with a margin
of 63500 km on each side. The validity of the
finite-element model to predict glacial isostatic ad-
justment has been shown previously [27].

Our earth models consist of an elastic litho-
sphere, a viscoelastic asthenosphere and an under-
lying viscoelastic mantle. Density, shear and bulk
modulus are volume-averaged values derived from
PREM [28]. In the radial direction, upper and
lower mantle viscosities are fixed to 3.6x10%
and 1.7X10? Pa s, respectively, which is in ac-
cordance with forward modelling results from [7]
for the Fennoscandian region. The elastic litho-
sphere has an infinite viscosity, but we have
checked the influence of a high, but finite viscosity
(down to 10** Pa s) on the model predictions, and
found no significant difference for the loading pe-
riods considered.

For the generation of synthetic data, we have
adopted two 3D reference models (Fig. 1): Model
L4 with lateral variations in lithospheric thickness
only. The lithospheric thickness increases from 90
km in the North Sea and North Atlantic region to

170 km underneath central Fennoscandia. The
average thickness of the entire area is 104 km,
while the average thickness underneath the central
and peripheral areas is 152 and 92 km, respec-
tively. Model L5 has lateral variations both in
lithospheric thickness and asthenospheric viscos-
ity. The lithospheric thickness variation is as in
model L4, and a 100 km thick low-viscosity as-
thenosphere with 10'® Pa s is present outside the
Baltic Shield (mainly oceanic areas), but absent
underneath the cratonic area. The lateral varia-
tions are based on seismological evidence
[29,30], and are supported by more recent esti-
mates from p- and s-wave tomography [31] and
from thermal lithosphere modeling [32]. More de-
tails can be found in [20]. Lateral variations deep-
er in the mantle are not considered in this paper.
There are two reasons for this choice: firstly, little
reliable evidence for lateral variations in the low-
ermost upper mantle and the lower mantle is
present, except for large-scale variations from
global tomography. Secondly, we have shown
previously [19] that lateral viscosity variations in
the lower mantle have little effect on the predic-
tion of RSL variations in Fennoscandia.

In Fig. 2, two typical radial viscosity profiles
for each of the 3D reference models are redrawn.
For model L4, only the lithospheric thickness
changed from 170 km underneath the continental
areas (thick lines) to 90 km underneath the ocean-
ic areas (thin lines). For model L5, an additional
pronounced low-viscosity asthenosphere is present
underneath the oceanic area (grey area). We then
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Fig. 2. Typical radial viscosity profiles for the assumed later-
al variations for oceanic areas (thin lines) and continental
areas (thick lines) for reference earth models L4 and LS. The
dotted lines indicate the 670 km seismic discontinuity.
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Fig. 3. Ice model FBK8 over Fennoscandia at four different
epochs. Contours are drawn every 500 m.

compared the synthetic data generated with the
3D reference models to model predictions based
on 1D model, which have two free parameters,
the lithospheric thickness and the asthenospheric
viscosity. For these 1D models, earth properties
vary in the radial direction only.

2.2. Ice model

The ice load model FBKS (Fig. 3) used in this
approach has been derived by [7] from forward
modelling predictions of RSL change in Northern
Europe. The ice model encompasses two glacial
cycles and reached its maximum extent at the
last glacial maximum (LGM) at around 22 ka
BP. The deglaciation history throughout the
Late Pleistocene is based on ice retreat isochrons
from [33,34]. Deglaciation ended around 9 ka BP.
Lambeck et al. [7] inferred the ice thickness by a
least-squares fit of the RSL observations, and the
resulting model is characterised by a relatively
modest maximum ice height of around 1800 m
at the LGM. The ice model of [7] has been modi-
fied to match the coarser finite-element grid,
which has 225 four-node bilinear elements on
the surface with dimensions of 200 km over the
area of interest. In the finite-element implementa-

tion, the ice volume is 3.3 X 10° km?3, correspond-
ing to 9.6 m of eustatic sea-level rise.

2.3. RSL data

For the comparison of different model predic-
tions, we define a set of RSL locations in the
Fennoscandian region. The site locations are tak-
en from a database used in [35], and contain 40
RSL sites (567 Paleo-coastlines). Fig. 4 shows the
irregular distribution of available sea-level data.
We define two regions of interest, a central area
around the Bothnian Bay, encircled by the solid
line in Fig. 4, and a peripheral area as the rest of
the model domain. The central area holds seven
RSL locations (176 Paleo-coastlines), the periph-
eral area holds 33 RSL locations (391 Paleo-
coastlines), mainly along the westward (coastal)
site of Fennoscandia. At each site, we sample
the synthetic sea-level data o; at the original ob-
servation times #; given in the database. We then
assign the original observational uncertainty Ao;
to each synthetic sea-level datum o;. Typical val-
ues of the observational uncertainty range from
Ao;=2 m for times younger than 4000 years to
Ao;=10-15 m for times older than 10000 years.

30

Fig. 4. Location map of Fennoscandia, with 40 RSL sites
marked as dots. The area enclosed by the rectangle is defined
as central area, the area outside as peripheral area.
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Table 1
Parameters of the best-fitting 1D earth models, with / the lithospheric thickness, 1 the asthenospheric viscosity, and RMS,,, the
square root of the misfit

L4 LS L4a L5a L4b L5b
All h (km) 110 100 110 40 130 80
n (Pa s) 3.6X10%  3.6x10*°  3.6x10°  3.6Xx10®  3.6x10*°  3.6x10%
RMS,, 0.75 2.17 1.26 2.60 0.71 2.09
Central h (km) 130 130 150 90 130 60
n (Pa s) 3.6%x10% 3.6x10% 3.6x10% 3.6x10% 3.6x10% 3.6x10%
RMS,, 0.52 1.67 0.96 1.86 1.11 2.29
Peripheral h (km) 100 60 100 100 130 150
n (Pa s) 3.6X10%  3.6x10%°  3.6x10% 102 3.6x10%  3.6x10%
RMS,, 0.65 2.10 0.51 1.34 0.70 2.02

Synthetic 3D earth models are L4 and L5 (observational space and time distribution), L4a and L5a (gridded time distribution),

and L4b and L5b (gridded space and time distribution).

Hence, we only replace the sea-level data o; of the
original dataset by synthetic values, and both the
temporal and spatial data distribution and the
data uncertainties remain unchanged. With this
approach, we are able to simulate the resolving
power of a realistic sea-level data set for lateral
variations in mantle properties.

We predict RSL changes p; at the RSL sites for
various 1D models, and we compare the predic-
tions to our synthetic data using the square root
of the least-squares criterion:

with i=1, n the number of predictions, o; and Ao;
are the synthetic sea-level data based on the 3D
reference models and their uncertainties, and p;
are the predictions based on 1D models. The
best-fitting prediction p;* is characterised by a
minimum value for RMS,,. However, several
model predictions can satisfy the synthetic data
within the given observational uncertainties.
Hence, we evaluate a second statistical property:

3)

with p;* the best-fitting model prediction inferred
from Eq. 2. For RMS,,=1, model prediction p;
fits, on average, the synthetic data as well as the
best-fitting model prediction p;*.

3. Results

In this section, we invert the synthetic RSL
data generated for either 3D earth model L4 or
L5 for the best-fitting 1D earth model. As we are
interested in separating the effects of lateral litho-
spheric thickness variations and asthenospheric
viscosity variations, we discuss inversions for
both synthetic earth models L4 and L5 separately.
For all inversions, we assume that the ice model is
known, hence uncertainties in the ice load history
are not taken into account. Best-fitting 1D earth
models are summarized in Table 1.

3.1. Synthetic RSL data for model L4

In Fig. 5, the misfit criterion (Eq. 2) for syn-
thetic model L4 is mapped as a function of litho-
spheric thickness /2 and asthenospheric viscosity i
for a set of 1D model predictions. In Fig. 5a, all
RSL data for all times are considered for the mis-
fit. With RMS,, =0.75 (see Table 1), the mini-
mum misfit well explains the synthetic data and
is clearly defined in terms of a 1D model with
average values of 7=110 km and 7 =3.6x10%
Pa s. Within the observational data uncertainty
Ao;, similarly good predictions are achieved for
h€[70,160] km (the numbers in brackets are the
lower and upper bounds for an acceptable fit
based on RMS;;) and n narrowly constrained to
3.6x10%° Pa s. Hence, an interpretation with 1D
earth models infers the average lithospheric thick-
ness of the synthetic model L4 within the error
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bounds of the data, and also predicts the viscosity
in the asthenospheric layer. When we restrict the
RSL data to the last 8000 years (corresponding to
the postglacial period in Fennoscandia) as in Fig.
Sb, the inference of an average lithospheric thick-
ness becomes less bounded, but still with /=130
km and 7 =3.6x10%° Pa s the 1D earth model
yields a reasonable average.

We now examine the regional variability of the
best-fitting solution by subdividing the synthetic
data into the previously defined central and pe-
ripheral areas. In Fig. Sc, the misfit criterion for
RSL predictions of the central area is mapped. A
clear and  pronounced minimum  with
RMS,, =0.52 is found for #=130 km (ranges
within [80,170] km) and 7=3.6x10* Pa s.
Hence, RSL data from the central area tend to
favour a thicker lithosphere, as the sites are lo-
cated above the thick part of the craton. The RSL
data from the peripheral area (Fig. 5d) favour a
thinner lithosphere with 2= 100 km (ranges within
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Fig. 5. Map of the square root of the least-squares misfit
RMS,, as a function of asthenospheric viscosity and litho-
spheric thickness for reference model L4 and different data
subsets: (a) all RSL sites and all times, (b) all RSL sites and
times from 8000 years on, (c) central RSL sites and all times,
and (d) peripheral RSL sites and all times. The thick black
lines encompass models that fit the data as well as the best-
fitting model within the observational uncertainties

(RMSyp=1).
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Fig. 6. As Fig. 5, but for reference model L5.

[60,150] km) and 77 =3.6x 10%° Pa s, with a mini-
mum misfit of RMS,, =0.65.

3.2. Synthetic RSL data for model L5

We now use the synthetic model LS, which in-
cludes lateral variations in lithospheric thickness
and asthenospheric viscosity. In Fig. 6, misfits be-
tween model predictions and synthetic data are
mapped. If we invert all RSL data for the 1D
model predictions (Fig. 6a), we obtain a best so-
lution for 72=100 km (ranges are [60,150] km) and
7 =3.6x10" Pa s. However, the best misfit is
only RMS,, =2.17 (see Table 1), hence the 1D
models cannot explain the synthetic data satisfac-
torily. We note that the misfit map gives no in-
dication of the low-viscosity asthenosphere, ex-
cept the poor misfit value. When we invert only
for the central RSL data (Fig. 6c), the best misfit
is RMS,, =1.67 and the lithospheric thickness is
slightly underestimated with 72=130 km (ranges
within [80,170] km), while we find no pronounced
asthenosphere underneath the central area. Using
only the peripheral RSL data (Fig. 6d), our best
inference results in a rather poor misfit of
RMS,,=2.10 and a lithospheric thickness of
h=60 km (ranges within [30,100] km), but the
best inversion indicates no lower than average
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Fig. 7. As Fig. 5, but for reference model L4a and RSL data
with time sampled at regular intervals, and a common data
uncertainty of Ao; =5 m.

viscosity in the asthenosphere, (77 =3.6x10% Pa
s). Again, the poor reduction in misfit might be a
clue for the low-viscosity asthenosphere, together
with the wider spacing of the misfit contours.
Hence, for the best prediction the model does
not indicate a low-viscosity asthenosphere, but it
reduces the apparent lithospheric thickness in the
peripheral area. We can interpret this behaviour
as hiding the low-viscosity asthenosphere in a
lithosphere, whose lower part is not elastic, but
viscoelastic.

3.3. Synthetic RSL data with gridded times for
model L4a

We now sample the RSL data in 1000 year time
intervals from the LGM to the present, and we
assign a common sea-level observational uncer-
tainty of Ao; =5 m. With this scenario, we simu-
late a data set of much better quality, reflected in
more sampling points and a lower uncertainty ex-
pecially for older data. Inverting for the 3D earth
model L4a and using all RSL data (Fig. 7a), the
best model achieves a misfit of RMS,, =1.26, and
average values of 27=110 km and 7 =3.6x10%
Pa s, respectively, which is similar to Fig. 5a.
However, the lithospheric thickness uncertainty

is significantly reduced to [90,130] km, and the
average lithospheric thickness matches the true
value for the entire model domain. Restricting
the RSL data to the postglacial period (Fig. 7b),
we are unable to bound the lithospheric thickness
within the interval searched. For the central RSL
data (Fig. 7c), we find /72=150 km and
17 =3.6x10% Pa s, and a misfit value of 0.96.
Again, the uncertainties for / are reduced to
[140,160] km, the best lithospheric thickness esti-
mate is close to the true value for the central area.
The peripheral RSL data favour a lithospheric
thickness of =100 km, with tight bounds around
[80,120] km, and a misfit value of RMS,, =0.51.

3.4. Synthetic RSL data with gridded times for
model L5a

More interesting is the case of the inversion for
synthetic 3D earth model L5a and the RSL data
with regular time sampling. Here, the presence of
the low-viscosity asthenosphere significantly
modifies the inversion. Using the entire RSL
data set (Fig. 8a), a poor misfit reduction of
RMS,, =2.60 is achieved, with a broader mini-
mum misfit. The favoured 1D earth model
wrongly predicts a small lithospheric thickness
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Fig. 8. As Fig. 5, but for reference model L5a and RSL data
with time sampled at regular intervals, and a common data
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Fig. 9. As Fig. 5, but for reference model L4b and RSL data
with locations and time sampled at regular intervals, and a
common data uncertainty of Ao; =5 m.

of #=40 km, while the broad minimum misfit can
be taken as a sign for the low-viscosity astheno-
sphere. Again, restricting the RSL data to post-
glacial times results in an unbounded value for the
lithospheric thickness (Fig. 8b). The central RSL
data (Fig. 8c) wrongly favour a thin lithosphere
(=90 km) and no low-viscosity asthenosphere,
but again with RMS,, =1.86 the minimum misfit
is rather poor. However, using the peripheral RSL
data (Fig. 8d), the inversion for the first time
picks up a signal from the low-viscosity astheno-
sphere, favouring values of h=100 km for the
lithospheric thickness and 7 =10%° Pa s for the
asthenospheric viscosity. With RMS,, =1.34 the
misfit reduction is better than in Fig. 6d. Hence,
for the peripheral data the better sampling of the
sea-level data, together with tighter constraints on
the observational uncertainty of older data, im-
proves the inversion result.

3.5. Synthetic RSL data with gridded locations and
times for model L4b

We now investigate the dependence of the in-
verse inferences on the spatial sampling of data
sites. Instead of using real RSL data sites with
their irregular distribution as in the previous sec-

tion, we sample RSL data over the region of in-
terest on a regular grid with a spacing of 100 km,
and use the 1000 year time intervals as defined
before. Hence, the eastern part of the Baltic
Shield (Finland, Russia) is as well sampled as
the western coastal part of Fennoscandia, and
the central area has more sampling points than
in Sections 3.1-3.4.

For this choice of grid data and 3D reference
model L4b, misfit maps are shown in Fig. 9. Us-
ing all grid data and all times (Fig. 9a), the best
misfit with RMS,,=0.71 is found for a litho-
spheric thickness of 7=130 km (ranges within
[90,160] km) and a well constrained asthenospher-
ic viscosity of 77 =3.6x10% Pa s. The range for
the lithospheric thickness is similar to the example
with real RSL data (L4). Restricting the inversion
to postglacial times (Fig. 9b) again results in an
unbounded lithospheric thickness. The inversion
for grid data from the central area (Fig. 9c¢) is
similar to the result for real RSL data, with
RMS,,=1.11 and A=130 km (ranges within
[110,150] km). Differences appear for the grid
data from the peripheral area (Fig. 9d). As we
sample evenly above the oceanic and cratonic
parts, we find an average lithospheric thickness
of 7=130 km (ranges within [100,160] km), which
reflects the high sampling density over the thicker,
eastern part of the craton. By choosing many grid
points further away from the former ice load, we
can reduce the misfit to a good fit, RMS,, =0.70.

3.6. Synthetic RSL data with gridded locations and
times for model L5b

Performing the analysis with gridded data for
3D reference model L5b, and using all grid data
and all times (Fig. 10a), the average lithospheric
thickness is again not recovered (/=80 km, rang-
ing within [50,110] km). The presence of a low-
viscosity asthenosphere is visible in the wider con-
tour lines of the grid data inversion. In the central
grid data (Fig. 10c), lithospheric thickness is too
low with 7=60 km (ranges within [40,80] km), a
hint that the inversion again hides the low-viscos-
ity asthenosphere in a thinner elastic lithosphere.
The peripheral grid data with their even sampling
again recover a thick lithosphere with /77=160 km
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Fig. 10. As Fig. 5, but for reference model L5b and RSL
data with locations and time sampled at regular intervals,
and a common data uncertainty of Ao; =5 m.

(ranges within [120,180] km), but the minimum
misfit also reveals a low-viscosity asthenosphere
with values around n=10% Pa s.

4. Discussion

We have inverted synthetic RSL data generated
with a 3D earth model for the Fennoscandian
region for the best 1D radial viscosity profile.

Our results suggest that the choice of sea-level
sites is a controlling parameter for the inversion.
As real sea-level data are focused around the
coastal margins, the inversion of these data will
reveal information on mantle rheology mainly
sensitive to these sampling regions. Lateral varia-
tions in mantle properties can only be found,
when we group the sea-level data into subregions,
which might be based on information from seis-
mology or geology.

If the lateral variations would be restricted to
changes in lithospheric thickness, they could in
principle be detected with 1D earth models. How-
ever, as lateral changes in lithospheric thickness
are likely to be accompanied by lateral viscosity
variations, e.g. low-viscosity asthenospheric re-
gions underneath oceanic regions, 1D earth mod-

els fail to correctly predict absolute values for
lithospheric thickness and asthenospheric viscos-
ities. This result is in agreement with our previous
modelling of the forward problem [13,15,18,20].

The failure to pick up the signal from a low-
viscosity asthenosphere is mainly attributable to
the fact that in Fennoscandia sea-level data in
the vicinity of the low-viscosity zone are periph-
eral sea-level sites, whose amplitude is small (e.g.
tens of metres), when compared to the central sea-
level data (e.g. hundreds of metres). Hence, the
observational uncertainties of peripheral sea-level
data, which are in the order of the data itself for
late-glacial times, prevent a proper resolution of
mantle viscosity along the coastal areas. We have
shown that only significantly improved observa-
tions of sea-level change in the peripheral area
would be able to resolve the low-viscosity asthe-
nosphere, but even then the inversion will only be
qualitative.
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