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S U M M A R Y
Recent studies show that power-law rheology with stress exponent n = 3 in the lower mantle
or in a thin zone just beneath the lithosphere are consistent with the sea level observations in
and around Laurentia. In this study, the stress exponent n is varied from 2 to 4, and for each
value of n, a range of creep parameter A∗ is searched to find the earth model that gives the
best fit to the sea level observations in and around Laurentia. The effects of stress exponent
on other geophysical observables—namely present day uplift rate, horizontal velocity, free-air
gravity and the rate of change in gravity are also studied. The model used to calculate the
postglacial readjustment of the Earth is a 3-D finite element model that includes realistic ice
histories and eustatic water loads on stratified incompressible viscoelastic Maxwell flat-earths.
Three types of earth rheology models are considered—the first one has nonlinear rheology
throughout the mantle and the second has a nonlinear zone at the top of the mantle below the
elastic lithosphere and a linear mantle. The third one has nonlinear rheology restricted to lie in
the lower mantle. It is found that the models with nonlinear rheology in the lower mantle give
better fits to the sea level data in and around Laurentia than the first two types. However, sea
level data, when taken as a whole, cannot clearly discriminate between the stress exponents 2,
3 or 4. Present day uplift rate, horizontal velocity and rate of gravity change however may be
useful in further discriminating mantle rheology.

Key words: gravity, horizontal velocity, mantle rheology, postglacial rebound, sea level, uplift
rate.

1 I N T R O D U C T I O N

The dynamics of the Earth are strongly influenced by mantle rheol-
ogy. For example, flow in the mantle becomes more localized as the
value of the stress exponent in the flow law increases (e.g. Yuen &
Schubert 1976). In general, the flow law is linear at low stress levels
or small grain size. On the other hand, at high stress levels or large
grain size, power-law dominates. However, the transition stress con-
ditions between the different creep mechanisms are uncertain by an
order of magnitude (Ranalli 1998), therefore microphysics is unable
to tell definitively the value of the stress exponent in the mantle flow
law.

Our approach is to infer mantle rheology from geophysical obser-
vations such as postglacial sea levels, present-day uplift rate, hori-
zontal velocity and the rate of change in gravity around Laurentia.
However, the calculation of these geophysical observable in a non-
linear medium is not simple. First, the conventional spectral method
cannot be used to calculate Earth deformations (e.g. Peltier 1998)
or sea levels (e.g. Mitrovica & Peltier 1991) because the principle of
superposition does not apply when the problem is nonlinear. Second,
analytical solutions do not exist for this problem. To make progress,
simplifying assumptions were introduced in earlier work (Post &

Griggs 1973; Brennen 1974; Crough 1977; Yokokura & Saito 1978;
Nakada 1983). However, as pointed out by Wu (1992), some of these
assumptions are invalid while others are too restrictive. Following
Wu (1992) and Gasperini et al. (1992), the Finite Element (FE)
method is used to calculate the Earth’s response to surface ice/water
loading since none of the simplifying assumptions has to be made
and the solution is much more rigourous. Furthermore a number
of commercial finite element packages have become available for
such computation. However, two problems must be solved before
commercial FE packages can be used—this is because commercial
packages are generally designed for engineering purposes and the
important effects of pre-stress advection (i.e. buoyancy) and self-
gravitation are not included. The inclusion of these effects in the
FE code is not straightforward. Wrinkler foundations can simulate
the former—but the meaning of the stress field has to be reinter-
preted. The inclusion of self-gravitation in a spherical FE model is
more difficult (Giunchi & Spada 2000) and the problem has only
been solved very recently (Wu, in preparation). However, the in-
clusion of self-gravitation and sphericity in the FE method is much
more computational intensive if one wants to achieve high spatial
resolution (<500 km). Fortunately, Wu & Johnston (1998) showed
that relative displacements computed with the FE method on a 3-D
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incompressible non-self-gravitating flat earth, do give excellent ap-
proximations to relative sea levels computed with the sea level equa-
tion in a spherical self-gravitating incompressible earth—provided
that the sea level sites do not lie too far from the centre of rebound
and the age of the sea level data is within the last 8 ka. Since the flat
earth model is computationally more efficient, we will continue to
use it for this study.

An added complication in the study of postglacial re-adjustment
with nonlinear rheology is due to the dependence of the effective
viscosity on stress (see eq. (3) below). The state of stress has two con-
tributions: ambient tectonic stress (e.g. due to mantle convection)
and load induced stress (e.g. from ice and water loads). Unfortu-
nately, neither the tectonic stress nor the ice/water load history is
well determined at the present so that the effective viscosity is not
a predetermined quantity in the equation of motion. The problem
may be less severe because the strain magnitude due to postglacial
rebound is orders of magnitude smaller than that due to tectonics—
thus there may be no interaction between rebound stress and tectonic
stress (Karato 1998). This is the assumption taken in this paper and
the advantage is that we no longer need to consider the influence
of ambient stress. (Wu 2001, has investigated the effect of tectonic
stress on postglacial readjustment in a uniform mantle with power-
law rheology.) However, the coupling of ice/water load with Earth
rheology means that one can no longer determine mantle rheology
independent from the ice load history. (The water load history can
be determined when both the ice history and Earth rheology are
given.) To infer mantle rheology from geophysical observations,
one needs to search iteratively for the rheology-ice model combi-
nation that gives the best fit to all geophysical observables related
to postglacial readjustment by assuming in turn either the ice his-
tory or the rheological model as perfect inputs. The problem is that
the result of such a search may depend on the starting rheology-ice
model combination and the search may only lead to a local solution
instead of the global solution.

Despite the difficulties mentioned above, a number of papers have
worked towards the goal of understanding the influence of nonlinear
rheology on postglacial readjustment. As reviewed by Wu (1998), re-
sults of earlier studies with simple loading history show that uniform
mantles with nonlinear rheology cannot explain the sea level data
immediately outside the Laurentian ice margin (e.g. near Boston).
This is because the stress in a nonlinear uniform mantle induces a
‘low viscosity channel’ that terminates outside the load—as a con-
sequence, the peripheral bulge in a nonlinear uniform mantle do
not migrate but just collapse in place after deglaciation (Wu 1993,
1995). This behaviour is intermediate between that of deep flow,
where the peripheral bulge migrate inwards as it collapses, and that
of channel flow where the peripheral bulge migrates outwards. But
in order to explain the observed sea level data immediately out-
side the Laurentian ice margin, the peripheral bulge must migrate
inwards during its collapse, thus producing the observed land emer-
gence followed by submergence seen in the sea level record within
the ‘Relative Sea level Transition Zone’ (e.g. near Boston).

Combining microphysics, seismic anisotropy observations and
postglacial rebound modelling with simple ice histories, Karato &
Wu (1993) suggested that the top 300 km of the mantle may be
nonlinear but the flow law becomes linear below that depth. Such
an earth model has recently been shown by Wu (1999) to give better
fit to the sea level data in and around Laurentia than the model with
a linear 1021 Pa-s uniform mantle when realistic ice histories are
used.

A surprising result from Wu (1999) is that, the model with a
nonlinear lower mantle below a linear 1021 Pa-s upper mantle and

150 km thick elastic lithosphere, provided superior fits to the sea
level data in and around Laurentia than the nonlinear channel model
proposed by Karato & Wu (1993). This is contrary to the finding
of Karato & Li (1992) and Li et al. (1996) who proposed that the
lower mantle may be linear based on high temperature creep data of
some relevant rock material. Thus the results of Wu (1999) calls into
question the relevance of these data for creep in the lower mantle
when the strain rate is much larger than the geological strain rate.

In the investigation of Wu (1999), the stress exponent in the non-
linear lower mantle is taken to be 3 only and the sensitivity of the
sea level predictions to changes in the value of the creep parame-
ter A∗ has not been investigated. However, studies of the creep law
in olivine polycrystals and materials with perovskite structure (e.g.
Chopra & Paterson 1981; Wang et al. 1993) show that the stress
exponent may be closer to 4, and for grain-size sensitive creep, the
stress exponent is likely to be slightly less than 2 (Karato 1989).
Thus, the main purpose of this paper is to investigate the effects of
stress exponent on postglacial induced surface motion and gravity
to see if the observed data can discriminate the value of the stress
exponent n = 2, 3 or 4. The only linear rheology model considered is
a uniform 1021 Pa-s mantle, this will be our reference model. Other
linear rheology models will not be included because they have been
studied in many other works.

Wu (1999) only considered sea level data in his study but re-
cent investigations of the postglacial readjustment process include
observations in uplift rates, horizontal velocities, changes in the
geopotential field, the Earth’s rotational motion and fault instabil-
ity. Therefore it is desirable to have predictions for some of these
other observable, as they may provide extra constraints on mantle
rheology.

In summary, the purpose of the present paper is to: (1) study the
effects of stress exponent n on the postglacial induced surface mo-
tion and gravity. (2) For each value of n, the creep parameter A∗

is searched to find the value that best fits the sea level data around
Laurentia. (3) To extend the results of Wu (1999) to include predic-
tions of uplift rate, horizontal velocity, free air gravity anomaly and
the rate of change of gravity in order to further constraint mantle
rheology.

2 T H E M O D E L

All earth models considered here are isotropic, incompressible,
viscoelastic flat-earths with power-law rheology and no self-
gravitation. Wu & Johnston (1998) have demonstrated that the flat-
earth approximation is adequate in describing land uplift due to
loads even as large as the Laurentian ice sheet. Because compress-
ibility mainly affects the amplitude of the sea level curves and cannot
change land emergence to submergence or vice versa, incompress-
ibility is assumed here to keep the problem simple. However, one
must be cautioned that the effects of Earth sphericity and compress-
ibility on horizontal motion are not well understood at the present,
thus further studies are needed to verify our conclusions about hor-
izontal motion.

It is further assumed in this study that the rebound process sees
the steady state creep and that there is little or no interaction between
rebound stress and the ambient tectonic stress. The assumption of
steady-state creep has been questioned by Karato (1998)—but the
problem of transient creep and tectonic-rebound stress interaction
has been addressed elsewhere (e.g. Wu 2001).

For a viscoelastic material, the deformation can be decomposed
into the elastic response and the creep response. The elastic strain
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Table 1. Elastic parameters of stratified earth models.

Depth Density Young’s modulus Poisson
(kg m−3) (Pa) ratio

Lithosphere 0–150 km 3475 1.92 × 1011 0.5
Layer 1 150–420 km 3475 2.16 × 1011 0.5
Layer 2 420–670 km 3616 3.25 × 1011 0.5
Lower mantle Below 670 km 3888 6.61 × 1011 0.5

is related to the stress by Hooke’s law while the steady state creep
law is given by:

ε̇C
i j = A∗σ ′n−1

E σ ′
i j (1)

Here A∗ is the creep parameter, σ ′
i j are the deviatoric stress compo-

nents and σ ′
E is the equivalent deviatoric stress with

σ ′
E =

√
1

2
σ ′

i jσ
′
i j (2)

For linear rheology, n equals 1. For nonlinear rheology, n is taken to
lie between 2 and 4 in this study (Chopra & Paterson 1981; Wang
et al. 1993; Karato 1989; Goetze & Kohlstedt 1973). The range of
the creep parameter A∗ used is consistent with that deduced from
microphysics if reasonable values of activation enthalpy and temper-
ature are used (Karato 1989). For later discussion and comparison of
results with other papers, it is useful to define the effective viscosity
as:

ηeff = 1

3A∗
σ

′(n−1)
E

(3)

which says that large stress level (e.g. from the load) will result in
low effective viscosity.

The earth models considered here all contain a 150 km thick
elastic lithosphere overlying a stratified viscoelastic mantle and an
inviscid fluid core. Since the effect of lithospheric thickness is not
significant enough to change land emergence to submergence or vice
versa, and the thickness under North America is poorly constrained,
an intermediate value between the traditional value of 100 km
(Walcott 1970) and the 200 km proposed by Peltier (1984) is
adopted. The elastic parameters of the earth models are listed in
Table 1.

Three types of rheology models are investigated. In the models
of Table 2, both the upper mantle and lower mantle have the same
parameters. The letter U in the name of the model indicates that
the rheology is uniform and the number following it gives the stress
exponent. Model U1 is the reference model that has a linear uniform
viscosity of 1021 Pa-s in the mantle. The model proposed by Karato
& Wu (1993) is listed in Table 3. Here the name NLZ denotes
‘nonlinear zone’ below the lithosphere but above 300 km depth.
Wu (1999) has confirmed that as the thickness of the nonlinear
zone increases, so does the misfit to the sea level data (Chi-square

Table 2. Rheologic structure of the uniform models.

Model

Name U1 U2 U3 U4
Lithospheric thickness 150 150 150 150

(km)
Stress exponent n in 1 2 3 4

mantle
A∗ in the mantle 3.33 × 10−22 Variable Variable Variable

(Pa−n s−1)
χ2 5.4 See Fig. 1

Table 3. Nonlinear zone below the lithosphere but above 300 km depth.

Model

Name NLZ2 NLZ3 NLZ4
Lithospheric thickness 150 150 150

(km)
n in nonlinear zone 2 3 4
A∗ in nonlinear zone Variable Variable Variable

(Pa−n s−1)
Thickness of nonlinear 150 150 150

zone (km)
n in the mantle (below 1 1 1

nonlinear zone)
A∗ in the mantle 3.33 × 10−22 3.33 × 10−22 3.33 × 10−22

(Pa−1 s−1)

statistics). In Table 4, the names of these models start with NLLM
meaning that they all have a linear upper mantle overlying a Non-
Linear Lower Mantle. Again, the number in the name is the stress
exponent in the nonlinear part of the mantle. A range of values for
the creep parameter A∗ will be searched to find the models that
best-fit the sea level data around Laurentia.

The 3-D Finite Element Model used to calculate the deforma-
tion of the earth due to glacial loading and unloading is composed
of 10 layers with each layer consisting of 1088 three-dimensional
8-node elements covering a total area of 240,000 by 240,000 km.
However, only results in the central region are intended to be useful.
The grid there is the densest and includes 14 × 12 elements, each
with horizontal dimensions of 340 × 323 km—which is close to the
spatial resolution of the ice model. The details of the Finite Element
model can be found in Wu & Johnston (1998), who also showed that
the relative displacement curves computed with the FE method on a
3-D flat-earth give excellent approximation to the relative sea level
curves computed with the consistent sea level equation (Mitrovica
& Peltier 1991) for a spherical self-gravitating earth.

The ice model is adapted from the ICE3G model of Tushingham
& Peltier (1991). It consists of the Laurentian, Cordillera, Innuition
and Greenland ice-sheets. The ICE3G model is used here because it
provides reasonable fit to a large number of relative sea level obser-
vations even when nonlinear rheology is used (Wu 1999). Obviously,
many other ice models need to be examined in order to understand
how the ice load may effect our search for mantle rheology (see
eq. 3). But due to the limited scope of this paper, only the ICE3G
model will be used here.

Several saw-tooth glacial cycles that have slow build-up time
of 90 ka but rapid deglacial time of 10 ka is assumed to precede
the deglaciation history given by ICE3G. Increasing the number of
glacial cycles do not significantly affect our results. Eustatic ocean
loading due to melting of all the ice sheets in ICE3G is also included.

Table 4. Linear upper mantle with nonlinear lower mantle.

Model

Name NLLM2 NLLM3 NLLM4
Lithospheric thickness 150 150 150

(km)
n in upper mantle 1 1 1
A∗ in upper mantle 3.33 × 10−22 3.33 × 10−22 3.33 × 10−22

(Pa−1 s−1)
n in lower mantle (below 2 3 4

670 km)
A∗ in lower mantle Variable Variable Variable

(Pa−n s−1)
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Surface motion and gravity in Laurentia 679

Figure 1. Chi-Square statistics as a function of creep parameter A∗ for stress exponent n = 2, 3 and 4. Dotted lines are for models with nonlinear uniform
mantle (Table 2), chain dashed lines are for the NLZ models (Table 3) and solid lines are for NLLM models (Table 4).

Figure 2. Comparing the predicted and observed sea level data at six sites in eastern Canada and along the US east coast for model U2, NLZ2 and three
selected NLLM2 models (Tables 2, 3 and 4).
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Figure 3. Similar to Fig. 2 except for models U3, NLZ3 and three selected NLLM3 models.

3 R E S U L T S

3.1 Relative sea levels

In this subsection, the observed sea level data for 27 sites with
lengthy records (13 are found inside the former ice margin while 14
are found outside) are compared to the relative displacement curves
predicted by different earth models of Tables 2–4. To quantify the
comparison, χ2 (Chi-square) statistics are computed for each model.
Here,

χ2 = 1

M

M∑
n=1

(
ζobserved − ζpredicted

s

)2

(4)

where ζobserved, ζpredicted, s and M are the observed sea levels, the
predicted sea levels, the standard deviation of the error in height
and the number of observations respectively. In this study, a total of
144 observations from the 27 sites are considered.

Fig. 1 summarizes the χ2 statistics of the different rheological
models given in Tables 2, 3 & 4. The negative of the logarithm of
A∗ is plotted along the horizontal axis, so that for a fixed equivalent

stress level (see eq. 3), effective viscosity increases to the right. (Note
that with A∗ plotted this way, the value of A∗ = 3 × 10−30 Pa−2 s−1

would lie between the 29 and 30 tick marks.) The triangles along
the vertical axis indicate the χ2 value for the reference model U1
that has 1021 Pa-s uniform viscosity throughout the mantle. This
figure shows that earth models with uniform nonlinear rheology
throughout the mantle (the U models) give much higher χ2 val-
ues than those with nonlinear rheology restricted to the lower man-
tle (NLLM models) or to the thin zone just below the lithosphere
(NLZ models). The best fitting models for n = 2, 3 and 4 have
values of A∗ equal to 3 × 10−30 Pa−2 s−1, 1 ×10−36 Pa−3 s−1 and
3 × 10−43 Pa−4 s−1 respectively in the lower mantle. For the NLZ
models, the best fitting models for n = 2, 3 and 4 have values of A∗

equal to 3×10−28 Pa−2 s−1, 3×10−35 Pa−3 s−1 and 3×10−41 Pa−4 s−1

respectively in the nonlinear zones at the top of the mantle. These
NLZ models have slightly higher Chi-square statistics than the
NLLM models, but the difference are not significant. Fig. 1 also
shows that the chi-square statistics, when all the sea level data are
considered together, cannot distinguish between the three values of
stress exponent considered, but as we will see below, individual sea
level curves do reveal the difference.
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Figure 4. Similar to Fig. 2 except for models U4, NLZ4 and three selected NLLM4 models.

In Figs 2–4 visual comparisons between the data and the predic-
tions of selected earth models at six representative sites are shown.
For the NLZ models, only the one with the best chi-square statistics
is included because varying the creep parameter, A∗, by one order
of magnitude from the best value does not significantly change the
fit to the sea level data. For sites immediately outside the ice margin
(e.g. Boston and Brigantine), the best fitting nonlinear uniform man-
tles (i.e. U3, U4 & U2) still grossly underestimate the amplitude of
submergence—in fact, even the best fitting U3 model predicts land
emergence instead of submergence around Boston. As pointed out
in Wu (1999), the reason of this is that nonlinear rheology in the
upper mantle results in a stress induced low viscosity channel that
terminates just outside the ice margin near Boston. For sites near the
centre of rebound (e.g. Ottawa Island and Churchill), the nonlinear
uniform models also under-predicts the height of the 8 ka BP beach.
This is because the rebound rate was much higher near the end of
deglaciation when the remaining load resulted in high stress and
thus small effective viscosity just underneath the lithosphere (see
eq. 3). To remedy this misfit in data near the centre of rebound, one
may increase the local ice thickness. However, Wu (1999) showed

that scaling the local ice thickness does give better fit to the data
within the ice margin, however, misfits outside the ice margin do
not improve. Thus, nonlinear uniform mantle cannot explain all the
sea level data in and around Laurentia simultaneously. As shown in
Wu (2001), an ambient tectonic stress level of 10 MPa is required to
mitigate the misfit to the sea level data. However, even in that case,
the χ 2 statistics are still worse than that for the reference model U1.

A much better fit to the sea level data is obtained for the NLLM and
NLZ models, especially for sites outside the ice margin (e.g. Boston
and Brigantine)—although the NLLM models do give slightly better
fit to the data. Figs 2–4 also show that fine-tuning of the local ice
thickness is required for sites within the ice margin. Finally, visual
inspection of Figs 2–4 confirm that when all the sea level data are
taken together, they give no preference to any of the stress exponents
n = 2, 3 or 4.

3.2 Present-day velocities

From the preceding subsection, we saw that sea level data show
no preference to any of the values of stress exponents considered.
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Figure 5. Present day uplift rate predicted by the four representative earth models (see text). Contours in mm a−1. Solid contours for positive values, dashed
contours for negative values.

However, due to recent advances in space-geodetic techniques such
as GPS, VLBI, SLR and satellite altimetry, there are other geophysi-
cal observables related to the postglacial readjustment process which
may provide further discrimination among the stress exponents. The
ones that will be investigated in this subsection are the present-day
land uplift rate and horizontal velocity in Eastern Canada—but as
we shall see below, the motion within the ice margin are especially
important. Unfortunately the GPS data there is quite sparse and at
present not good enough to give a good constraint on mantle rheol-
ogy. With the implementation of programs such as Canadian Base
Network by the Geodetic Survey of Canada, this situation is now
changing rapidly. It is hoped that in the near future, with denser and
more accurate measurements, the observed horizontal motion can
help to discrimination the stress exponents.

In view of the large number of earth models considered, we
shall present here and in the next subsection only those models
that give the best χ2 statistics to the sea level data for each stress

exponent. They are model NLLM2 with A∗ = 3 × 10−30 Pa−2 s−1,
model NLLM3 with A∗ = 10−36 Pa−3 s−1, model NLLM4 with
A∗ = 3 × 10−43 Pa−4 s−1 and model NLZ3. It should be noted that
contour maps of the land uplift rate, horizontal velocity and grav-
ity predicted by the best fitting NLZ2, NLZ3 or NLZ4 models are
visually indistinguishable from each other and the reference model
U1 despite the large differences revealed in relative sea level curves
(Figs 2–4). This is because it is easier to pick out the long wave-
length differences in contour maps than short wavelength variations,
which show up more clearly in relative sea level curves. But the long
wavelengths are sensitive to structures deeper than 300 km where the
NLZ models are indistinguishable from each other and the uniform
model U1.

Fig. 5 shows the present-day uplift rate predicted by these earth
models. The pattern of uplift for all of them looks similar since
that is mainly determined by the ice deglaciation history. However
their amplitudes are slightly different—model NLZ3 (also NLZ2,
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Figure 6. Present day horizontal velocity predicted by the four representative earth models (see text). Contours in mm a−1. Solid contours for positive values,
dashed contours for negative values.

NLZ4 and the reference model U1) has the smallest uplift rate while
model NLLM2 has the largest value. Future refinement of geodetic
techniques may be able to resolve these differences and help to
constrain the stress exponent.

Fig. 6 shows the present-day horizontal velocities of these mod-
els. The arrows give the direction of the velocity vector and their
lengths are proportional to its magnitude, which is also contour-
plotted on the same diagram. While the NLZ or reference model
U1 predicts that the motion is directed outwards from Hudson Bay,
the pattern of horizontal motion in the NLLM models is completely
different. Outside the ice margin, the motion is directed towards
Hudson Bay just like that for a linear mantle that has very high
viscosity in the lower mantle (channel flow). However, within the ice
margin, the pattern is quite complex—motion is directed outwards
from at least two centres, one in central Quebec and the other around
Lake Athabasca in northern Saskatchewan. This is unlike the linear

mantle that has high viscosity in the lower mantle, which predicts
motion towards Hudson Bay even within the ice margin. Although
the VLBI data in Eastern Canada and United States is sparse, the
overall pattern tends to find more support from the NLLM models
than from the deep flow models (U1 or NLZ models) or channel flow
models. According to NASA Goddard Space Flight Center’s VLBI
Earth orientation series number er1122, (NASA 1999, prepared by
Danial MacMillan and Chopo Ma), the horizontal motion outside the
ice margin e.g. at NL VLBA (North Liberty, Indiana), NLAO 140
(National Radio Astronomy Observatory, Green Bank, West
Virginia) and MARPOINT (Maryland Point) are directed more-or-
less towards the centre of rebound. In contrast, motion inside the ice
margin e.g. at ALGOPARK (Algonquin Park, Ontario) is directed
away from Hudson Bay but the magnitude there is small. Qual-
itatively, the relative motion between ALGOPARK and the other
sites are consistent with the predictions from the NLLM models.
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Figure 7. Present day free-air gravity anomaly predicted by the four representative earth models (see text). Contours in mGal. Solid contours for positive
values, dashed contours for negative values.

However, quantitative comparison between the predicted and ob-
served direction and magnitude of horizontal motion (e.g. Argus
et al. 1999) are needed before any definitive conclusion can be
drawn. Such comparison is not useful here because compressibility
and sphericity have been neglected in our calculation. The magni-
tude and direction of horizontal motion are expected to be modified
slightly when compressibility and sphericity are introduced. Also,
viscosity stratification, lateral heterogeneity and ice history may
also influence horizontal motion, thus the above results need to be
confirmed with more refined modelling.

In short, Fig. 6 demonstrates that observations in horizontal ve-
locity are potentially useful in discriminating between a mantle with
deep flow (including the NLZ models), a linear mantle with high
viscosity in the lower mantle (channel flow) and models with non-
linear lower mantle. However, all the NLLM models with different
stress exponents give similar pattern and magnitude for the horizon-
tal motion. Thus, in order to discriminate the stress exponents, the

direction and magnitude of horizontal motion has to be determined
with very high accuracies.

3.3 Gravity anomalies and the rate of change of gravity

In this subsection, we discuss present-day free air gravity anoma-
lies and the rate of change of gravity for the four earth models in
the last subsection. The gravity anomaly is derived from the current
amount of uplift remaining by assuming a gravity-displacement ra-
tio of 0.20 mGal m−1 (Wahr et al. 1995). Fig. 7 shows that the
shape of the free air gravity anomalies for these earth models are
similar but their magnitudes are different. Of these, model NLLM2
with A∗ = 3 × 10−30 Pa−2 s−1 is able to predict −40 to −50 mGal
over Hudson Bay which is close to the observed value of −30 to
−47 mGal. Models NLLM4 with A∗ = 3 × 10−43 Pa−4 s−1 and
model NLLM3 with A∗ = 10−36 Pa−3 s−1 predict about −40 and
−35 mGal respectively. The last prediction is slightly smaller than
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Figure 8. Present day rate of change in gravity predicted by the four representative earth models (see text). Contours in µGal a−1. Solid contours for positive
values, dashed contours for negative values.

the observed value. The U1 or NLZ models only predict −8 to
−12 mGal over Hudson Bay—this is considerably less than the
observed value. However, the observed magnitude (around −30 to
−47 mGal) may have contributions from both postglacial rebound
and dynamic topography induced by large scale mantle convection
(Peltier et al. 1992) which can account for about −25 mGal of the
observed anomaly. If Peltier et al. (1992) are correct, then the ob-
served free air gravity favours the U1 or NLZ models more than the
models with nonlinear uniform mantle.

Finally, the current rate of change of gravity can be obtained by
multiplying the uplift rate by −0.20 mGal m−1 (Wahr et al. 1995)
and the result is plotted in Fig. 8. Inspection of Fig. 8 shows that
the peak rate of change in gravity is around the south tip of Hudson
Bay which has value of about −1.5 µGal a−1 for the U1, NLZ
and NLLM4 (with A∗ = 3 × 10−43 Pa−4 s−1) models. For model
NLLM3 with A∗ = 10−36 Pa−3 s−1 and NLLM2 with A∗ = 3 × 10−30

Pa−2 s−1, the predicted values are about −1.9 and −2.1 µGal a−1

respectively. Since repeated absolute gravity measurements have

been made in Churchill by the Geological Survey of Canada with
the JILA-2 apparatus since about 1987 (Tushingham et al. 1991),
it is useful to give the predicted values there. The values for the
models NLZ (or U1), NLLM2, NLLM3 and NLLM4 at Churchill
are: −1.2, −1.5, −1.4 and −1.3 µGal a−1 respectively. Thus, future
measurements of the rate of change in gravity there may be useful
in further discriminating mantle rheology and stress exponent.

4 C O N C L U S I O N S

In this paper we compared the predicted and observed sea level
data around Laurentia for earth models with nonlinear rheology and
different stress exponent. It is found that models with nonlinear
rheology restricted to the lower mantle or to a thin zone just below
the lithosphere give better fit to the sea level data than those with
nonlinear rheology throughout the mantle or the reference model.
These NLLM earth models can simultaneously explain the sea level
data in and around Laurentia—although a slight increase in the local
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ice thickness can further reduce the misfits to the observations there.
However, sea level data when treated as a whole, cannot clearly
discriminate between the stress exponents in the mantle flow law.

Uplift rate, horizontal velocity, free air gravity and the rate of
change in gravity have also been calculated for four best fitting
earth models. It is found that the horizontal velocity field is par-
ticularly useful in distinguishing between linear models with deep
flow, channel flow or nonlinear rheology in the lower mantle. How-
ever, high precision measurements in horizontal velocities and better
modelling are required to differentiate the stress exponents. Future
models should include the effects of compressibility, self-gravitation
and Earth sphericity. Furthermore, the effects of ice load histories,
rheology stratification and lateral heterogeneity should all be inves-
tigated. With future improvement of geodetic techniques and more
accurate observations in land uplift rate, free-air gravity anomaly
and the rate of change in gravity, it may be possible to discriminate
the stress exponents in the mantle flow law.
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