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Abstract

Previous investigations of postglacial sea levels around Laurentia in a non-linear earth without ambient stress found
that non-linear uniform mantle models cannot explain the relative sea level data around the ice margin. In this study, a
3D finite element model of postglacial readjustment is used to calculate the Earth's response due to realistic ice and
eustatic water loads on stratified mantle with non-linear rheology and ambient tectonic shear stress. By varying the
creep parameter A* and the ambient stress level in a uniform mantle, it is found that the combination A* around
3U10335 Pa33 s31 and ambient stress level around 10 MPa is able to explain the sea level data both outside and inside
the Laurentian ice margin ^ although for certain sites inside, a slightly thicker ice is required to improve the fit to the
data. Other geophysical and geodetic observables ^ namely uplift rate, horizontal velocity, free air gravity and the rate
of change of gravity ^ have also been calculated for this model. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

An important question in the study of geody-
namics is whether the £ow law in the mantle is
linear (Newtonian) or non-linear (power law). Mi-
crophysics is unable to answer this question de¢n-
itively because of the uncertainty in the transition
condition between linear and non-linear creep [1].

Here we infer mantle rheology from geophysi-
cal observations such as postglacial sea levels, sur-

face velocities, and gravity. The ¢nite element
(FE) method is used to model the deformation
since none of the simplifying assumptions that
undermined earlier work [2^6] has to be made.
Earlier studies with simple loading histories [7,8]
show that non-linear mantle cannot explain the
observed land emergence followed by submer-
gence as seen in sea level data immediately outside
the Laurentian ice margin (e.g. Boston). This
characteristic of the sea level data is normally in-
terpreted to be due to the inward migration and
collapse of the peripheral bulge associated with
`deep £ow'. However, the behavior of forebulges
in a non-linear mantle is more like that of channel
£ow, i.e. the forebulge collapses without migra-
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tion. This is due to the stress-induced `low viscos-
ity channel' in the non-linear mantle directly
underneath the ice (see Eq. 3).

Combining microphysics, seismic anisotropy
observations, and postglacial rebound modeling
with simple ice histories, Karato and Wu [9] sug-
gested that the top 300 km of the mantle may be
non-linear but the £ow law becomes linear below
that depth. Such an earth model, with creep pa-
rameter A* = 3U10335 Pa33 s31 and exponent
n = 3 in the non-linear zone overlying a linear
1021 Pa s mantle has recently been shown by
Wu [10,11] to give better ¢t 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. After studying a large number
of earth models with non-linear rheology in the
upper mantle, lower mantle, or both, in combina-
tion with realistic ice histories, Wu [10,11] also
found that the model with linear 1021 Pa s upper
mantle and non-linear lower mantle with
A* = 10336 Pa33 s31 and n = 3 gives an even better
¢t to the sea level data in and around Laurentia
than the model proposed by Karato and Wu [9].

However, in the models of Wu [10,11], it is
assumed that the ambient stress level is low or
that there is no interaction between ambient stress
and rebound stress [12]. The purpose of this paper
is to investigate the other alternative: if there is
interaction between ambient tectonic stress and
rebound stress, can earth models with non-linear
rheology throughout the mantle explain the ob-
served land emergence followed by submergence
seen in sea level data immediately outside the
Laurentian ice margin (near Boston)? Although
this question has been investigated by Wu [7],
the ice model used in that study is overly simplis-
tic and does not include the important e¡ects of
ocean loading or ice margin migration during its

retreat. Thus, realistic ice histories will be used in
this paper. In order to give further constraints to
mantle rheology, the uplift rate, horizontal veloc-
ity, free air gravity anomaly, and its rate of
change will also be calculated for the best non-
linear model.

2. The model

All earth models considered here are isotropic,
incompressible, viscoelastic £at earths with power
law rheology and no self-gravitation. The £at
earth approximation has been demonstrated by
Wu and Johnston [13] to be adequate in describ-
ing rebound for loads as large as the Laurentian
ice sheet. Since compressibility only a¡ects the
amplitude of the sea level curves and cannot
change land emergence to submergence or vice
versa, incompressibility is assumed here. Steady-
state creep is also assumed, thus, the creep strain:

_OC
ij � A�c 0n31

E c 0ij �1�

is added to the elastic strain to give the total
strain for a viscoelastic material. Here A* is the
creep parameter, cPij are the deviatoric stress com-
ponents and cPE is the equivalent deviatoric stress
with:
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For linear rheology, n equals 1. For non-linear
rheology, n normally lies between 2 and 6 for
mantle rocks. In this paper n is taken to be 3.
The e¡ective viscosity is given by [8] :

R eff � 1

3A�c 0�n31�
E

�3�

Table 1
Elastic parameters of strati¢ed earth models

Depth Density Young's modulus Poisson ratio
(km) (kg/m3) (Pa)

Lithosphere 0^150 3475 1.92U1011 0.5
Layer 1 150^420 3475 2.16U1011 0.5
Layer 2 420^670 3616 3.25U1011 0.5
Lower mantle below 670 3888 6.61U1011 0.5
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which says that large stress level (e.g. from the
load) will result in low e¡ective viscosity.

The earth models considered here all contain a
150 km thick elastic lithosphere overlying a strati-
¢ed viscoelastic mantle and an inviscid £uid core.
Since the e¡ect of lithospheric thickness is not
signi¢cant 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 [14] and the 200 km proposed by Pelt-
ier [15] is adopted. The elastic parameters of the
earth models are listed in Table 1 and the rheol-
ogy parameters are given in Table 2. The 3D FE
model is composed of 34U32U10 3D eight node
elements. Only results in the central 14U12U10
grids, each with horizontal dimension V330 km,
are intended to be useful. The details of the FE
model can be found in Wu and Johnston [13] who
also showed that the relative displacement curves
computed with this FE method give an excellent
approximation to the sea level curves (during the
last 8 kyr) computed with the consistent sea level
equation [16] for a spherical self-gravitating earth.

Since the ambient stress distribution and mag-
nitude are poorly known, we assume in this paper
that the primary £ow in the mantle underneath
Laurentia is due to a single convection roll that
extends from the bottom of the elastic lithosphere
to the core^mantle boundary. Preliminary study
shows that the conclusion of this paper is not
very sensitive to the details of the convection
roll. Here, the axis of this cylindrical convection
roll is taken to lie horizontally underneath Hud-
son Bay parallel to the direction of the mid-At-
lantic ridge so that the direction of maximum

horizontal principal stress is in the N60³E direc-
tion [17]. Thus, along any vertical plane in the
N60³E direction, the ambient stress distribution
is the same and is given by the quasi-linear pro¢le
shown in Fig. 1 where the velocity and the shear
stress increase quasi-linearly from zero at the cen-
ter of the cell to its maximum value at the vertical
boundaries (see [7]). Maximum shear stress values
of 0, 1, 10, and 100 MPa will be considered below,
and henceforth will be referred to as the `ambient
stress level'. Horizontal variation of the ambient
stress within the central 14U12 grids is assumed
to be zero.

The ice model is adapted from the ICE3G mod-
el [18]. It consists of the Laurentian, Cordillera,
Innuition, and Greenland ice sheets. Several saw-
tooth glacial cycles that have a slow buildup time
of 90 kyr but a rapid deglacial time of 10 kyr are
assumed to precede the deglaciation history given
by ICE3G. Increasing the number of glacial cycles

Table 2
Rheologic structure of the uniform models

Model name U22 U34 U35 U36
Lithospheric thickness (km) 150 150 150 150
Stress exponent n in mantle 1 3 3 3
A* in the mantle (Pa33 s31) 3.33U10322 3.33U10334 3.33U10335 3.33U10336

Ice thickness scale factor h 1 1 1 1
M2 when ambient shear = 0 MPa 5.4 13.2 11.8 17.8
M2 when ambient shear = 1 MPa 5.4 15.6 14.4 19.7
M2 when ambient shear = 10 MPa 5.4 21.4 6.1 32.8
M2 when ambient shear = 100 MPa 5.4 23.4 19.8 21.2

Fig. 1. Schematic diagram of the convection roll for a verti-
cal plane in the N60³E direction. The length of the arrows
indicates the magnitude of the tectonic shear stress.
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does not signi¢cantly a¡ect our results. Eustatic
ocean loading due to melting of all the ice sheets
in ICE3G is also included.

3. Results

First, the observed sea level data for 27 sites
around Laurentia with lengthy records (13 of
them inside the former ice margin while 14 of
them lie outside) are compared to the relative dis-
placement curves predicted by a di¡erent earth

model (Table 2) and ambient stress level combi-
nation. To quantify the comparison, M2 statistics
are computed for each model pair. Here:

M2 � 1
M

XM
n�1

j observed3j predicted

s

� �2

�4�

where jobserved, jpredicted, s, and M are the observed
and predicted sea levels, the standard deviation of
the error in height, and the number of observa-
tions respectively. The M2 statistics computed for
di¡erent earth model and ambient stress level

Fig. 2. Comparing the predicted and observed sea level data at six sites in eastern Canada and along the USA east coast for
model U35.
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combinations are listed in the bottom rows in
Table 2. As a reference, the statistics for model
U22 which has a linear 1021 Pa s uniform mantle
are also given in Table 2 [10]. There is no inter-
action with the ambient stress when the rheology
is linear, thus the result is independent of the am-
bient stress. Inspection of Table 2 shows that
models with non-linear uniform mantle give high-
er M2 values than the reference model with linear
rheology. The only model that comes close to the
reference model has A* = 3U10335 Pa33 s31 and
an ambient stress level of 10 MPa. As we shall see
in Figs. 2^4, this is because it is the only non-

linear model studied that can explain the observed
sea level data immediately outside the Laurentian
ice margin (near Boston and Brigantine).

Visual comparisons between the data and the
predictions of these earth models at six represen-
tative sites are shown in Figs. 2^4 for
A* = 3U10335, 3U10336, and 3U10334 Pa33 s31

respectively. Inspection of these ¢gures shows that
if the ambient stress level is 1 MPa or less, then
the predicted sea level curves are generally close
to those calculated without ambient stress. In oth-
er words, the e¡ects of ambient stress can be ne-
glected and the conclusions of Wu [10,11] apply.

Fig. 3. Same as Fig. 2, except for model U36.
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If the ambient stress level is much greater than
10 MPa, then the predicted sea level amplitudes in
the last 8 kyr become very small because ambient
tectonic stress completely dominates the viscosity
and from Eq. 3, the rate of rebound is very fast.
Thus, if there is interaction between tectonic and
ambient stress, large ambient stress levels (E10
MPa) are not consistent with the observations of
postglacial sea levels.

Even when the ambient stress level is of the
order of 10 MPa, sea level data around Boston
and Brigantine can only be explained when A*
has values around 3U10335 Pa33 s31. For this

case, the sea level data outside the ice margin
can be well explained by the model, but within
the ice margin, there are a few places where local
ice thickness needs to be adjusted to better ¢t the
sea level data (e.g. Ottawa Island and Churchill).
Despite this, the result is encouraging because
with a realistic ice model, a non-linear uniform
earth model has now been found that can explain
the sea level data just outside the ice margin.

Although the M2 statistic for the model with
A* = 3U10335 Pa33 s31 and an ambient stress
magnitude of 10 MPa is still slightly larger than
that for the reference model, their values are quite

Fig. 4. Same as Fig. 2, except for model U34.
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close. To further discriminate these rheologic
models, it is useful to compute other related ob-
servables. In Fig. 5, the present-day uplift rate,
horizontal velocity, gravity, and the rate of
change in gravity for this model pair are pre-
sented. The predicted present-day uplift rate for
this model is small, it is only 62% of that pre-
dicted by model U22. The present-day horizontal
velocity of this model is much more complicated
than that given by model U22 where the motion is
directed outwards from Hudson Bay [11]. Here,
the pattern of horizontal motion just south of
Hudson Bay is directed outwards, but to the
north and west, the motion reversed and is di-
rected towards the south. The largest magnitude

of the horizontal motion predicted is about 2.2
mm/yr and the minimum is zero.

The gravity anomaly is derived from the cur-
rent amount of uplift remaining by assuming a
gravity^displacement ratio of 0.20 mgal/m. Fig.
5c shows that the magnitude predicted over Hud-
son Bay is around 36 mgal which is much smaller
than the observed value of 330 to 347 mgal.
However, the observed magnitude may have con-
tributions from both postglacial rebound and dy-
namic topography induced by large-scale mantle
convection [19] which can account for about 325
mgal of the observed anomaly. If Peltier et al. [19]
are correct, then the predicted free air gravity is
still lower than the observed value. Finally, the

Fig. 5. Present-day uplift rate, horizontal velocity, free air gravity anomaly, and rate of change in gravity predicted by model
U35 with an ambient stress level of 10 MPa. Solid contours for positive values, dashed contours for negative values.
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current rate of change in gravity shows that the
peak is around 31.0 Wgal/yr southeast of Hudson
Bay. At Churchill, where repeated absolute grav-
ity measurements have been made by the Geolog-
ical Survey of Canada since about 1987 [20], the
predicted value of this model is around 30.6 Wgal/
yr.

4. Conclusions

Using realistic ice models and non-linear rheo-
logic models that include the interaction between
rebound stress and ambient tectonic stress, it is
found that:

1. if the ambient stress level is low (6 1 MPa),
then ambient stress can be neglected and the
conclusions of Wu [10,11] will remain valid;

2. sea level data around Laurentia cannot be ex-
plained if the ambient stress level is high
(s 100 MPa);

3. unlike previous studies which found non-linear
uniform mantle models unable to explain the
sea level data just outside the Laurentian ice
margin, this paper found that this is not true if
A* has values around 10335 Pa33 s31 and an
ambient stress level of 10 MPa. This value of
the creep parameter is also consistent with that
deduced from microphysics if reasonable val-
ues of activation enthalpy and temperature are
used [1]. Further work is also needed to ¢ne
tune the ice history with higher resolution in
the A* and ambient stress level solution space.

Other observables have also been calculated for
this best ¢tting non-linear earth model. Compar-
ing the predictions for earth models with and
without ambient stress [11], it is found that the
patterns of the vertical motion and free air gravity
are only shifted slightly towards the northeast but
the magnitude of these observables and the pat-
tern of horizontal velocity are strongly a¡ected by
the presence of ambient stress. Furthermore, these
observables are useful in discriminating mantle
rheology especially when the accuracies of these
measurement improve in the future.
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