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Numerical simulation for the prediction of the plate motions:
Effects of lateral viscosity variations in the lithosphere
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A numerical simulation of Newtonian viscous flow without inertia terms in a 3-D spherical shell driven by the
negative buoyancy due to the slabs has been conducted to understand the effects of weak plate margins on the
plate motions. Density loads are inferred from the seismicity and the reconstruction of the subduction history.
The toroidal energy of plate motion comparable to the poloidal energy appears, when y (ratio of the viscosity at
margins to that of interiors) becomes O(0.01). For the whole mantle density model, all the plates move too fast
relative to the Pacific plate. The direction of major plate motions is generally improved by the inclusion of weak
plate boundaries. The density loads in the upper mantle appear to explain the overall plate motions, although some
of the plate motions may require hidden and/or deeper density anomalies to be consistent with the observations.
As y decreases, the geoid anomalies associated with the upper mantle slabs change their signs. This reversal
affects the long-wavelength components of the geoid anomalies. A considerable part of the horizontal stress field
shows a horizontal extension suggesting that another type of density anomalies is necessary to explain the general

compressional field of the real Earth.

1. Introduction

In the past about 20 years, using a realistic density dis-
tribution inferred from the subducted slabs and the seismic
tomography, many workers treated the mantle as a fluid with
depth-dependent viscosity, and they obtained a reasonable
configuration of geoid anomalies (e.g., Hager, 1984; Hager
et al., 1985) and the motion of the plates (e.g., Ricard and
Vigny, 1989). On the other hand, from the laboratory mea-
surements, the viscosity of the Earth’s mantle is believed
to be a strong function of pressure, stress, composition and
temperature (e.g., Karato and Wu, 1993). Thus, we expect
considerable lateral variations in viscosity.

Analytical solutions using the traditional propagator ma-
trix method (e.g., Hager and O’Connel, 1981; Hager and
Clayton, 1989) or the green functions (Corrieu et al., 1995)
are restricted to the spherically symmetric viscosity struc-
ture, because of the mathematical difficulties arising from
the “mode coupling” caused by the lateral viscosity varia-
tions (Richards and Hager, 1989). When we treat the com-
plicated arbitrary lateral viscosity variations in the mantle,
numerical approaches are more appropriate. With a numer-
ical model of flow within a 3-D spherical shell, some stud-
ies focused on the effects which a long-wavelength lateral
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viscosity variation has on geoid anomalies, topography or
plate velocities (Richards and Hager, 1989; Zhang and
Christensen, 1993). They concluded that the longest wave-
length geoid anomalies are not seriously affected by the lat-
eral viscosity variations. Using the modal approaches, Wen
and Anderson (1997) included the viscosity difference be-
tween the continental and the oceanic plates in the model in
which the driving forces are the density anomalies inferred
from the seismic tomography and the slab distribution. They
showed that such a viscosity difference can explain the ob-
served large-scale poloidal and toroidal plate motions.

The mantle flow produces shear stresses at the base of
the lithosphere. Intraplate stress field is related to the forces
acting on the lithosphere and, some have argued that it
contains information on the driving mechanism of plates
(Richardson, 1992). Most intraplate or midplate regimes are
characterized by a compressional stress, and the extensional
stress regimes are localized to the elevated areas. There is a
strong positive correlation between the maximum horizontal
directions in broad regions of plates and the absolute plate
motions (Zoback et al., 1989; Zoback, 1992). This implies
that the shear stress distribution at the base of the lithosphere
is closely related to the plate motion. So far, little attention
has been devoted to the intraplate stress problem using a 3-
D model of a viscous Earth. For example, Bai et al. (1992)
computed the surface stress field obtained by the density
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heterogeneity derived from the seismic tomography and the
slab distribution, assuming no interaction of the plates.

Because of the stress dependence of viscosity and fault-
ing, the largest lateral variations of the effective viscosity
may occur near the plate boundaries (Zhong and Gurnis,
1996). These lateral viscosity variations may influence plate
motions and the geoid anomalies. For example, Moresi and
Gurnis (1996) suggested that the regional modeling of the
geoid anomalies is very sensitive to the lateral strength vari-
ation of the subducted slab. Recently, Zhong and Davies
(1999) found, by the finite element modeling, that the plate
rheology such as stiff plate interiors and weak plate margins
affect the long-wavelength geoid anomalies significantly,
and they were able to reproduce the basic features of the ob-
served geoid anomalies and the present-day plate motions.
They also studied the effects of rtheology of subducted slabs
and showed that the weak slabs can explain the geoid
anomalies better than the stiff slabs can. However, they did
not analyze in detail the surface velocity field, stress distri-
bution within plates, nor the influence weak plate margins
on the results. In this paper, we study, using a numerical
technique, instantaneous viscous flow within a 3-D spheri-
cal shell driven by internal buoyancy forces. The buoyancy
forces arise from subducted slabs. And we specifically fo-
cus on the influence which lateral variations in lithospheric
viscosity on the present-day plate motions, the geoid anoma-
lies and intraplate stresses. We also study the effects of the
different density models on the observables.

2. Methods
2.1 Basic equations

The flow of an incompressible Newtonian fluid without
inertia terms is governed by the following equations describ-
ing the conservation of mass and momentum,

V.v=0, (1)

0=V. o+pge,, 2)

where v is the velocity vector, o is the total stress tensor,
8p is the density anomaly, g is the gravitational acceleration
and e, is the unit vector for the radial direction (positive
upward).

The total stress tensor o may be separated into the iso-
tropic and deviatoric components,

o=—pl+ T, 3)

where p is the pressure, I is the identity matrix and T is
the deviatoric stress tensor.
The deviatoric stress tensor 7 may be given by,

T=21¢, “)

where 7 is the dynamic viscosity and € is the strain rate
tensor given by,

(Vo+[Vo]'}, (5)

N =

€ =

where [ ]7 indicates a tensor transpose.

The boundary conditions at the Earth’s surface and the
core-mantle boundary are impermeable and free-slip, that
is,

v-e =0 (atr =ryp,r),

(6a)

(6b)

09 =0, =0 (atr =rg, 1),

where ry and r; are the radius of the Earth’s core and the
Earth, respectively. The dynamic topographies of the bottom
(i.e., CMB) and top surfaces may be given by,

Shy!" = _M (7a)
Apog
Shy" = (’2 (;11;’ , (7b)

where o, (r9);" and o (r1)]" are the spherical harmonic ex-
pansions (degree / and order m) of the normal stress at the
CMB and top surfaces, respectively. Apy and Ap; are the
density contrast at the CMB and the top surfaces, respec-
tively. The spherical harmonic expansion of the geoid
anomalies (N} (1)) anomalies caused by the internal den-
sity anomalies p;" and the dynamic topographies, may be
given by,

SN () = —2G / ") <’°)l+ld
r) = rr| — r
= e+ [, G

Oyrr (rl);n
”
g

_O‘rr(r());n V_() s
ol ro<r1> , ®)

where G is the universal gravitational constant, p;" () is the
spherical harmonic expansion of the internal density anoma-
ly (e.g., Hager, 1984; Hager et al., 1985; Hager and Clayton,
1989).

The coefficients of the spherical harmonic expansion of
poloidal and toroidal velocities are obtained by an integra-
tion over the sphere. For poloidal coefficients,

+

1 aY," ay,"
sim = f v+ 22 C ) gs, (9a)
4rl + 1) Js 00 sinf d¢
and for toroidal coefficients,
1 ay," oy,"
yim = / YW T ) ds, (9b)
4rl(l 4+ 1) Jg \sinf 0¢ 26

where Y;” is a spherical harmonic function (Hager and
O’Connell, 1978). The poloidal and toroidal energies can
be calculated by,

1
0_le = Zaslmz’ (loa)
m=0
!
Ut12 = Zaﬂmz, (10b)
m=0
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Table 1. Physical parameters.

Symbol Notation Dimensional value
r radial distances
0 latitude
¢ longitude

€y, €9, €y

unit vector for 7, 6 and ¢ directions

v velocity vector
o stress tensor
0 density
Sp density anomaly see text
p dynamic pressure
T deviatoric stress tensor
I identity matrix
15 strain rate tensor
n dynamic viscosity see text
2 radius of the Earth 6.371 x 10° [m]
70 radius of the Earth’s core 3.471 x 10° [m]
G universal gravitational constant 6.67 x 10711
Ap; density contrast at the surface 3.4 x 103 [kg/m’]
Apo density contrast at the CMB 4.3 x 103 [kg/m?]
g gravity acceleration 10 [m/sec?]
a thermal expansivity 2.0 x 1073 [1/K]
d thickness of the mantle (r; — o) 2.9 x 10° [m]
K thermal diffusivity 1.0 x 1076 [m%/sec]
8hy dynamic topography at the surface
Shy dynamic topography at the CMB
SN geoid anomaly

respectively. The meanings of the symbols and the physical
parameters used in this study are summarized in Table 1.
Basic equations (Egs. (1) and (2)) are discretized by the
control volume method (Iwase, 1996). Radial, latitudinal
and longitudinal resolutions are 43, 100 and 200 units, re-
spectively. They are equally divided into each direction. A
test of resolution was conducted by comparing the results
with those of half-analytic methods (e.g., Hager, 1984) for
the cases with no lateral change of viscosity. The results are
summarized in Table 3 for constant and reference viscosity
(radially stratified viscosity structure: See 2.2.2) models us-
ing the density model of W (See 2.2.1). They are the root
mean square (RMS) misfits of degree / components of geoid
anomalies, top and CMB surface topographies and poloidal
velocity field. The case with a constant viscosity gives sat-
isfactory results (total RMS misfit of &1%), while the cases
with radial variations of viscosity do not show a good fit (to-
tal RMS misfit of 2 ~ 7%). Although we have a possibility
that these misfits may arise from a poor resolution and/or
numerical error, we believe that the non-negligible fraction
of misfit comes from the difficulty of treatment of a viscos-
ity jump at a depth using the control volume approach. We
found that the toroidal field is almost absent and the dif-
ference of the velocity field mainly comes from that of the

Table 2. Density models. Subduction history model is expressed by a
spherical harmonic expansion degree up to 15 (Ricard ef al., 1993).

Model Upper mantle Lower mantle
Ul seismic slab no loads
U2 subduction history no loads
w subduction history subduction history

magnitude and not from the direction of the velocity. This
may suggest the existence of effective depth of the viscosity
jump. Actually, the fit of geoid anomalies becomes slightly
better (~6%), if we vary the depth of viscosity jump, which
is within a resolution of a control volume, for the calcula-
tion of half-analytic solutions. However the misfit of ve-
locity becomes worse (24%) for this case. Thus, the misfit
of a several percents may easily comes from the ambiguity
of the equivalent analytic model. Since the misfits of geoid
anomalies become significantly large when / is larger than 9,
we only show the spherical harmonic components less than
[ = 10 for the discussion of geoid anomalies.
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Table 3. The RMS misfits of degree / components of geoid anomalies, surface and CMB topographies and the poloidal velocity in unit of %. Constant

viscosity (Top) and reference viscosity (Bottom) models.

/ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total
Geoid 0.9 1.0 1.2 1.3 1.6 19 21 23 2.7 35 3.1 39 4.2 4.7 1.3
Surface 04 06 07 08 1.0 1.1 1.3 1.4 1.7 23 1.8 2.5 2.5 2.8 1.0
CMB 06 09 1.1 1.1 1.2 1.2 1.3 1.3 1.3 1.3 1.4 1.4 1.5 1.3 1.1
Velocity 0.0 0.1 00 0.1 0.1 03 04 05 0.8 1.4 1.3 1.7 2.1 23 0.1

/ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total
Geoid 80 60 76 75 9.1 8.1 58 69 12.6 126 252 271 426 426 7.3
Surface 24 29 32 33 35 25 1.6 1.2 2.4 3.9 5.1 7.2 7.6 8.9 3.0
CMB 0.7 1.2 1.5 1.4 1.4 1.2 1.3 1.3 1.3 1.3 1.4 1.4 1.5 1.3 1.0
Velocity 1.0 18 28 39 52 56 63 69 6.9 4.0 44 2.8 2.6 4.8 1.3

(b)
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Fig. 1. (a) Radial viscosity profile of the reference model. 3-layered model is adopted: the lithosphere (0 km to 150 km), the upper mantle (150 km to 670
km) and the lower mantle (670 km to 2900 km). (b) Horizontal variations of viscosity in the lithosphere (0 km to 150 km). Lithosphere is divided into
12 main plates (light parts) and the weak plate margins (dark parts). The abbreviation ‘af” means the African plate, ‘an’ the Antarctic, ‘ar’ the Arabian,
‘au’ the Australian, ‘ca’ the Caribbean, ‘co’ the Cocos, ‘eu’ the Eurasian, ‘na’ the Nazca, ‘na’ the North American, ‘pa’ the Pacific, ‘ph’ the Philippine

Sea, and ‘sa’ the South American. Continental shore lines are also shown.

2.2 Models

2.2.1 Density models Following Zhong and Davies
(1999), a reference internal density load, which drives the
plates, is assumed to be only negative buoyancy due to the
subducted slabs. The positive buoyancy due to the hot up-
welling (plume) is neglected in our models. Since the
Earth’s mantle is considerably heated from within by the ra-
dioactive elements, the cold subducted slabs would be the
main source of the driving force and dominate the hetero-
geneity structure in the mantle. Moreover, Tackley (1998)
suggested that the large low seismic velocity regions in the
lower mantle may be neutrally buoyant because of the bal-
ance between the positive thermal buoyancy and the nega-
tive chemical buoyancy. Based on the uplift of Africa as
well as its uplift rate, however, Gurnis et al. (2000) argued
that lower mantle is positive buoyancy (low velocity).

In this study, we use three mantle density heterogeneity
models (U1, U2 and W) as summarized in Table 2 and de-
scribed below. First, we use the model inferred from the
study of the history of the subduction for the past 180 Myr
(Ricard et al., 1993) inferred from the Cenozoic and Meso-
zoic plate reconstruction (Gordon and Jurdy, 1986). The
density anomalies of their original model are expanded by
spherical harmonics up to degree 15 for whole mantle. We
call this whole mantle model, ‘W model’. Second, to see the
contribution from the upper mantle density anomalies, we
omit the lower mantle density heterogeneity of W model.
We call this upper mantle model 2, ‘U2 model’, hereafter.
Third, we assume that the density heterogeneities of the up-
per mantle exist only where the seismicity is observed (e.g.,
Hager, 1984). Seismic hypocentres (the magnitude is greater
than 5) reported from 1964 to 1987 in the International Seis-
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mological Centre (ISC) bulletin, are scanned and mapped
into the control volumes of the numerical models. We omit
the earthquakes whose hypocentral depth is less than 100
km to remove the intraplate earthquakes. Following Hager
and Clayton (1989) the mass anomaly of the lithosphere be-
fore the subduction is assumed to be 8 x 10° g/cm? for the
plate thickness of 125 km, regardless of the slab ages. This
corresponds to an average density anomaly of 64 kg/m® at
all depths (Hager, 1984). We call this upper mantle model
1, ‘Ul model’.

2.2.2 Viscosity models As a reference viscosity
model, the 3-layered viscosity model is adopted, that is, the
lithosphere (0 km to 150 km), the upper mantle (150 km
to 670 km) and the lower mantle (670 km to 2900 km). In
reality, the viscosity varies through a several finite volumes
so that the viscosity change within a finite volume is 10 or
less. Using the W model and the geoid anomalies, Corrieu
et al. (1995) concluded that the relative viscosity variation
of 30 (lithosphere), 1 (upper mantle) and 70 (lower man-
tle) without the lateral variation is the best model to explain
the geoid anomalies. In our simulation, in order to focus on
the influence of stiff ‘high viscous’ plate interiors and weak
‘low viscous’ plate margins, the viscosity of plate interiors
is taken to be 1000 times that of the upper mantle, keeping
the relative viscosity of the lower mantle 70 times greater
than that of the upper mantle (Fig. 1(a)).

The plate margin is represented by a series of control vol-
umes in the lithosphere, through which the plate boundaries
run. The width of plate margin is set to 5 control volumes,
and we set that the viscosity change in a control volume is
less than 30. Note that, since the size of control volume
changes along the latitude, this choice of plate margin yields
the non-uniform weak plate boundary. The plate boundaries
define 12 plates (Fig. 1(b)): the African (af), the Antarc-
tic (an), the Arabian (ar), the Australian (au), the Caribbean
(ca), the Cocos (co), the Eurasian (eu), the Nazca (nz), the
North American (na), the Pacific (pa), the Philippine Sea
(ph) and the South American (sa) plates. We define the ratio
of the viscosity at plate margins to that of the plate interior,

_ Nmarg

- ’

(1D
Mpint

where marg and npin; are the viscosities of plate margins and
the plate interior, respectively. In this study, y is taken to be
either 1 (i.e., no plate margin), 0.1, 0.01, or 0.001 (the same
viscosity as that of the upper mantle). The absolute viscosity
of the upper mantle is set to 3.0 x 10?° Pa-s when we scale
the results.

3. Results
3.1 Plate motion

The observed plate motions in a no-net-rotation (NNR)
reference frame (Argus and Gordon, 1991) are shown in
Fig. 2. Here, we use this to evaluate the surface motions
obtained from our numerical results. Figures 3(a), (b) and
(c) show the surface motions, derived from Ul, U2 and W
for various values of y. These surface motions are obtained
by subtracting the net rotation, which is equivalent to the
degree 1 of toroidal components, from the calculated veloc-
ity field. However, we found that the component of the net

90
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Fig. 2. Observed plate motion relative to the no-net-rotation (NNR) refer-
ence frame (Argus and Gordon, 1991).

rotation is negligibly small.

A general pattern of the plate motion such as the north-
east movement of the Australian plate can be obtained even
for the case with y = 1 (i.e., no lateral viscosity variation).
Inclusion of the weak plate margins makes the movement
more plate-like and faster (e.g., Zhong and Davies, 1999).
Looking at the Pacific plate at y = 0.001 (Fig. 3), we see an
abrupt change of velocity along the plate boundaries, which
is a characteristics of the plate tectonic movement. How-
ever, we also see a possible internal deformation in some
area such as Western Pacific. This may be caused by the
non-uniform representation of weak plate margins.

Hager and O’Connell (1978) found that the toroidal en-
ergy is almost as large as the poloidal energy by the anal-
ysis of observed plate velocities. For y = 1, that is, the
viscosity without horizontal variation, the toroidal energy
of the thermal convection is theoretically zero (Christensen
and Harder, 1991). Thus, Hager and O’Connell’s finding
was considered as a characteristics of plate motion. Fig-
ure 4 shows the calculated poloidal and toroidal energies for
given y. With the decrease of the viscosity at plate margin,
the toroidal components are excited. When y < 0.01, the
toroidal and poloidal energies become comparable.

To quantify the results more clearly, we introduce the ratio
of RMS velocity of each 12 plates obtained from the calcu-
lation to that of the observations,

rc/o(p) = (12)

where v, is the surface velocity obtained from the calcu-
lation, veps is the observed velocity (i.e., NNR). S, is the
surface area of plate “p”. Since the absolute value of the cal-
culated velocity (or 7/, (p)) is scaled by the absolute value
of viscosity, which is a free parameter, it is preferable to
normalize 7¢/,(p) by that of the reference plate such as the
Pacific plate. Thus, we introduce

_ rc/o(p)

v = N 13
¢/ rc/o(pa) (13)

where “pa” implies the Pacific plate.
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Fig. 3. (a) Calculated surface plate motion for the Ul model with various y. (b) The same figure as Fig. 3(a) for the U2 model. (c) The same figure as
Fig. 3(a) for the W model. In all the maps, plate boundaries and continents are shown.
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Fig. 3. (continued).

We also define the RMS difference of the azimuth of the
velocity between the calculation and the observation, that is,

1
A® = \/ — f (Ocal — Ops)?dSS,,
SP

where ®,, is the azimuth of the surface motions obtained
from the calculation and ®,ps is the observed azimuth of
the plate motions. Complete matching between the model
calculations and the observations imply v.;, = 1 and A® =
0.

Figures 5(a) and (b) show the v/, and A® of 12 plates
as a function of y for all the density models. In Fig. 5, “gl”
implies the global average of v/, and A®. However, for
Ve/o, We exclude the Pacific plate, since its value is always
one. They are shown in order of the plate size.

Tables 4 and 5 are the summaries of the results. In these
tables, “+” and “—” show the improvement or degradation
of the models by a decrease of y. If the change of values
is less than 20%, we show them in the brackets. In the last
column, the names of the model which gives the best im-
provements are given. We show all the model names whose
Vejo OF A® is within 20% of the best model. Other model
names are also shown in the brackets in the order of degree
of improvements.

Ve/o for W model shows a systematic deviation, that is,
all the plates move too fast relative to the Pacific plate (i.e.,
Vejo > 1) (Fig. 5(a) and Table 4). Compared to whole mantle
density model (W), v¢/, of the upper mantle density models

(14)

(U1 and U2), is scattered around one and its global average
is closer to one than that of W model is. Globally, the di-
rection of plate motions is improved with a decrease of y
(Fig. 5(b) and Table 5). This improvement mainly comes
from that of the major plates such as the Pacific, the Africa
and the European plates. By looking at individual plates, we
see that the direction of motion of the Nazca plate is greatly
improved, if we use U2 or W model. Since both U2 and
W models contain the aseismic part of the subducting slabs,
this may imply a significant contribution of aseismic slabs
and/or lower mantle density anomalies to the driving force
of the Nazca plate.
3.2 Geoid

Figure 6 shows the observed geoid anomalies for 2 </ <
15(a)and 4 </ < 9 (b). The geoid anomalies for4 </ <9
is thought to be closely related to the existence of slabs
(Hager, 1984). The obtained geoid anomalies for all the den-
sity models are shown in Fig. 7. The results are shown by
the spherical harmonic expansion up to degree 9. Our cal-
culated geoid anomalies for Ul and U2 at y = 1 shows the
opposite sign to the observed geoid anomalies of slab origin
(See Fig. 6(b)), that is, the geoid lows over the subduction
zones. However, as y decreases, the geoid anomalies re-
verse, that is, the geoid anomalies near the subduction zones
become positive. This phenomenon has already been noted
by Zhong and Davies (1999) for 3-D spherical geometry. By
W model, the geoid high in the central Pacific and Africa is
reproduced for all the y's. As y decreases, the geoid anoma-
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Fig. 4. Power spectra of the poloidal and toroidal velocity fields for Ul (a), U2 (b) and W (c).

lies related to the subduction, such as those of South Western
Pacific and South America, become positive. This sign re-
versal of subduction related geoid anomalies appears to be
reflected in the power spectra of the geoid anomalies versus
the spherical harmonic degree / (Fig. 8). For the smallest y
(=0.001), the power spectra becomes flatter which implies
the emergence of the high degree components. This is prob-
ably associated with the reversal of the geoid high related to
the subducted slabs, as described before.
3.3 Intraplate stress

Figure 9 shows the orientations of the maximum princi-
pal horizontal stress axes (thick bars refer to the extension
and thin bars refer to the compression) and gray scale for
the stress magnitude (see below) calculated for all the den-
sity models. The stress magnitude is defined by the second
invariant of the deviatoric stress,

(15)

where 7;; (i, j =r, 6, ¢) is the deviatoric stress tensor.
For all the models, regardless of the change of y, the high

stress is observed at the edge of the plate and the subduc-
tion zones because of the increase of the strain rate there.
For W model with y = 1 (i.e., without weak margins), the
stress magnitude near the subduction zones becomes of the
order of 10 MPa. When y decreases to 0.001, the stress
near the subduction zones is of the order of 100 MPa (The
stress magnitude at the weak margins is lower (of the or-
der of 1 MPa) because of their low viscosity). Much area
show an extensional feature, which is in contrast with the ac-
tual intraplate stress field characterized by a compressional
stress (Richardson, 1992). This may imply that the other
forces like those associated with the lithospheric thickening
and the buoyancy of the crust may be necessary to explain
the stress field.

4. Conclusion and Discussions

We have conducted a preliminary numerical calculation
of the instantaneous 3-D viscous flow in a spherical shell
driven by the negative buoyancy forces due to subducted
slabs in order to understand the influence of lateral varia-
tions in lithospheric viscosity, that is, the stiff plate inte-
riors and the weak plate margins, on the present-day plate
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Table 4. Results of ve/o. ve/o 0f the Pacific plate is not included. See text for detail.

Ul U2 w

Plate y = y = 0.001 y =1 y = 0.001 y =1 y = 0.001 Model
af 0871 0341  — 0804  0.566  — 1.17 137 (- W, Ul, U2
eu 275 3.61 + 2.26 2.71 -) 2.12 329 — U2, (W, Ul)
an 2.83 1.10 + 2.22 1.64 + 2.41 377 - UL, U2, W
na 2.05 199  (4) 1.96 2.55 - 2.65 489 - UL, U2, W
au 1.16 1.67 - .12 1.88 - 0.929 171 - (U1, U2, W)
sa 1.86 1.14 + 3.23 5.34 - 4.52 853  — Ul, U2, W
nz 0261 0233  (-) 1.06 120 (-) 1.04 221 — U2, W, Ul
ph 1.13 476 - 221 436 - 2.05 496 - (U2, U1, W)
ar 0896 0397  — 0310 123 + 1.03 231 - U2, W, Ul
ca 2.51 8.81 - 5.19 8.59 - 5.27 12.3 - (U2, U1), W
co 0258  0.666  + 0955  0.693  — 1.18 271 — (U2, U1), W
All 1.77 .92 (-) 1.78 2.39 - 2.12 378 — Ul, U2, W

Table 5. Results of A®gryvs. See text for detail.

Ul U2 W
Plate y = y = 0.001 y=1 y = 0.001 y=1 y = 0.001 Model
pa 48.4 22  H) 91.2 31.7 + 100 41.9 + U2, (U1, W)
af 66.8 29.6 + 131 127 +) 115 69.3 + UL, W, U2
eu 233 266 () 104 22 + 91.7 430  + (U2, U1), W
an 137 120 +) 89.6 61.1 + 96.2 88.7 +) U2, w, Ul
na 36.2 344 +) 108 63.7 + 97.6 64.2 + Ul, (U2, W)
au 38.3 44.5 (=) 48.9 26.2 + 91.5 66.4 + U2, U1, W
sa 104 71.9 + 61.5 642  (-) 60.7 632  (-) (W, U2), Ul
nz 165 159 +) 18.9 244 - 19.0 36.2 - U2, W, Ul
ph 125 106 +) 130 146 (=) 25.4 272 (-) w, Ul, U2
ar 42.7 43.8 =) 118 76.4 + 78.5 92.0 - UL, 02, W
ca 149 137 (+) 135 145 (-) 134 144 (-) Ul, (W, U2)
co 138 90.8 + 56.7 485 (4 37.6 335 (4) W, U2, Ul
All 78.1 653  (+) 96.8 68.3 + 95.1 62.5 + (W, U1, U2)
Degree :2 -15 Degree :4 -9

20
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Fig. 6. The observed geoid anomalies computed from the GEM-T3 Model (Lerch et al., 1994) for 2 < [ < 15 (left) and 4 < / < 9 (right). Contour
interval is 20 m, and geoid lows are shaded. Continental shore lines are shown.
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v=1 v=0.01 v=10.001

(c) conto
90 =

Fig. 7. The geoid anomalies for Ul (a), U2 (b) and W (c). Contour interval is 5 m (a) and (b), 20 m (c), geoid lows are shaded. Continental shore lines are
shown.
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Fig. 8. Power spectra of calculated geoid anomalies for U1 (a), U2 (b) and W (¢).

motions, geoid anomalies and the intraplate stresses. The The ratio of the viscosity at the weak plate boundaries to
density heterogeneity models used in this study are those in-  that of the lithosphere (y) are changed from 1 (i.e., with-
ferred from seismicity associated with the subducting slabs  out weak margin) to 0.001. We see an indication of plate-
and the history of subduction. like behavior at y = 0.001. The toroidal power of the ve-
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Fig. 9. Stress field for U1 (a), U2 (b) and W (c) with y = 1 (right) and y = 0.001 (left). Bars show the orientations of the maximum principal stress axes.

The thick bars show the compression and the thin bars show the extension.
unit of Pa.

locity becomes comparable to the poloidal energy around
y = 0.01 and less. For W model, almost all the plates
move too fast relative to the Pacific plate. This may imply
(1) incomplete modeling of one-sided subduction, (2) over-
estimation of lower mantle load and/or (3) underestimation
of lower mantle viscosity. It appears that the density mod-
els confined in the upper mantle are sufficient to explain the
overall pattern of plate motions. The magnitude of the ve-
locity can be adjusted by changing the reference viscosity
and the difference of the direction of velocity may be ad-

Gray scale is used to show the logarithm of the magnitude of stress in the

justed by assuming the ‘aseismic’ density anomaly along the
subduction zones.

For the whole mantle density model, the power spectra
of the geoid anomalies become flatter as y decreases. This
may be caused by the change of the geoid anomalies related
to the upper mantle slabs with the decrease of y. Thus, our
results generally support Zhong and Davies (1999)’s conclu-
sion that the inclusion of the weak plate margins affects the
long-wavelength components of the geoid anomalies. Our
calculation does not include the effects of self-gravitation.
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By analyzing the geoid kernels with and without self-gravi-
tation obtained for the cases with no lateral variation of vis-
cosity, we found that the amplitude of the geoid anomalies
of I = 2 component becomes halved, while that of / = 4
or larger is not significant. Since our main interest is not to
reproduce the observed geoid anomalies but to investigate
the effects of weak plate margins on the geoid anomalies,
we believe that our main conclusion is valid. However, it is
necessary to include the self-gravitation in the future model-
ing aiming at the reproduction of observed geoid anomalies.

The intraplate stress shows a prevalence of an extension.
This is in contrast with the actual intraplate stress field char-
acterized by a general compression. Various types of the
forces are proposed for the driving mechanism of plate mo-
tions (Forsyth and Uyeda, 1975). Forsyth and Uyeda (1975)
concluded that the main source of the stress in the litho-
sphere is a negative buoyancy force due to the descending
plates which are included in our density heterogeneity mod-
els. The other important mechanism is the lithosphere thick-
ening caused by the cooling of the lithosphere as it moves
away from ocean ridges (Hager, 1978; Turcotte and
Schubert, 1982). Richardson (1992) suggests that the ridge
push force may account for the broad feature of the global
intraplate stress field. Such a factor should be included in
the future.

The horizontal resolution of our numerical models, which
is a few hundred kilometers, in this study is probably poor.
The width of the realistic plate margins, which might be
of the order of fault width, is supposed to be very narrow
(Zhong and Gurnis, 1996; Zhong et al., 1998). Such a fea-
ture might not be able to be approximated by the broad low
viscosity zones at the plate boundaries.
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