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ABSTRACT: Mantle convection models have been formulated to investi-
gate the relation between plate kinematics and mantle dynamics. The cylin-
drical geometry models incorporate mobile, faulted plate margins, a phase
change at 670 km depth, non-Newtonian rheology, and tectonic plates. Models
with a variety of parameters indicate that a relatively stationary trench is more
likely to be associated with a subducted slab that penetrates into the lower
mantle with a steep dip angle. However, a subducted slab that is deflected
above the 670-km phase change with a shallow dip is more likely to be as-
sociated with a margin that has undergone rapid retrograde trench migration.
This relation between slab morphology and plate kinematics is consistent with
seismic tomography and plate reconstruction of western Pacific subduction
zones. The efficiency of slab penetration through the 670-km phase change is
controlled by both the buoyancy of the subducting plate and the mobility of
the overriding plate. While older subducting plates have a greater propensity
for slab penetration, trench mobility reduces the propensity for slab penetra-
tion. Smaller overriding plates have a greater mobility. When subducted slabs
approach the bottom thermal boundary layer, hot fluid is pushed aside, and
plumes form on the periphery of slab accumulations. There are sharp tem-
perature contrasts between the subducted slab and the thermal boundary layer
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at the core mantle boundary (CMB). Old subducted slabs and a thermal bound-
ary layer lead to large-scale lateral structure near the CMB.

KEYWORDS: Dynamics of lithosphere and mantle—General; Dynamics,
convection currents, and mantle plumes; Plate motions—General; Rheology—
General

1. Introduction
Plate tectonics is the surface manifestation of mantle convection. Previous nu-
merical studies have shown that plate kinematics have a fundamental influence
on mantle flow and thermal structure (e.g., Hager and O’Connell, 1981; Davies,
1988; Gable et al., 1991; Zhong and Gurnis, 1994a; King and Ito, 1995; Bunge
and Richards, 1996). While these studies clearly demonstrate the influence of
plates on mantle convection by imposing plate motion and/or plate geometry in
the models, they only provide a limited understanding of plate dynamics. Plate
geometry and plate motion have varied in the geologic past and this indicates
that plate geometry and motion dynamically respond to time-dependent mantle
convection. The change in plate geometry must occur through variations in the
geometry of plate margins. Therefore it is essential to formulate models of mantle
convection that include plates with dynamically evolving plate margins.

Initial efforts to formulate models with dynamically evolving margins were
made by Gurnis and Hager (Gurnis and Hager, 1988), who simulated plates of
variable size through a weak zone formulation; one weak zone was attached to
an overriding plate that was fixed as a reference frame, while the other weak
zone was used to simulate a ridge that moves with the mean velocity of the two
adjacent oceanic plates. In two- dimensional models with periodic boundary con-
ditions, Gurnis and Hager (Gurnis and Hager, 1988) found that the dip of slabs
was steeper following the initiation of subduction and later became shallower. At
670 km depth, their models did not incorporate an endothermic phase change and
simulated the boundary with just an increase in viscosity with depth. To overcome
these limitations, we have incorporated plate margins into viscous flow more
realistically with tectonic faults (Zhong and Gurnis, 1994b, Zhong and Gurnis,
1995a). Two-dimensional models of a subduction zone with dipping faults indi-
cate that oceanic trenches originate from the dynamic compensation of negatively
buoyant subducted slabs. Trench depth is controlled by the dip angle of faults
and lithospheric age prior to subduction, consistent with observations of trench
depth (Zhong and Gurnis, 1994b). Recently, faults with different strikes and dips
have been incorporated into three-dimensional models that are capable of repro-
ducing ‘‘plate-like’’ surface motion including little internal strain within a plate,
significant strike-slip motion, oblique subduction, oceanic trench topography, and
long-wavelength geoid highs over slabs (Zhong and Gurnis, 1996). In time-de-
pendent dynamic models within a two-dimensional cylindrical geometry, we have
shown that faulted plate margins migrate under the influence of mantle buoyancy,
leading to variations in plate size; the migration of plate margins determines the
dynamics of subducted slabs including slab penetration through the 670-km dis-
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continuity (Zhong and Gurnis, 1995a). The influence of trench migration on the
dynamics of subducted slabs is consistent with a recent study by Christensen
(Christensen, 1996) in which trench migration is kinematically imposed.

In this paper, we continue to explore the dynamics of multiple plate margins
and their influence on subducted slabs. We consider the role of periodic boundary
conditions and a hot bottom thermal boundary layer, which were not considered
previously. Our models with periodic boundary conditions confirm our previous
results and indicate that converging margins migrate rapidly oceanward when the
slabs are deflected above the 670-km phase change but converging margins tend
to be more stationary after subducted slabs penetrate into the lower mantle. We
find that the size of the overriding plate influences its mobility and consequently
the mobility of converging margins. In addition to the buoyancy of the subducting
plate, we find that the size of the overriding plate also influences slab penetration
through the 670-km phase change. Upon reaching the bottom thermal boundary
layer, subducted slabs spread out over the core mantle boundary (CMB) and push
aside hot thermal boundary layer fluid. This causes the thermal boundary layers
to become unstable; as a result, plumes form in the lower mantle within the
thermal boundary layer. Rising plumes appear to penetrate more easily the en-
dothermic phase change at 670 km, compared with slabs, and this confirms the
results from models of convection with stationary plate margins (Davies, 1995).

2. Description of models and numerical methods
The governing equations for mantle convection are derived from the conservation
of mass, momentum, and energy. With the Boussinesq approximation, the mo-
mentum, continuity, and energy equations are

s 1 f 5 0, (1)ij,j i

u 5 0, (2)i,i

T
1 u T 5 kT 1 H (3)i i iit

respectively, where ui, fi, and sij are the flow velocity, the body force, and the
stress tensor, respectively; T is the temperature; t is the time; k is the thermal
diffusivity; H is the heat source; the differential operators are those appropriate
for a cylindrical geometry. The body force vector includes buoyancy force due
to temperature variations and phase changes, and stress tensor sij is related to
strain rate tensor, eij 5 ui,j1 uj,i with sij 5 2Pdij1 2meffeij, where P is the pressure,
dij is the unit tensor, meff is the effective dynamic viscosity and can be expressed
as

2m
m 5 (4)eff (n21)/n1 1 (2me/t)t

where n is the exponent and for Newtonian rheology equals 1, e is the second
invariant of the strain rate tensor; tt is the transition stress, m is assumed to be
temperature-dependent,
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c c1 1m 5 m exp 2 (5)0 1 2T 1 c 1 1 c2 2

where c1 and c2 are constants and m0 is the viscosity at nondimensional temper-
ature T51.

Three formulations have been used to incorporate plates into mantle convec-
tion models: material property, thin plate, and force balance methods (e.g., King
et al., 1992). In the material property method, weak zones are assigned to plate
margins, while plate interiors are assigned a viscosity much higher than the mantle.
The weak zones are intended to mimic the stress weakening of lithosphere near
plate margins. Models that use the material property method can reproduce plate-
like surface motion (e.g., Gurnis, 1989; Jacoby and Schemling, 1982), but special
kinematic constraints are needed to advect plate margins (e.g., Gurnis and Hager,
1988; Puster et al., 1995). In thin plate models, plates, coupled into the underlying
mantle flow through boundary conditions, are modeled with a thin plate approxi-
mation (e.g., Weinstein and Olson, 1992). Such a formulation has been applied to
both two-dimensional Cartesian and cylindrical geometries (Weinstein and Olson,
1992; Weinstein, 1996). Although a highly non-Newtonian rheology (i.e., a power
law rheology with an exponent as high as 20) is used for plates, surface motion
still displays significant deformation over broad regions (Weinstein, 1996). In the
force balance method, each plate, with a prescribed geometry, is assumed to have
a constant velocity (or angular velocity); the velocity is determined by balancing
the force (or torque) at the base of each plate (e.g., Ricard and Vingy, 1989; Gable
et al., 1991). This later formulation has been incorporated into three- dimensional
convection models in order to study the partitioning between poloidal and toroidal
velocity components with a fixed plate geometry (Gable et al., 1991).

The two-dimensional models are in a full cylinder with periodic boundary
conditions and represent a significant extension of our previous models within a
half cylinder with reflecting boundary conditions (Zhong and Gurnis, 1995a);
reflecting boundary conditions may influence the dynamics by enforcing the sym-
metry on the sidewalls (Gurnis and Hager, 1988). The models include continental
and oceanic plates that are separated by thrust faults and weak spreading centers
at converging and diverging margins, respectively (Figure 1). A finite element
method is used to solve convection models with a fault (Zhong and Gurnis,
1994b). The mobility of the fault emerges from a mixed Eulerian and Lagrangian
formulation (Zhong and Gurnis, 1995b). Converging plate margins are repre-
sented with faults that extend down to the bottom of a plate with an initial dip
angle of 308. Overriding faults are continents with a constant horizontal length,
while the remaining surface is oceanic lithosphere (Figure 1). The models include
an endothermic phase change at 670 km depth (Table 1). Initially, the fluid interior
is isothermal (16008C) and two cooling oceanic plates are included with zero age
at u 5 0 (Figure 1). Within the two overriding continents, there is no horizontal
gradient in temperature. At the diverging margin of the overriding continents (that
is, at u 5 p in Figure 1), a high temperature is set initially to mimic continental
rifting. The two continents initially cover the whole region from the converging
margins to the weak margin at u 5 p (Figure 1).
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Figure 1. Model setup for cases within a full cyinder.

The continents, oceanic plates, and mantle are composed of different rhe-
ologies. Regions below 410 km in depth are assumed to undergo Newtonian flow,
while the shallower regions excluding continents are assumed to undergo non-
Newtonian flow (e.g., Karato and Wu, 1993; van den Berg et al., 1993). Viscosity
in any region can be expressed with (4) and (5) with a set of constants (m0, c1,
c2, n, tt). These constants for the lower mantle, the transition zone, the upper
mantle, and lithosphere are chosen such that the resulting average effective vis-
cosity (Table 1) is similar to that inferred from geoid studies, in which the vis-
cosity is high in the lower mantle but low in the transition zone (Hager and
Clayton, 1989; King and Masters, 1992). This viscosity structure is potentially
consistent with recent glacial rebound studies (Forte and Mitrovica, 1996). The
nonsubducting continents are assumed to be Newtonian with a constant high
viscosity (Table 1). At divergent margins, a smaller m0 or tt was used to account
for the weakening by partial melting.

The boundary conditions are isothermal and free slip on both the bottom
and top boundaries. The zones occupied by continents are updated under the
assumption that the length of the continents is constant; the region vacated by
continents is occupied by new ocean floor having a temperature- and strain rate-
dependent rheology identical to that of subducting plates. While migration of
faulted converging margins is dictated by the normal velocities on the faults, the
spreading centers migrate by assuming symmetric spreading (e.g., Gurnis and
Hager, 1988). Therefore all converging and diverging margins are capable of
dynamically moving with respect to each other. The assumption of symmetric
spreading is a ‘‘rule-based’’ constraint in contrast with motion of faulted con-
verging margins that is dynamically self-consistent. A mesh with 600 by 70 bi-
linear elements was used for all the cases, and the mesh was refined near the
fault, phase change, and plates.

3. Results
Our models of mantle convection with plates and faulted plate margins show that
the migration of plate margins influences the dynamics of plates and subducted
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slabs. The models indicate that converging margins migrate rapidly oceanward
when the slabs are deflected above the 670-km phase change, while converging
margins tend to become stationary following the penetration of subducted slabs
into the lower mantle. In addition to oceanic plate buoyancy, overriding plate size
has a significant influence on the mobility of overriding plates and thus on slab
penetration through a phase change at 670 km depth. For comparison, we will
first show a case with reflecting boundary conditions (i.e., within the domain of
a half cylinder). We will then present three cases with different sized overriding
continents and bottom thermal boundary layers of different strengths.

3.1. A case with reflecting boundary conditions

For reference and comparison with other more complex cases, we have a case 1
in which flow is confined to a half cylinder using reflecting boundary conditions
at u50 and u5p (i.e., the flow within the other half cylinder is symmetric). We
will present the complete time history of the thermal structure of the fluid interior,
plate surface motion, and plate geometry as Figure 3. This case was described
without the use of animation in Zhong and Gurnis (Zhong and Gurnis, 1995a).
This model shows surface heat flux and dynamic topography consistent with
observations (Zhong and Gurnis, 1995a), but here we will concentrate on the time
evolution of thermal structure and resulting plate kinematics. In the animation,
model time is shown in the top right corner, allowing one to make a correspon-
dence between the times mentioned in text and those on the time history plots.

The buoyancy of the initial cooling lithosphere and the high temperature at
the continental margin (u5p) causes subduction of the oceanic plate and motion
of continental plate shortly after the model starts. Accompanying the continental
motion, the faulted converging margin moves oceanward (i.e., trench migration)
and the overriding continental plate grows in size with new ocean floor added at
the spreading center. The fault position and spreading center position are directly
below the jumps in surface horizontal velocity seen in the animation as thin green
lines. When the newly descending slab encounters the phase change at 670 km
at 55 m.y., plate motion is slightly retarded (Figure 2a). Initially, the slab cannot
penetrate the phase change, and it bends in the transition zone slightly (Figure 3,
50 –117 m.y.). During this period the subducting and overriding plates converge
with a relatively constant velocity (Figure 2a), and the overriding plate increases
its size at the expense of the subducting plate. By ;200 m.y. the length of the
overriding plate has increased by more than 2000 km (Figure 2b). The slab sinks
into the lower mantle, apparently after sufficient amount of cold material has built
up above the phase change (e.g., Tackley et al., 1993). As the slab sinks into the
lower mantle (;200 m.y.), the velocity of the subducting plate increases rapidly,
while the velocity of the overriding plate decreases substantially (Figure 2a and
Figure 3). The decrease in overriding plate velocity (i.e., reduced trench migration
rate) slows the growth of the overriding plate (Figure 2a). As the slab reaches
the bottom boundary (;226 m.y.), the velocity of the subducting plate gradually
decreases to a relatively constant velocity of ;4.0 cm/y (Figure 2a). After the
slab penetrates into the lower mantle, it penetrates steadily, and the final config-
uration of slab and plates is quite stable (Figure 3).
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Figure 2. Time history of (a) plate velocities and (b) trench migration for case 1.
Symbols O and C in Figure 2a indicate the velocities of oceanic and
continental plates, respectively. The green dashed line in Figure 2a in-
dicates zero velocity.

Movie 1. A Quick Time animation of thermal structure and surface plate velocity
(solid green line) for case 1 with the times marked at the top right corner.
The dashed green line indicates the zero velocity. The velocities are uni-
formly reduced by a factor of two after 213 m.y. The black line indicates
the 670-km phase change. See Figure 1 for geometrical coordinates.

See the online version of this paper to view animation.
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Surface velocities demonstrate that plate-like behavior (that is, there is only
significant strain near plate margins) is achieved for both overriding and sub-
ducting plates (green lines in Movie 1). The overriding plate consists of both a
continental and an oceanic component, but the piecewise continuous surface ve-
locity indicates that they form a single coherent plate (Movie 1). During the early
stages of subduction the slab is deflected above the 670-km phase change with a
shallow dip angle, while the slab also can extend landward by more than 1000
km. After the slab penetrates into the lower mantle, the slab has a steep dip
(Movie 1). When the slab is deflected above the 670-km phase change, the trench
tends to migrate at a larger rate. However, when the slab penetrates into the lower
mantle, the trench is immobile.

3.2. Periodic boundary conditions

The competing influence of lithosphere buoyancy and overriding plate size on
plate kinematics and slab penetration through the 670-km phase change is ex-
plored with two cases in a full cylinder. In case 2, the length of the overriding
continent and the initial length of the oceanic plate in the upper hemisphere are
the same as those in the lower hemisphere, respectively (Figure 1) and are also
the same as those in case 1. However, the oceanic plate in the lower hemisphere
is initially 20% older near the dipping fault (i.e., more negatively buoyant) than
that within the oceanic plate in the upper hemisphere. An initially older oceanic
plate is accomplished by decreasing the oceanic plate spreading velocity used to
determine the initial temperature field. This difference in buoyancy introduces an
asymmetry in mantle flow between the upper and lower hemispheres. Since the
asymmetry is only slight, the time evolution is similar to that in case 1 and the
model was run only for ;200 m.y.

After only a short integration in time we observe the subduction of oceanic
plates near faults and motion of overriding plates in both hemispheres, along with
trench migration and growth in the size of overriding continental plates (Movie
2; Figure 3). Since the oceanic plate in the lower hemisphere has a greater buoy-
ancy, it moves faster, compared with the oceanic plate in the upper hemisphere
(Figure 3). This results in a migration of the spreading center separating the two
oceanic plates toward the lower hemisphere at a rate half the differential motion
between these two plates (Movie 2 and Figure 3). The spreading center velocity
enforces symmetric spreading. Before 140 m.y. the overriding continental plate
in the lower hemisphere has a larger velocity than that in the upper hemisphere,
while after 140 m.y. the overriding continental plate in the lower hemisphere has
a smaller velocity than that in the upper hemisphere (Figure 4 and Figure 3). The
difference in continental plate velocities between the upper and lower hemisphere
is less than the difference of subducting plate velocities; therefore there is less
migration of the spreading center between the two continents (Figure 3). The
migration of the two converging margins is much larger than that of the spreading
centers (Figure 3b). As converging margins migrate, the cold slabs are deflected
above the 670-km phase change with shallow dips, as found in case 1. By ;170
m.y. the slab in the lower hemisphere starts to penetrate into the lower mantle,
along with an increase in velocity of the subducting plate and a decrease in
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Movie 2. A Quick Time animation of thermal structure and surface plate velocity
(solid green line) for case 2 with the times marked at the center of the
cylinder. The velocities are uniformly reduced by a factor of 2 after 136
m.y. See Movie 1 for other information.

See the online version of this paper to view animation.

velocity of the overriding plate (i.e., decreasing rate of trench migration) in the
lower hemisphere (Movie 2 and Figure 3). When the slab penetrates the 670 km
depth with a steep dip, the migration rate of the spreading center between the
oceanic plates increases rapidly because of the increasing differential velocity
between the two oceanic plates (Movie 2 and Figure 3). The slab in the upper
hemisphere only starts to penetrate the 670-km phase change after 200 m.y. when
overriding plate velocity is reduced rapidly (Figure 4 and Figure 3). Case 2 sug-
gests that older plates with larger negative buoyancy force penetrate easier into
the lower mantle, consistent with earlier work (Zhong and Gurnis, 1994a).

In order to study the influence of overriding plate size we have reduced the
size of the overriding continent by 2000 km in the lower hemisphere in case 3.
Since we assume that initial lithospheric age increases at the same rate for both
oceanic plates, the oceanic plate in the lower hemisphere is older (i.e., more
negatively buoyant) at the fault. The asymmetry in mantle flow between the upper
and lower hemispheres results from the differences in both buoyancy and conti-
nent size.

The general characteristics of the results from case 3 are similar to those in
the previous two cases (Movie 3). Unexpectedly, the slab attached to the younger
oceanic plate in the upper hemisphere penetrates through the 670-km endothermic
phase change and into the lower mantle earlier than the one in the lower hemi-
sphere (Movie 3). Before 150 m.y., oceanic plates in both hemispheres move at
similar velocities (Movie 3 and Figure 4a). Although the oceanic plate in the
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Figure 3. Time history of (a) plate velocities and migration of (b) plate margins
for case 2. Symbols O-U, C-U, O-L, and C-L in A indicate the velocities of
oceanic and continental plates in the upper and lower hemispheres,
respectively. In Figure 3b, symbols F1 and F2 dictate the migration of
faulted converging margins in the upper and lower hemispheres, re-
spectively, while symbols R1 and R2 stand for the spreading centers
bounded by two oceanic plates and two continental plates, respective-
ly. The green dashed line in Figure 3a indicates zero velocity.

lower hemisphere has a larger negative buoyancy, it also has a larger size. By
;150 m.y. the velocity of oceanic plate in the upper hemisphere becomes larger
than that in the lower hemisphere (Figure 4). The overriding plate in the lower
hemisphere has a larger velocity than that in the upper hemisphere with the largest
difference in velocity occurring within the first 120 m.y. (Figure 4). The overrid-
ing plate in the lower hemisphere is more mobile because it is smaller. The smaller
overriding plate leads to more trench rollback, and we suspect that this is the
cause of the delayed penetration of the slab into the lower mantle.

The slab in the upper hemisphere sinks into the lower mantle at ;180 m.y.
(Movie 3), after which the velocity of overriding continental plate (i.e., trench
migration velocity) in the upper hemisphere decreases rapidly (Figure 4). The
slab in the lower hemisphere penetrates into the lower mantle at ;200 m.y.
(Movie 3 and Figure 4). By the time that slabs start sinking into the lower mantle
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Movie 3. A Quick Time animation of thermal structure and surface plate velocity
(solid green line) for case 3. The velocities are uniformly reduced by a
factor of 2 after 197 m.y. See Movie 1 for other information.

See the online version of this paper to view animation.

the two converging plate margins have migrated from their original positions by
;2000 and 2700 km in the upper and lower hemispheres, respectively (Figure
4). Since the overriding continental plate has a larger velocity in the lower hemi-
sphere than that in the upper hemisphere, the spreading center separating the two
overriding plates has migrated toward the lower hemisphere for ;300 km before
the slabs sink into the lower mantle (Figure 4). The spreading center separating
the two oceanic plates has only a significant motion toward the upper hemisphere
after the slab in the upper hemisphere starts to sink into the lower mantle (Movie
3 and Figure 4).

These three cases do not include a thermal boundary layer near the CMB.
Bottom thermal boundary layers may develop in response to heat flux from core
to mantle. Some studies (Davies and Richards, 1992; Sleep, 1990) have argued
that this heat flux may amount to 10–15% of the Earth’s heat budget. We inves-
tigate the interaction of slabs with a bottom thermal boundary layer and its influ-
ence on plate kinematics. Case 4 includes a bottom thermal boundary layer in its
initial temperature field but otherwise is identical to case 3. There is no initial
horizontal gradient in temperature within the thermal boundary layer, and the
temperature increases by 8008C across the lower 250 km of the mantle.

The time history of plate motion for case 4 (Figure 5) indicates that the
bottom thermal boundary layers do not influence significantly the general char-
acteristics of plate kinematics except the magnitude of plate motion. In the initial
stage (e.g., first 50 m.y.) the bottom boundary layers are stable, and no significant
change occurs within the thermal boundary layers (Movie 4). When slabs accu-
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Figure 4. Time history of (a) plate velocities and migration of (b) plate margins
for case 3. See Figure 3 for symbol convention.

mulate above the 670-km phase change, we observe that the bottom thermal
boundary layers appreciably thin under the slabs and thicken beneath the spread-
ing centers. The thickening thermal boundary layer forms plume-like structures
(Movie 4). This thermal structure results from the global flow field: the upwelling
flows under the spreading centers form plumes and the downwelling flows under
the slabs thin the thermal boundary layers beneath. When slabs sink into the
lower mantle, they enhance the flow in the lower mantle, which destablizes the
bottom thermal boundary layers and causes the plumes under the spreading cen-
ters to grow rapidly. It should be pointed out that the rapid growing plumes under
the spreading centers may be partly due to the two-dimensional effects in our
models. As the sinking slabs approach the CMB, hot fluid underneath the slabs
is pushed aside, leading to the formation of additional plumes on the CMB (Movie
4). After the slabs reach the CMB they spread over the CMB. This enhances
plumes on the periphery of old slabs, causing strong lateral variations in temper-
ature and a distinct large-scale thermal structure above the CMB (Movie 4). These
results of the interaction between cold slabs and mantle plumes at the CMB are
similar to those reported by Yuen et al. (Yuen et al., 1994).

Other interesting features include the penetration of plumes into the upper
mantle and the destablization of continental plates at passive margins near the
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Figure 5. Time history of (a) plate velocities and migration of (b) plate margins
for case 4. See Figure 3 for symbol convention.

end of the model run (Movie 4). The 670-km phase change does not significantly
resist the penetration of the plume near u50 into the upper mantle as it does for
the slabs when they penetrate through the phase change. The increasingly large
buoyancy associated with the oceanic component of overriding plates causes com-
pressional strain to build up within the oceanic lithosphere at the continental
margins, and this eventually results in new subduction at the margins (Movie 4).
We did not integrate this system further in time, because this would have required
the initiation of new faults. Fault initiation is left for future investigation.

4. Discussion
These results suggest that there may be an intimate relationship between slab
penetration, slab dip, and migration of converging margins. On the one hand, a
subducted slab with a steep dip angle is more likely to be associated with a
relatively stationary trench, and the subducted slab is more likely to extend into
the lower mantle. On the other hand, a subducted slab with a shallow dip is more
likely to be associated with a rapid retrograde trench migration, and the subducted
slab is less likely to have penetrated into the lower mantle. The same relationship
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Movie 4. A Quick Time animation of thermal structure and surface plate velocity
(solid green line) for case 4. The velocities are uniformly reduced by a
factor of 2 after 187 m.y. See Movie 1 for other information.

See the online version of this paper to view animation.

was previously suggested with half cylinder models (Zhong and Gurnis, 1995a).
Laboratory studies also suggested that subducted slabs with shallower dips have
a smaller propensity of penetration into a lower layer with an increased density
and viscosity (Kincaid and Olson, 1987). The relationship between slab mor-
phology and mobility of converging margins from our models is similar to the
correspondence between slab morphology revealed through seismic tomography
and plate reconstructions. Seismic tomography of western Pacific subduction
zones indicate that the steeply dipping Mariana and Southern Tonga slabs may
extend into the lower mantle, whereas the more shallowly dipping Izu-Bonin,
central Japan, and Northern Tonga slabs may be deflected above the 670-km
discontinuity (van der Hilst and Seno, 1993; van der Hilst, 1995). Plate recon-
struction suggests that in the last 45 m.y. the Mariana trench has not had signif-
icant retrograde migration whereas the Izu-Bonin trench and Japan trench has
migrated oceanward significantly (Seno and Maruyama, 1984). The Tonga trench
has experienced a larger amount of trench migration in its northern segment com-
pared with its southern segment in the past 40 m.y. (Walcott, 1987).

Our models suggest that the propensity of slab penetration at the 670-km
phase change depends on both the buoyancy of subducting plates and the mobility
of overriding plates. While older plates in general have a greater propensity to
penetrate through the 670-km phase change (e.g., case 2 and Zhong and Gurnis,
1994a), overriding plates with a great mobility reduce the propensity of slab
penetration, as demonstrated in case 3. This result may be important in under-
standing the fate of slabs at 670 km depth. This probably explains the variability
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in seismically derived slab structure at the 670-km discontinuity in western Pacific
subduction zones that have similar lithospheric ages of subducting plates. In re-
ality, the mobility of overriding plates (or overriding slivers) could be influenced
by many factors including the size of overriding plates and the existence of back
arc spreading. Therefore subducted slabs with similar ages may have very dif-
ferent propensity of slab penetration into the 670-km discontinuity if the overrid-
ing plates have different conditions. This is approximately what studies of seismic
tomography and plate reconstruction suggest (e.g., van der Hilst and Seno, 1993).
Admittedly, different endothermic phase change parameters and rheology will
have influences on the dynamics of subducted slabs (e.g., Christensen and Yuen,
1984; Zhong and Gurnis, 1994a, 1995a; King and Ito, 1995), and these influences
are not considered in this paper. However, we believe that our general conclusions
regarding the influences of trench migration on slab penetration do not signifi-
cantly depend on these model parameters.

The thermal structure of subducted slabs and the bottom thermal boundary
layers from our models can be comparable with seismic observations. Seismic
tomography studies suggest that subducted slabs may be deflected by the 670-km
discontinuity with a shallow dip, like under central Japan (Zhou et al., 1990;
Fukao et al., 1992), or penetrate into the lower mantle with a steep dip, as beneath
the Mariana trench and Tonga (van der Hilst et al., 1991). Grand (Grand, 1994)
has shown that the subducted slab under western North America can be clearly
traced to the core-mantle boundary, with a structure similar to that seen in our
models. The cold slabs spreading over the CMB push aside the thermal boundary
layer fluid, leading to formation of plumes on the periphery of slabs on the CMB
(e.g., case 4 and Yuen et al., 1994). The cold slabs and their surrounding thermal
boundary layers may produce the large-scale structure in the lowermost mantle
as observed by Wysession et al. (Wysession et al., 1994) and Grand (Grand,
1994). A sharp temperature contrast between the cold slabs and the thermal
boundary layers persists after the cold slabs reach the boundary layers for tens
of millions of years (e.g., case 4). This sharp temperature contrast may be related
to the observed seismic velocity anomalies near the CMB by Garnero and Helm-
berger (Garnero and Helmberger, 1996) and Ding and Helmberger (Ding and
Helmberger, 1997). It should be pointed out that the temperature contrast would
be reduced as the cold fluid travels away from the slabs over the CMB and is
heated by the thermal boundary layers. However, the large-scale thermal structure
on the CMB can be maintained for a much longer time, as long as the subduction
remains a continuous process and brings additional cold fluid to the CMB.

5. Conclusions
We have formulated mantle convection models that incorporate non-Newtonian
rheology, tectonic plates, and faulted plate margins. These models allow us to
relate plate kinematics to the internal dynamics of the mantle. Our models with
different model parameters indicate that converging margins migrate rapidly
oceanward when slabs lay above the 670-km phase change, but converging mar-
gins tend to be more stationary after slabs penetrate into the lower mantle, con-
sistent with seismic tomography and plate reconstruction in western Pacific sub-
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duction zones (van der Hilst and Seno, 1993) and confirms our previous infer-
ences (Zhong and Gurnis, 1995a). We find that the ability of slabs to penetrate
through the 670-km phase change is controlled by both the buoyancy of sub-
ducting plates and the mobility of overriding plates (i.e., trenches). While older
subducting plates have a greater propensity of slab penetration, which is consistent
with our previous studies (Zhong and Gurnis, 1994a), mobile trenches reduce the
propensity of slab penetration, consistent with laboratory and numerical studies
(Kincaid and Olson, 1987; Zhong and Gurnis, 1995a). The mobility of overriding
plates is influenced by the size of overriding plates and other factors including
back arc spreading. Overriding plates with a smaller size appear to have greater
mobility. When reaching the bottom thermal boundary layer, subducted slabs
spread over the CMB and push aside the hot material, producing thermal plumes
that rise from the thermal boundary layer. The spreading cold fluids and the
thermal boundary layers form a large-scale structure near the CMB; there can be
a sharp temperature contrast between the cold fluids and the thermal boundary
layers. This structure may be partially responsible for the seismic observations
on the CMB.
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Table 1. Physical and geometrical model parameters.

Parameter Value

Thickness of fluid layer, D 2.93106 m
Outer radius, Ro 6.373106 m
Temperature contrast, Tb-To 1600 K
Reference density, ro 3.33103 kg m-3

Thermal conductivity 3.0 W m-1K-1

Thermal diffusivity, k 10-6 m-2s-1

Acceleration of gravity, g 10 m s-2

Thermal expansion, a 2.0310-5 K-1

Average viscosity
in the transition zone (410–670 km) 4.031021 Pa s
in the upper mantle (120–410 km) 4.031020 Pa s
in the oceanic lithosphere* (0–120 km) 2.031023 Pa s

Viscosity of the continent (0–120 km) 2.031025 Pa s
Equilibrium depth for endothermic phase change 6.73105 m
Equilibrium temperature for endothermic phase change 1400 K
Clapeyron slope for the endothermic phase change 3.5 MPa K-1

Density jumps across the phase change boundaries 8.5%
Phase transition widths, d 3.23104 m
(mo, c1, c2, n, tt)†

the lower mantle (2hr, 3.0595, 0.75647, 1, tt)
the transition zone (0.4hr, 3.0595, 0.75647, 1, tt)
the upper mantle‡ (0.02hr, 1.9187, -1.177, 3, tt)
the oceanic lithosphere (hr, 1.9187, -1.177, 3, tt)

*For oceanic plates the cutoff for the maximum viscosity is 4.031023 Pa s.
†Here tt is 2.5 bar; hris reference viscosity and is 2.031022Pa s.
‡Here mo for slabs within the upper mantle is equal to that for the oceanic plate hr
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