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Chapter 1  Earth Science

The aim of this project is to make up a comprehensive model of the dynamics and evolution of the Earth's mantle, and to

simulate phenomena related with subduction. (1) With the global modeling in Earth-like spherical shell geometry, we made

systematic research on the convection patterns for the wide range of Rayleigh numbers with phase transitions. The experimen-

tally and seismologically plausible value of Clapeyron slope for 660 km phase transition is not enough to reproduce slab stag-

nation at transition zone. By introducing both the viscosity increase in the lower mantle, and yield stress near the surface, the

660 km phase transition acts as a barrier for the vertical flow. Then the flow pattern in the upper mantle is decoupled from the

flow in the lower mantle, and "stagnant slabs" are successfully formed. (2) With the regional modeling focusing on subduction

process, we made systematic research on the form of stagnant slab by setting both the velocity of subducting plate and that of

trench migration. These simulations succeeded in reproducing wide variety of the stagnation styles, which is comparable to

the images from seismic tomography. 
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1. Introduction
The Earth's mantle is composed of solid rocks but it flows

like a viscous fluid in a geologic time scale. This convective

flow of the mantle is emerging as the motion of tectonic plates

on the Earth's surface. The motion of surface plates causes

earthquake, volcanism and mountain building at the plate

margins. And as the mantle flow transports the heat from the

hot interior, the whole of the Earth has been cooling through

its history. Hence, mantle convection is the key process for

understanding the activity and evolution of our planet. 

We can see the internal structure of the Earth's mantle by

seismic tomography. It illustrates the behavior of slabs, that

is, subducted plates in the mantle. Some of the slabs stagnate

in the mantle transition zone while the others penetrate into

the lower mantle (Fig. 1). Because slabs are the downwelling

portions of the mantle convection, the mechanisms to gener-

ate the various styles of subducted slabs in the mantle transi-

tion zone are important to understand the structure and

dynamics of the mantle. We have been studying the process

of stagnation and penetration of slabs, and succeeded in sim-

ulating both behaviors and clarifying the conditions for slab

stagnation. Our two-dimensional model can reproduce the

general behavior of slabs under natural setting, but it has

limitations in applying for specific subduction zones of the

Earth. Three-dimensional structure is essential for some sub-

duction zones especially located in western Pacific region.

Figure 1 is the structure of the mantle relating to the subduc-

tion around the Pacific Ocean from global tomography [1].

There are wide variation of the subduction style, some is

stagnant around the transition zone, and other is penetrating

to the lower mantle. 

2. Global model: The effect of viscosity layering and
yield stress for the slab stagnation
The cause of slab stagnation has been discussed in rela-

tion to the post-spinel transition across the 660-km disconti-

nuity. The negative Clapeyron slope of this phase transition

tends to resist against straightforward falling of slabs into the

lower mantle. We presented the results of the numerical sim-

ulation of the mantle convection in three-dimensional spheri-

cal shell, which incorporates the 660 km endothermic phase

transition. The spatial resolution is about 15 km on the

Earth's surface. We carried out systematic calculations by

varing Rayleigh number, and the value of the Clapeyron

slope at the 660 km depth with isoviscous mantle. Figure 2

is the extended version of our regime diagram of the convec-

tion patterns. In the range of Ra > 105, as the absolute value

of the Clapeyron slope increases, the pattern of the convec-
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tion changes from the whole layer convection to two-layered

one. There is a transition phase between the whole layer con-

vection and the two-layered one, in which the convection

becomes intermittently.

The recent experimental values of the Clapeyron slope are

in a range from –2 to –0.5 MPa/K for dry ringwoodite, and <

–2 MPa/K for wet ringwoodite (summary in [2]). On the

other hand, the estimated Clapeyron slope by seismological

observations is in a range from –3.5 to –2 MPa/K [3, 4]. This

suggests that the transition zone contains some amount of

water. These ranges are also shown in Fig. 2. These estimat-

ed values of Clapeyron slope are located near the boundary

of "intermittent" and "whole layer" convection regime, and

the effect of phase transition is weak for large-scale slab stag-

nation. In our previous regional two-dimensional modelings,

we showed that viscosity increase in the lower mantle and the

temperature dependence of viscosity are also important for

slab stagnation. Hence, we introduced viscosity layering and

plate-like structure into our global modeling. Figure 3 (a) is

the setting of the viscosity factor to the reference value, and

lower mantle viscosity is 40 times larger than the upper man-

tle. The viscosity also depends on temperature, and the mate-

rial has large viscosity at cold portion. We introduced yield-

ing of the material that acts near the surface, and then the

deforming and subducting portion is very localized and plate-

like behavior is reproduced. The yield stress is set to 80 MPa

from the result of [5] to realize plate-like one. 

Here we compare the results with and without 660 km

Fig. 1  Cross sections of seismic tomography for subdcution around Pacific Ocean (drawn by the dataset GAP-P1 [1]).

The P-wave velocity anomalies are shown from surface to core-mantle boundary. Red lines on the maps show

the location of each cross section. The wide variety of the subduction style is observed.

Fig. 2  The regime diagram of the convection patterns for isoviscous

spherical shell. This is the extended version of our result reported

in ES annual report 2005.
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phase transition. We set the value of Clapeyron slope for 

660 km as –2.5 MPa/K (plausible value from seismology),

and 0 MPa/K (no phase transition). In the case of –2.5

MPa/K, the phase transition at 410 km depth is also intro-

duced with Clapeyron slope +2.5 MPa/K. The Rayleigh

number calculated by the reference viscosity is Ra = 2 × 107

for these simulations. Figure 3 (b) is the horizontally aver-

aged temperature profile, and you can see that there is a little

decrease of temperature around the transition zone in rela-

tion to phase transition. The effect of phase transition is not

so large on average temperature profile, but the flow pattern

is much different. Figure 4 shows the convection pattern by

temperature, left: no phase transition, right: with phase tran-

sition. With phase transitions, the flow pattern in the upper

Fig. 4  Snapshots of the convection in spherical shell with depth- and temperature-dependent viscosity (Ra = 2 ×107).

Left; no phase transition. Right; phase transition at 410 km and 660 km. Top; temperature just below the surface.

Bottom; temperature cross-section along a meridian. There exist small difference for the typical wavelength of

the surface pattern between the two, but large difference for the vertical cross section. In case of phase transition,

stagnant slabs are observed at the transition zone and the flow patterns for the upper and lower mantle are decou-

pled to some extent.

Fig. 3  (a) (b) Horizontally averaged temperature at each depth with and without 660 km phase transition. There exist

small difference between the two cases.
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mantle is decoupled from the flow in the lower mantle. The

time-scale for the flow in the upper mantle is shorter than

that of the lower mantle because of its lower viscosity.

Trenches at the surface move with the time scale of the

upper mantle flow, and the penetrated slab in the lower man-

tle is anchored for a while. Then the structures like "stagnant

slabs" are formed. With the sufficient time integration, we

can conclude that 660 km phase transition plays important

role for reproducing stagnant slabs. Without phase transition,

the stagnant structure emerges at the beginning of the simu-

lation, but it settles to be vertically continuous flow pattern

after several hundred million years. 

3. Regional model: Dynamic behaviors of subducting
slabs, toward three-dimensional modelings
We are developing three-dimensional numerical models

of mantle convection in order to study the formation and the

dynamic behaviors of stagnant slabs. A time-dependent ther-

mal convection of Boussinesq fluid in a rectangular box of

1320 km height and 7920 km width is considered. We have

included both the exothermic olivine to spinel and the

endothermic spinel to perovskite phase transitions at around

410 and 660 km depths from the top surface, respectively.

The viscosity of mantle material is assumed to be exponen-

tially dependent on temperature and pressure (or depth). We

also take into account the effects of the sudden increase in

viscosity at the 660km depth. The computational domain is

divided into the "oceanic" and "continental" regions on the

left-hand and right-hand sides, respectively. The plate sub-

duction is imposed by applying different kinematic boundary

conditions to the top surface of the "oceanic" and "continen-

tal" sides. The initial distribution of temperature in the

"oceanic" region is set by a half-space cooling model mov-

ing at a uniform velocity, while that in the "continental"

region is characterized by a thinner thermal boundary layer

than the "oceanic" side in order to enhance the negative

buoyancy of the "oceanic" plate at the "trench axis". We also

included a thin layer of weak "lubricating" material along

the top surface of the "oceanic plate" in order to accommo-

date a strong shear deformation along the "plate boundary".

The lubrication at the plate boundary is modeled by applying

maximum yield strength in the regions with the weak materi-

als which are advected along with the subduction of "ocean-

ic plate". The numerical calculations is performed by using

the multigrid-based numerical code ACuTEMan [6, 7]

designed for large-scale three-dimensional experiments. In

this numerical code, the motion of highly viscous and

incompressible fluid is iteratively solved for the primitive

variables (velocity and pressure). The advection of "lubricat-

ing" material is calculated by the CIP-based semi-

Lagrangian conservative scheme developed by [8]. We have

employed non-uniform mesh divisions between the "ocean-

ic" and "continental" sides and between the upper and lower

mantle, in order to resolve the dynamic behavior of subduct-

ed slabs as much as possible. 

In addition, we take into account the effect of trench

migration, by extending the approach by [9] to the three-

dimensional models. Here we assume the subduction below

an actively overriding continent with an ocean-ward velocity

–Vtr = (–Vtr, 0, 0) with respect to the deep mantle. Although

the reference frame in subduction models is usually fixed to

the deep mantle, we choose a "continental reference frame"

here, which is fixed to the top surface of the overriding "con-

tinental" plate, for reasons of computational convenience. To

this end, we use a simple Galilean coordinate transforma-

tion: a no-slip boundary condition is imposed on the conti-

nental surface while at the bottom and inflow boundary, a

velocity Vtr is imposed, describing again the relative motion

between continent and deep mantle. The motion of "oceanic"

plate is, on the other hand, driven by a fixed velocity Vpl

along the top surface. A horizontal flow and hydrostatic

pressure are prescribed on the vertical right-hand side

boundary. These define the flow to be "developed", i.e. with

a zero horizontal velocity gradient, as in one-dimensional

channel flow. 

We show in Fig. 5 the snapshots taken from preliminary

two-dimensional calculations with different values of the

velocities of subducting plate Vpl and overriding plate Vtr. In

these calculations, the viscosity of the lower mantle is

assumed to be 10 times higher than that of the upper mantle.

The comparison of the cases presented in Fig. 5 clearly indi-

cates that the importance of the motion of overriding plate

on the formation of stagnant slabs. Figure 5 also shows that

the larger Vtr tends to pinch off the subducting plates at a

shallow depth. This may come from the fact that the mod-

eled "oceanic" plate is rather weak due to the exponential

dependence of viscosity on temperature. 

We do believe, nevertheless, the importance of the present

work toward the three-dimensional numerical models of sub-

ducting slabs. Almost all of the earlier studies of plate sub-

duction had been performed by two-dimensional models, by

making good use of stream-function formulation. Although

this formulation is proved to be significantly robust against

numerical difficulties such as sharp and strong viscosity

variations, its application is in principle limited to two-

dimensional models. In other words, one needs to employ

the formulation with primitive variables in order to pursue

three-dimensional models. Moreover, we need to rely on the

multigrid strategy which is crucial for the rapid solution of

large-scale elliptic problems, despite of the difficulty of

multigrid technique with handling the sharp viscosity varia-

tions. In this study we have demonstrated that some of

numerical difficulties described above could be overcome by

some extent. We expect that this study mark the important
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step toward the truly three-dimensional dynamical model-

ings of stagnant slabs.
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Fig. 5  Snapshots of behaviors of cold subducting plates obtained by time-dependent calculations with different values of

the velocities of subducting plate Vpl and overriding plate Vtr. Shown are the distribution of viscosity. The regions

in red stands for higher viscosity, while those in blue for lower viscosity.
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