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Chapter 2  Solid Earth Simulation

The dynamics and evolution of the Earth's mantle are considered to be influenced by several complexities of the physical

processes. In order to understand the mantle convection in the Earth, a numerical simulation is a very effective tool. On the

other hand, the internal structure and the evolution of the mantle have been inferred by the geophysical and the geological

observations. The seismic tomography reveals the large scale flow of the mantle convection, and it also illustrates some

ancient slabs are stagnant in mantle transition zone. Our goal is to construct the models of mantle convection and caused vol-

canism which are consistent with these observational results. In this fiscal year, our main target is to make up models of "sub-

duction" and "stagnant slab". We improved both global and regional codes for mantle convection, and made clear the condi-

tions to generate stagnant structures. We also succeeded in simulating realistic volcanic eruption clouds.

Keywords: mantle convection, plate motion, subduction zone, stagnant slab, volcanic eruption

1. Introduction
The Earth's mantle is composed of silicate rocks, and on

long time scales, it acts like a highly viscous fluid. The man-

tle also acts as a heat engine; it flows slowly in order to

transport the heat from the hot interior to the cool surface.

This convective flow in the mantle is observed as the motion

of tectonic plates on the Earth's surface. The motion of sur-

face plates in turn drives seismicity, volcanism and mountain

building at the plate margins. Thus, the mantle convection is

the origin of the geological and geophysical phenomena

observed at the Earth's surface. 

Seismic tomography enables us to "see" the internal struc-

ture of the mantle. It illustrates the behavior of slabs, that 

is, ancient plates subducted in the mantle (review by Fukao

et al.1)). Some of the slabs stagnate in the mantle transition

zone while the others penetrate into the lower mantle.

Because the slab is an expression of downwelling flow in the

mantle convection, the mechanisms to generate the various
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styles of subducted slabs in the mantle transition zone are

important to understand layering structure of the mantle con-

vection. It is also very important for our life to understand

the nature and behavior of "subduction" and "stagnant slab",

because the Japanese Islands locate at the subduction zone,

and slab stagnation are widely observed below the East Asia.

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. To this

goal, we aim at developing numerical models which are con-

sistent with the observations such as seismic tomography

and geological evidence. The research of this project is

divided in three subgroups, according to the nature of phe-

nomena to be considered. First subgroup deals with 3-D

global mantle flow in spherical shell geometry, and aims at

understanding the large spatial scale dynamics and long-term

evolution of the Earth (section 2 and 3 in this report).

Second subgroup deals with 2-D regional mantle flow in rec-

tangular geometry, and aims at modeling the stagnant struc-

ture of slabs consistent with seismic tomography and surface

plate motion (section 4). Third subgroup deals with the prod-

ucts of subduction processes emerged at the surface of the

Earth, especially relating to volcanoes (section 5). 

2. High Rayleigh number convection in a spherical shell
In this section, we discuss the convective pattern and the

efficiency of the heat transport of the simple Rayleigh-

Bénard convection model with Bousinessq approximation in

3-D spherical shell at high Rayleigh numbers. For simplici-

ty, we ignored the effects of various complexities expected

for the mantle materials, such as viscosity variation, internal

heating, and phase transitions. Therefore the parameter is

only the basal heating Rayleigh number Ra. Yanagisawa and

Yamagishi 2) carried out the simulations of the thermal con-

vection in spherical shell for wide range of Ra, and succeed-

ed in calculating the convection at the higher Ra than in the

existing studies. 

Shown in Figure 1 are the temperature distributions of the

convection with Ra~104, 106, 108 in the thermally balanced

state for three depths. This state means that the total heat flow

top

middle

bottom

Ra = 2 × 104 Ra = 2 × 106 Ra = 1 × 108

normalized temperature
0 0.25 0.75 10.5

Fig. 1  Simple high Rayleigh number convection. The temperature distributions of the convective shell for Ra~104,

106, 108. Ra increases from left to right. The first row is adjacent to the top thermal boundary layer, the second

row is the middle depth, and the third row is adjacent to the bottom thermal boundary layer.
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from the top is nearly equal to that thorough the bottom.

Figure 1 shows that the convective cells become smaller with

increasing Ra. In addition, for the lower Ra, the convective

cells have almost uniform size, but for the higher Ra, the cells

become irregular. All of the convective patterns shown here

are characterized as follows; the sheet-shaped downwelling

and upwelling flows are generated around the top and the bot-

tom boundaries, respectively, and they concentrate gradually

into cylindrical flows in the convective core region. The con-

vection motion for Ra~106, 108 are fluctuating, and the time

scale of the fluctuation becomes shorter as Ra increases. 

We also calculate the efficiency of the convective heat

transport, namely Nusselt number, Nu, which is defined by

the ratio of the heat flux of the convective to the conductive

state. By compiling the numerical results, we obtain the rela-

tionship that Nu is proportional to Ra0.30. We further confirm

that this relation holds up to Ra = 108, the highest Ra

employed in this study. 

3. The effect of the 660 km phase transition on the
mantle convection
The endothermic phase transition at 660 km depth of the

mantle acts as a barrier for the vertical flow, and its value of

Clapeyron-slope controls the global convection pattern. We

reported on this problem last year for the range Ra < 107. This

year, we extended Ra range and carried out systematic calcula-

tion by varying the value of the Clapeyron-slope at the 660 km

depth dP/dT660. The results in the previous section ensure that

our simulation code works well up to Ra = 1 × 108. The spatial

resolution is as fine as about 15 km on the Earth's surface.

Figure 2 shows the regime diagram of the convection patterns

summarizing the numerical results performed with various val-

ues of Ra and dP/dT660. When Ra is 7 × 104 the convection

shows a whole layer pattern regardless of the values of

dP/dT660 employed here. For the cases between Ra = 7 × 105

and 1 × 108, however, the convection style varies with

dP/dT660; with the increase of |dP/dT660|, the style shifts from

the whole layer convection to two-layered one. There exists

the intermittent convection region between the whole layer and

two layered style. As Ra increases, the intermittent state

between the convective regimes appears at smaller |dP/dT660|.

In other words, the convection tends to be separated at 660 km

depth for a large Ra, which is consistent with the previous

studies. Figure 2 also shows the ranges of dP/dT660 relevant to

the Earth, estimated from the high-pressure experiments.

Taken together with the estimates of the Ra under the Earth's

conditions, the mantle convection of the Earth is most likely to

belong to the intermittent regime. This is consistent with the

image of the mantle obtained by seismic tomography. 

4. Numerical modeling on generation of stagnant slabs
3-D spherical shell model of mantle convection is useful

to understand the global flow pattern and long-term evolu-

tion. But it has limitations to include many complexities that

the real Earth has. Together with the 3-D global model, we

are making up 2-D regional models for simulating more real-

istic subduction process. 

We construct models of subducting plates with movable

plate boundaries self-consistently integrated into the mantle

convection system to investigate interaction of the subducted

slab with the mantle transition zone. In these models, we

investigate dynamic feedback effects between the slab insta-

bility and interaction with the phase transitions. Figure 3

shows two examples of the influence of the freely movable

plate boundary. In the case of fixed plate boundary (the top),

the 660 km phase transition cannot prevent the slab from pen-

etrating in the lower mantle. The buoyancy of the slab does

not act effectively on the 660 km phase transition because a

stiff slab is subducted vertically. In the case of freely movable

plate (bottom), the slab sinks gradually with a shallow dip

angle. In this case, the slab penetration is impeded and a hori-
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Fig. 2  The effect of endothermic phase transition at 660 km depth of

the mantle. Regime diagram of the convection patterns summa-

rizing the numerical simulations for spherical shell performed

with various values of Ra and Clapeyron-slope dP/dT660.
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Fig. 3  Regional model for subduction. Snapshots of subduction models

with fixed (the top) and freely movable plate boundaries (the bot-

tom). In the latter case, viscosity reduces due to slow grain growth

by the phase transition due to the low temperature in the slab.
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zontally lying slab is formed at the 660 km phase transition.

The behavior of the slab for this case is basically consistent

with the structure and evolution around NW Pacific region

including the Japanese Islands. We have also examined

effects of the slab rheology in the transition zone and temper-

ature- and pressure- dependent thermal expansivity.

5. Numerical modeling of turbulent mixing in volcanic
eruption clouds
As the consequence of slab subduction, some amount of

molten rock generates at the specific region of the mantle. It

gets together to make up magma chambers, and then vol-

canic activities occur along subduction zones like Japanese

Islands. Although there are many complicated processes

before a volcanic eruption, here we model the observable

surface phenomenon, that is volcanic eruption clouds.

Explosive volcanism is one of the most catastrophic phe-

nomena at the boundary of the solid earth and atmosphere.

The eruption cloud is the mixture of the volcanic gas, ash

and entrained air, and its dynamics are governed by the tur-

bulent mixing. We have developed the Ash77 code which is

based on the finite difference method for compressible flow

of fluid with high Reynolds number. The details of this code

are described in Suzuki et al.3). By virtue of the spatial dis-

cretization of third order accuracy, we successfully repro-

duced the 3-D behavior of eruption clouds including the for-

mation of eruption columns, pyroclastic flows and umbrella

clouds (Figure 4). Figure 4 shows that the mass fraction of

the ejected material decreases as the eruption cloud rises to

the eruption column and radially spreads in the umbrella

cloud because of the efficient turbulent mixing.
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Fig. 4  Modeling of volcanic eruption. Numerical result of umbrella

cloud at 20 min from the beginning of eruption. Cross-sectional

distribution of the mass fraction of the ejected material are

shown in x-z space.
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