
105

Chapter 2  Solid Earth Simulation

Numerical Simulation of the Mantle Convection

Project  Representative

Yoshio Fukao Institute for Research on Earth Evolution, Japan Agency for Marine-Earth Science and Technology

Authors

Yoshio Fukao 1, Tomoeki Nakakuki 2, Masanori Kameyama 3, Takatoshi Yanagisawa 1, 
Yasuko Yamagishi 1, Yujiro Suzuki 1, Atsushi Suzuki 4, Motoyuki Kido 5, 
Masaki Ogawa 6, Takao Eguchi 7, Yasuyuki Iwase 7, Takashi Nakagawa 8, 
Michio Tagawa 2, Millard F. Coffin 9, John Baumgardner 10, Mark Richards 11, 
Dave Stegman 12 and Stephan Labrosse 13

1 Institute for Research on Earth Evolution, Japan Agency for Marine-Earth Science and Technology

2 Department of Earth and Planetary Systems Science, Hiroshima University

3 The Earth Simulator Center, Japan Agency for Marine-Earth Science and Technology

4 Department of Mathematical Science, Kyushu University

5 Research Center for Prediction of Earthquakes and Volcanic Eruptions, Tohoku University

6 Graduate School of Arts and Sciences, University of Tokyo

7 Department of Earth and Ocean Sciences, National Defense Academy

8 Department of Earth and Planetary Science, University of Tokyo

9 Ocean Research Institute, University of Tokyo

10 Theoretical Division, Los Alamos National Laboratory

11 Department of Earth and Planetary Science, University of California, Berkeley

12 School of Mathematical Sciences, Monash University

13 Institut de Physique du Globe de Paris

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.

Therefore, we have been improving the models which take into account of such difficult aspects as the large variation of 

viscosity and the existence of phase transitions. On the other hand, models of the internal structure and evolution of the mantle

have been proposed based on the seismological and geological observations. The seismic tomography reveals the large scale

flow of mantle convection, while the geologic data suggest that the mode and activity of the mantle convection vary episodi-

cally. Our goal is to construct the models of the mantle convection which are consistent with these observational results. In

this fiscal year, our effort was focused on the improvement of the model involving the phase transition around the 660 km

depth. We discuss the implication for the dynamics and evolution of the Earth's mantle.
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1. Introduction
The physical and chemical phenomena occurring on the

surface and in the interior of the Earth are mainly controlled

by the convective motion in the mantle. To understand these

phenomena, we have to model the dynamics and evolution

of the mantle convection. The convection is driven by the

density and temperature anomalies in the mantle, which can

be detected by seismic tomography as the anomalies in seis-

mic wave speed. The seismic tomography images the pattern

of the mantle convection having large spatial scales, which

consists of two super plumes under the African continent

and the South Pacific and the stagnant slabs on the seismic

discontinuity around 660 km depth along the Circum Pacific.

On the other hand, the temporal change of the vigor of man-

tle convection has been inferred from geological evidence.

For example, in the middle Cretaceous, the spreading rate of

seafloor was much higher than the present one, which indi-

cates that the mantle convection at that time was much more
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vigorous as compared to that at present. By compiling these

geological data, the activity of the mantle convection is

expected to vary episodically. In addition, the Earth is the

only planet on which the plate tectonics is observed. The

plate motion is supposed to be an integral part of the mantle

convection. To construct the realistic model of the Earth's

mantle convection, the modeled convection should have

large spatial scales, and reproduce the episodic behavior and

the plate-like motion.

On the other hand, the mantle convection has many com-

plex aspects, such as extremely large Prandtl number, high

Rayleigh number, strong temperature dependence of viscosi-

ty, yield strength of materials, existence of phase transitions,

and so on. The Earth's mantle convection must be affected

by these complexities, and they entwine each other and com-

plicate the structure and evolution of the mantle. Model con-

struction of a realistic mantle convection needs to take into

account of these factors, and clarify how they affect the

mantle convection. Considering these various aspects,

numerical simulation is the most suitable tool to investigate

the mantle convection. In this project, we aim at developing

numerical models of thermally-driven mantle convection,

each of which includes strong temperature dependence of

the viscosity, realistic rheology of the lithosphere, and the

660 km phase transition, respectively.

By using these numerical models, we discuss physics of the

convection involving many complexities as existing in the

Earth's mantle and seek for the possible mechanisms of large

scale flow of the mantle convection, plate motions and the

episodic activity of mantle convection. This study represents

the first step of our goal of constructing the models of mantle

convection which are consistent with the observational results

such as seismic tomography and geological evidence. 

2. The effect of the 660 km phase transition on the
mantle convection
Here we describe the results of the numerical simulations

of mantle convection in a three-dimensional spherical 

shell, which incorporates the 660 km endothermic phase 

transition. We use the TERRA code which is based on the

finite element method. The details of this code are described

in Baumgardner 1) and Bunge et al. 2). We performed the simu-

lations by using 32 nodes of the Earth Simulator. The spatial

resolution is about 30 km on the Earth's surface. We carried

out systematic calculations by varing Rayleigh number Ra,

internal heating Rayleigh number RaH, and the value of the

Clapeyron-slope at the 660 km depth dP/dT660 .

In Figure 1, various convection styles with different values

of dP/dT660 are shown for Ra = 7 × 106. As can be seen, as the

absolute value of the Clapeyron-slope |dP/dT660| increases, 

the pattern of the convection changes from the whole layer

convection (for dP/dT660 = –2MPa/K) to two-layered one (for

-2MPa/K -4MPa/K -6MPa/K -8MPa/K

surface

CMB

vertical
cross-section

transition zone

Fig. 1  Snapshots of temperature distribution obtained for four different values of dP/dT660. In these calculations, the Rayleigh numbers Ra

and RaH are fixed to be 7 × 106 and 1.4 × 108, respectively. The top pannels show the distributions in longitudinal cross-sections, while

the bottom three rows show the distributions at the top surface, the depth of 660 km, and the core-mantle boundary, respectively.
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dP/dT660 = –8MPa/K). The cases with dP/dT660 = –4MPa/K

and –6MPa/K belong to a transitional state between the whole

layer convection and the two-layered one, where either of 

the two convective modes takes place alternatively and inter-

mittently.

Figure 2 shows the regime diagram of the convection 

patterns summarizing the numerical results performed with

various values of Ra and dP/dT660. For the cases with Ra = 7

× 105 and 7 × 106, the convection style varies with dP/dT660.

When Ra is 7 × 104, in contrast, the convection shows a

whole layer pattern regardless of the values of dP/dT660

employed here. As Ra increases, the transitional state

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

In other words, the convection tends to be separated at

660km depth for a large Rayleigh number, which is consis-

tent with the previous studies 3). Figure 2 also shows the

ranges of dP/dT660 relevant to the Earth, estimated from the

high-pressure experiments 4), 5). Taken together with the esti-

mates of the Rayleigh number under the Earth's conditions,

Ra ≥ 107, the mantle convection of the Earth is most likely to

belong to the intermittent regime.

In the intermittent convection, the intermittency is caused

by the interaction between cold plumes and the phase transi-

tion. Because the endothermic phase transition acts as barrier

for the convective flow, the cold plumes are accumulated on

the boundary of phase transition. At this stage, the convec-

tion occurs almost separately in the upper and lower mantle.

When the stagnant cold plumes become large enough to

induce gravitational instability, they collapse down into the

lower mantle catastrophically. This phenomenon is called
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Fig. 2  A regime diagram of convective flow patterns in the plane of

|dP/dT660| versus Ra. RaH is fixed to be 1.4 × 108. The shaded

region indicates the range of dP/dT660 of the Earth estimated from

the high-pressure experimental results.
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Fig. 3  (Left) Temporal change of heat flows from the surface and from

the core mantle boundary. Shown in the top is the case of two-

layered mantle convection, in the middle is the case of intermit-

tent convection, and in the bottom is the case of whole layer con-

vection. The Rayleigh number is 7 × 106, and the internal heating

Rayleigh number is 1.4 × 108 in all the cases. (Right) Return

period of temporal change of heat flow (blue circles) and the

increase of heat flow from the core mantle boundary by ava-

lanches at the stage of intermittent convection (red squares).
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"avalanches" in the previous studies 6), 7). When avalanche

occurs, the mass flux through the upper and lower mantle

boundary becomes large and convection cells extend through

the entire depth of the mantle. At the same time, the convec-

tive flows are reorganized into cells with large horizontal

scales, which is consistent with global mantle models

obtained by seismic tomography.

Also observed for the cases with the intermittent regime is

a periodic variation of heat flow associated with the occur-

rence of avalanches (Figure 3). Heat flow rapidly increases

when avalanches occur, and gradually decreases after the

avalanches. Heat flow from the surface and that from the

core-mantle boundary change synchronously and there is no

time lag between them. For the case with Ra = 7 × 106, which

is the maximum value in this study, and RaH = 1.4 × 108,

avalanches increase the heat flow by a few to tens percent.

The timescale of the temporal change of heat flow is several

hundred millions years. Taken together with the geological

evidence which implies a vigor of mantle convection in the

mid Cretaceous, it is most likely that an avalanche occurred

then. Figure 3 also shows that, as the absolute value of the

Clapeyron-slope increases, the period of the temporal change

is longer and the amplitude of heat flow variation is larger.

3. Achievements by other numerical modeling studies
In order to handle the strong temperature dependence of

viscosity, we also develop numerical models for convection

in 3-D spherical shell based on the stabilized finite element

method. In FY2004, we successfully incorporated the effects

of the phase transitions in the mantle transition zone into this

numerical model. The distinctive point of this code is that it

can give accurate results by mathematical properties of the

finite element method 8). 

In addition, we are developing a two-dimensional numeri-

cal model of mantle convection together with the plate

motion, and demonstrated that the model can reproduce the

subducting motion of cold fluids similar to that of actual tec-

tonic plates by considering realistic rheology of the litho-

sphere. For the next step, this model will be developed into

the three-dimensional geometry. 
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