Chapter 1 Earth Science

Numerical Simulation of the Mantle Convection and

Subduction Process

Project Representative

Yoshio Fukao

Authors

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

Yoshio Fukao *!, Tomoeki Nakakuki *?, Shoichi Yoshioka *?, Michio Tagawa *?,
Takatoshi Yanagisawa*!, Yasuko Yamagishi*!, Masaki Yoshida*', Masanori Kameyama **,
Atsushi Suzuki*’, Yasuyuki Iwase *¢, Yoshito Hirayama *¢ and Dave Stegman *’

*1
*2
*3
%4
*5
*6

%7 School of Mathematical Sciences, Monash University

Department of Mathematical Science, Kyushu University

Institute for Research on Earth Evolution, Japan Agency for Marine-Earth Science and Technology
Department of Earth and Planetary Systems Science, Hiroshima University
Department of Earth and Planetary Sciences, Graduate School of Sciences, Kyushu University

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

Department of Earth and Ocean Sciences, National Defense Academy

The internal structure and the evolution of the mantle have been inferred by the geophysical and the geological observa-

tions. 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 2-D models made clear the conditions for realizing "stagnant slab". We got the fol-

lowing important results; (1) the trench backward motions have an essential role to generate the stagnant slab around the 660

km phase boundary, (2) when the viscosity jumps at the 660 km phase boundary is a factor of 10, the stagnant slab is easily

formed at the relatively gentle Clapeyron slope, -2 MPa/K. On the other hand, recent high pressure and temperature experi-

ments suggest a new phase transition around the bottom of the mantle. We made systematic study on the role of this new

phase in 3-D spherical shell models. The results suggest (3) if the density jump relating to the transition is as small as sup-

posed at present, it may not modulate the convection of mantle so much.
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1. Introduction

The Earth's mantle is composed of silicate rocks. The
mantle acts like a highly viscous fluid on long time scale and
as a heat engine; it flows slowly 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 surface plates in turn causes
earthquake, 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 surface plates subducted in the mantle (review by
[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 con-
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vection, the mechanisms to generate the various styles of
subducted slabs in the mantle transition zone are important
to understand layering structure of the mantle convection. 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 have been developing numerical models which are
consistent with the observations such as seismic tomography
and geological evidence. The research of this project is
divided in two subgroups, according to the nature of phe-
nomena to be considered. First subgroup deals with 2-D
regional mantle flow in rectangular geometry with discrete
mechanics in generating plate-like surface motion to model
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the stagnant structure of subducting slabs above the 660 km
phase boundary, which is consistent with seismic tomogra-
phy models (section 2). Second 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 3).

2. Regional modeling for subduction zone and stag-

nant slab

Recent seismic tomography models have revealed various
morphology of subducting plate. In particular, significant
flattening and stagnation of slabs around the 660 km phase
boundary are observed in some areas beneath the Western
Pacific subduction zones. To reproduce the stagnant slabs in
numerically modeled mantle convection in 2-D rectangular
geometry, we have performed calculations of the mantle
convection with various controlling parameters related to
physics of the 660 km phase transition, trench retreat veloci-
ty, dip angles of slabs, and the viscosity contrast between the
upper and the lower mantle.

2.1 Case of the self-consistently moving plate

In this section, we have attempted to produce slab evolu-
tion from the subduction initiation to the penetration into the
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lower mantle with freely moving surface plate without
imposed velocity boundary condition for the plate ([2], [3]).
The trench can also freely migrate as well as the plates. We
focus on the rheological effects of the slab in the transition
zone and the lower mantle. We assume Arrhenius-type tem-
perature dependence of the viscosity and the yielding of the
slab. We also introduce temperature and pressure depend-
ence of a thermal expansion coefficient. Our results are sum-
marized as Fig. 1 shows.

Because the slab has high viscosity, the slab memorizes the
past deformation. This has an important role to determine the
slab structures in our simulation. In the case with the free
trench migration, the stagnant slab is formed with a shape like
the cross section of spoon. The tip of the stagnant slab is sus-
pended above the 660 km phase boundary by the slab strength.
When the viscosity reduction is induced by the slow grain
growth, the curvature of the stagnant slab becomes smaller.
The stiffness of the slab has also important effects to generate
the stagnant slab with weaker Clapeyron slope because the
horizontally wide plate descends slower than vertically long
plate. A horizontally lying slab beneath the 660 km phase
boundary is formed when a thermal expansion coefficient has
temperature and pressure dependence, or when the viscosity

jump by 10 to 30 times at the 660 km phase transition.
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Fig. 1 Styles of the subducted slab interacting with 410 and 660-km phase transitions. The overriding plate is fixed in the Cases
(a) to (c) and freely movable in the Cases (d) to (g). The Clapeyron slope of the 660 km phase transition is set to be -3
MPa/K except Case (e) with -2 MPa/K. The additional features are as follows. Case (a): no viscosity jump, Case (b): vis-
cosity jump by 10 times at 660 km phase boundary, Case (c): viscosity jump by 30 times, Case (d) no viscosity jump, Case
(e): temperature- and pressure- dependent thermal expansivity and no viscosity jump, Case (f): viscosity jump by 30 times,
Case (g): grain size reduction with the 410- and 660-km pahse changes and no viscosity jump.
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In the case with a stagnant slab with high viscosity, the
subducted slab keeps to stay on the 660 km phase boundary
without avalanche when the Clapeyron slope is as steep as -
3MPa/K. When the stagnant slab has viscosity as low as
ambient mantle because of the grain size reduction in the
whole slab, the stagnant slab finally penetrates into the lower
mantle. When the viscosity jumps at the 660 km discontinuity
by a factor of 10 to 30, the stagnant slab is more easily formed
at -2 MPa/K. In this case, the slab also finally drops into the
lower mantle. These can be explained by shorter growth time
of Rayleigh-Taylor type instability with lower viscosity con-
trast between the slab and the ambient mantle. This may
explain that the younger subduction zone (e.g., Izu-Bonin,
Tonga) seems to have stagnant slabs and older subduction
zone does penetrating slabs (Japan, Kuril, Java, and America).

The viscosity jump seems to be essential to generate stress
filed in the transition zone slab resembling that obtained by
the seismic observation. In the case with no viscosity jump,
a couple of compressional and tensile stress always appears
in the location with strong stress. The viscosity jump at 660
km phase boundary is needed to generate stress field of
down-dip compression in the transition zone stab. The vis-

cosity jump, however, slows the motion of the surface plate.

2.2 Case of the plate-like surface boundary condition
In order to systematically investigate the effects of trench

retreat velocity, dip angles, and the high viscous lower man-
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tle on the stagnation of subducting slabs, we have used a 2-D
Cartesian model with imposing plate-like velocity condition
at the surface boundary. We have searched conditions for
slab stagnation under the assumption of the relatively gentle
Clapeyron slope, which is obtained from recent high pres-
sure experiments. The results show that slabs tend to stag-
nate above the 660 km phase boundary with increasing the
absolute value of the Clapeyron slope, the viscosity contrast
at the phase boundary, trench retreat velocity, and decreas-
ing an initial dip angle. Stagnant slabs can be realized in
realistic ranges of parameters obtained from geophysical
observations by the combination of buoyancy force, high
viscosity of the lower mantle, and trench retreat. We found
that low dip angle of a descending slab at the bottom of the
upper mantle plays an important role to stagnate the slab.
There are two regimes for slab stagnation: buoyancy-domi-
nated regime and viscosity-dominated regime. In the viscosi-
ty-dominated regime, it is possible for slabs to stagnate
above the 660 km boundary even if the value of the
Clapeyron slope is 0 MPa/K.

We have investigated conditions that can realize slab stag-
nation by changing the value of the Clapeyron slope in the
range of -3 to 0 MPa/K, the viscosity contrast between the
upper and lower mantle in the range of 0 to 40, and velocity
of trench retreat in the range of 1 to 3 cm/yr. Dip angles of
45° are compiled for trench migration velocity of 1, 2, and 3

cm/yr (Fig. 2). We obtain several findings from our numeri-

trench migration velocity

40

I N

dip angle:45°

plate velocity: 8cm/yr
slab age: 130Myr

-
o

viscosity contrast at 660 km
N
o

value of Clapeyron slope [MPa/K]

Fig. 2 A compilation of calculated results. For each figure, horizontal and vertical axes denote the value of the Clapeyron slope

and the value of viscosity jump between the upper and lower mantle, respectively. Results which show slab stagnation hor-

izontally over a long distance are represented by circles, and results which show slab penetration into the lower mantle are

represented by crosses, and the other results which show stagnation temporarily before descending into the lower mantle or

stagnation below the 660-km discontinuity are represented by triangles. The dashed line indicates the critical boundary

between slab stagnation and slab penetration. Initial dip angle is 45°. The left, middle, and right figures demonstrate the

results for the trench retreat velocities of 1, 2, and 3 cm/yr, respectively.
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cal experiments: (1) When the effect of trench retreat is con-
sidered, slabs tend to be easier to flatten dramatically. (2) The
faster trench retreat velocity is or the higher viscosity of the
lower mantle is, the more easily slabs can flatten. (3) When
the trench retreats, if the viscosity of the lower mantle is
higher than a certain value, slabs can stagnate above the 660
km phase boundary, even if the value of the Clapeyron slope
is 0 MPa/K, for which positive buoyancy force does not act
upon slabs. (4) Average slab viscosity in the mantle transi-
tion zone decreases with increasing trench retreat velocity.

3. Global model to see the effects of PPV phase transition

The post-perovskite (PPV) phase is a newly discovered
phase of mantle material, and the pressure-temperature con-
dition of the transition corresponds to the deepest part of the
mantle. This transition may be the origin of D" layer which
is seismically observed undulated structure at the bottom of
the mantle, and it could also control the large-scale mantle
flow, moreover, the long term evolution of the Earth.

We carried out systematic numerical simulations of man-
tle convection including a phase transition near the core-
mantle boundary, to clarify how that type of transition can
affect on the thermal state in the mantle. We calculate time-
dependent thermal convection of infinite Prandtl number
fluid in a three dimensional spherical shell. Compressible
fluid is treated to consider the effect of latent heat. Other two
phase transitions, which are exothermic one at a depth of
410 km and endothermic one at a depth of 660 km, are also
included. To simplify the model and to save the calculation
resources, the temperature- and pressure- dependencies of
viscosity and other physical properties are ignored. Both
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Fig. 3 Mantle convection in 3-D shell geometry with phase transitions at
the depth of 410 km, 660 km, and 2750 km. Temperature anom-
aly is shown for each depth. The endothermic phase transition at
660 km prevents vertical flow motion, and stagnant structures are
formed at the depth. The value of Clapeyron-slope for PPV tran-
sition is +8 MPa/K, and Rayleigh number is 107 in this case.

internal and basal heating are considered. We performed
thermal convection with the approximate Rayleigh number
to 10%. We assume the negative or positive Clapeyron-slope
of the PPV phase transition, though the experimental and
theoretical studies indicate that this transition is exothermic
(positive Clapeyron-slope) one. In addition, the depth of the
phase boundary should play an important role, so we calcu-
late two cases as follows: the PPV phase boundary exists
inside of the bottom thermal boundary layer of mantle con-
vection (Case 1; e.g. Fig. 3), and above that layer (Case 2).
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Fig. 4 Horizontally averaged temperature profiles (Ra~107). Case 1: PPV phase transition zone exists inside of the thermal

boundary layer. Case 2: outside of the thermal boundary layer. These are the results with several values of Clapeyron-

slope for PPV phase transition. Phase transitions at 410 km and 660 km are also introduced. For the smaller value of

the Clapeyron-slope, the bottom thermal boundary layer is thicker, and the mean temperature of the mantle is lower.
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When the PPV phase transition zone exists inside of the
thermal boundary layer, the mean temperature of the mid-
mantle rises a little with the increase of Clapeyron-slope
with positive values. When it exists above the thermal
boundary layer, the temperature field does not depend on
Clapeyron-slope except for extreme negative value (Fig. 4).
The convection flow patterns show similar dependence on
Clapeyron-slope. With positive values of the slope, every
pattern in Case 1 and 2 has almost the same spatial scales at
the depth of mid-mantle. With extreme negative value, a thin
separated convection layer is formed at the bottom in Case 2,
and then the characteristic spatial scale of mid-mantle drasti-
cally changes. At present, the value of Clapeyron-slope and
the density jump with PPV phase transition in the Earth is
supposed to be around +8 MPa/K and +1 % respectively
([4], [5]). Our results of numerical simulations show that
though the existence of PPV phase transition zone slightly
modifies the structure of the bottom boundary layer, it has
little impact on the global convection structure in the mantle.
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