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Details of numerical model

Thermal convection is calculated in a rectangular box with an aspect ratio 4×4 by ACuTEMan numerical

code under the Boussinesq approximation (Kameyama et al. 2005; Kameyama 2005). The convecting

fluid is incompressible and Newtonian, and the Prandtl number is infinite. The box is internally heated,

and the internal heating rate is 12.8 in a dimensionless unit (equivalent to the surface heat flow of about

23 mWm−2). The viscosity depends on temperature T , height z measured from the bottom boundary,

and “degree of damage” ω, discussed below as

η = exp

[
E(Tref − T ) + V (1− z)− Fω

1 + ω

]
(1)

(see Equation (1) of our earlier paper by Ogawa (2003)), where Tref, E, V , and F are constants. In

Equation (1) and below, quantities without asterisks are non-dimensional; the length is normalised by

the height of the box d∗ = 3000 km, the temperature by the temperature scale ∆T ∗ = 1650◦ C, and

the viscosity by η∗0 = 2.4 × 1020 Pa s, a typical value for the uppermost mantle. We assume that the

Rayleigh number in the momentum equation Ra =
ρ∗0α

∗∆T ∗g∗d∗3

η∗0κ
∗ is 1.8× 108, where ρ∗0 = 3300 kgm−3

is the reference density, α∗ = 3× 10−5 K−1 is the thermal expansivity, κ∗ = 10−6 m2 s−1 is the thermal

diffusivity, and g∗ = 10 m s−2 is the gravitational acceleration. The degree of damage ω evolves as

(Bercovici 1998; Bercovici et al. 2001)

∂ω

∂t
+ V ·∇ω = Γσij ε̇ij − λω + ν∇2ω, (2)

where Γ is a constant, σij is stress, ε̇ij is strain rate, and

λ = λ0 exp [E(T − Tsrfc)] . (3)

(See Equations (2) and (3) of Ogawa (2003).) Here, Tsrfc is the temperature at the surface whose

dimensional value is T ∗
srfc = 0◦ C, and the time t∗ is normalised by the thermal diffusion time d∗2/κ∗. An

artificial diffusion term ν∇2ω is added on the right-hand side of Equation (2) to avoid spurious fluctuations

in the ω-distributions that cause too wild variations of the viscosity in the lithosphere. In this study, the

dimensionless value of ν is chosen to be ν = c(δxmin)
2/δt, where δxmin is the minimum mesh spacing, δt

is a time increment which is determined from the numerical stability of heat-advection-calculation, and

c is a constant on the order of 10−1.

The assumed parameter values are E = 19.3, V = 4.6, F = 8.06, Γ = 4 × 10−4, λ0 = 105, and

T ∗
ref = 1300◦ C, which are motivated by the plate-like regime of an earlier two-dimensional model (Ogawa
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2003). The calculation is started from the initial state taken from the final state of the weak plate

regime shown in Figure A2, and is continued over the period of dimensionless time on the order of 10−2.

The continuity and momentum equations are iteratively solved for the velocity V and pressure at each

timestep, until the L2-norm of residual becomes smaller than that of driving forces by a factor of 10−6.

Notes on stress-history-dependence in rheology in our model

The formulation (1)-(3) is not a model of a specific physical process taking place in the Earth’s lithospheric

materials, despite its similarity to that of void-volatile mechanism (Bercovici 1998; Bercovici et al.

2001). We employed this formulation together with the values of parameters described above so as

to phenomenologically introduce a stress-history-dependence into rheology, which is definitely important

in understanding the Earth’s plate motion (Zhong et al. 1998; Tackley 2000; Bercovici et al. 2015) in the

way illustrated in Figure A1.

Let us consider the steady solution ωs of (2) calculated from

0 = Γσij ε̇ij − λωs = Γ
σII

2

η
− λωs = −λωs

η

(
η − ΓσII

2

λωs

)
, (4)

where σII is the second invariant of the stress tensor. The large value of λ0 adopted here implies that

ω is always kept very close to ωs. When F > 4, the steady solution ωs depends on σII, as illustrated in

Figure A1a. Here,

σm,p = σref

[
F

2
− 1±

√
F 2

4
− F

] 1
2

exp

[
−F

4

(
1±

√
1− 4

F

)]
, (5)

where σref ≡
√

λ0ηcold
Γ

and ηcold = exp [E(Tref − Tsrfc) + V (1− z)] is the viscosity at T = Tsrfc. (In the

main text, ηp stands for ηcold at z = 1.) The plus/minus sign takes + for σm and − for σp. In the

lithosphere, σp corresponds to the rupture strength of tectonic plates, whereas σm corresponds to the

strength of the mechanical coupling at plate margins. As illustrated in Figure A1, ωs is a two-valued

function of stress in the range of σm ≤ σII ≤ σp, and whether a material takes the intact (ωs < 1) or the

damaged (ωs > 1) branch in that range is determined by whether or not the material has experienced a

stress higher than σp in the past. Namely, the viscosity is stress-history dependent.

The viscosity in our model depends on stress history in a way different from that assumed in earlier

void-volatile models (Bercovici 1998; Foley et al. 2014). In the earlier models, ω is in the range from

0 to 1, and the viscosity depends on ω as 1 − ω. The steady solution ωs is, therefore, always a single-

valued function of the stress σII; there is no hysteresis like the one illustrated in Figure A1b. Instead, a
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stress-history-dependence arises in these models by assigning a small value to λ: ω retains the memory

of its past value for a period of λ−1 (see Equation (2)), which is assumed to be on the order of 100 Myr

(Bercovici 1998). These earlier works, however, suggest that it is still difficult to produce the plate-like

behaviour of the lithosphere in this way. In contrast, the lithosphere retains the memory of past σ for

an indefinitely long period of time, as long as σm < σII < σp holds in our model (Figure A1). This more

persistent memory is the reason why the lithosphere shows a more plate-like behaviour in our model.

Influences of rheological parameters on the occurrence of plate-like motions

As discussed in our earlier paper (Ogawa 2003), rigid motion of tectonic plates separated by weak plate

margins is expected to occur along the surface boundary, when the stress σcTBL in the cold thermal

boundary layer (TBL) satisfies

σm < σcTBL < σp. (6)

For the case shown in Figures 1-3 (E = 19.3, F = 8.06), the dimensionless values of σm and σp are

2.5 × 106 and 7.4 × 106, respectively. On the other hand, assuming that ridge push force is the major

source of stress in the cold TBL, the dimensionless stress σcTBL is

σcTBL ≈ d∗2

η∗0κ
∗

∫ z∗=d∗

z∗=0

ρ∗0α
∗(∆T ∗

cTBL − T ∗)g∗dz∗

= Ra

∫ z=1

z=0

(∆TcTBL − T )dz ≈ Ra
∆TcTBLℓ

2
, (7)

where ℓ is the dimensionless thickness of the cold TBL, and ∆TcTBL is temperature contrast across the

cold TBL. By taking ∆TcTBL ∼ 0.6, ℓ ∼ 0.1 (see Figure 1) and Ra = 1.8× 108 (the value assumed here),

the dimensionless value of σcTBL is about 5.4× 106, which satisfies the inequality (6).

When the criterion of σcTBL < σp is violated, we obtain a convection of the “weak plate” regime (see

Figure A2). The assumed parameter values are E = 14.9, F = 8.06, and Ra = 4.6× 108. The resulting

σcTBL and σp are 1.86× 107 and 5.6× 106, respectively. In this regime, the “tectonic plates” are fragile

and are highly damaged by the stress induced by the convective flow in the mantle, and are involved into

the overall convection. The occurrence of the “weak plate” regime is consistent with the regime diagram

summarised in our earlier two-dimensional model (Ogawa 2003). In Figure A3, on the other hand, we

show convection in the “stagnant lid” regime calculated at the same values of Ra, E and F as those for

the case shown in Figures 1-3 (Ra = 1.8 × 108, E = 19.3, F = 8.06) but started from a different initial

condition where ω is around 0 everywhere in the top cold TBLs. The convection occurs in the stagnant
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lid regime where a stiff and stagnant lid of highly viscous fluid is formed along the top cold surface and

the convection occurs beneath the lid. The occurrence of both the plate-like regime and “stagnant lid”

regime at the same values of rheological parameters is consistent with our earlier finding (Ogawa 2003),

and is due to the hysteresis illustrated in Figure A1.

References

Bercovici D (1998) Generation of plate tectonics from lithosphere-mantle flow and void-volatile self-

lubrication. Earth Planet Sci Lett 154(1-4):139–151, DOI 10.1016/S0012-821X(97)00182-9

Bercovici D, Ricard Y, Schubert G (2001) A two-phase model for compaction and damage 3. applica-

tions to shear localization and plate boundary formation. J Geophys Res 106(B5):8925–8939, DOI

10.1029/2000JB900432

Bercovici D, Tackley PJ, Ricard Y (2015) The generation of plate tectonics from mantle dynamics. In:

Schubert G (ed) Treatise on Geophysics, vol 7, 2nd edn, Elsevier, DOI 10.1016/B978-0-444-53802-

4.00135-4

Foley BJ, Bercovici D, Elkins-Tanton LT (2014) Initiation of plate tectonics from post-magma ocean

thermochemical convection. J Geophys Res Solid Earth 119(11):8538–8561, DOI 10.1002/2014JB011121

Kameyama M (2005) ACuTEMan: A multigrid-based mantle convection simulation code and its opti-

mization to the Earth Simulator. J Earth Simulator 4:2–10

Kameyama M, Kageyama A, Sato T (2005) Multigrid iterative algorithm using pseudo-compressibility for

three-dimensional mantle convection with strongly variable viscosity. J Comput Phys 206(1):162–181,

DOI 10.1016/j.jcp.2004.11.030

Ogawa M (2003) Plate-like regime of a numerically modeled thermal convection in a fluid with

temperature-, pressure-, and stress-history-dependent viscosity. J Geophys Res 108(B2):2067, DOI

10.1029/2000JB000069

Tackley PJ (2000) Self-consistent generation of tectonic plates in time-dependent, three-dimensional

mantle convection simulations 2. strain weakening and asthenosphere. Geochem Geophys Geosyst

1(8):1026, DOI 10.1029/2000GC000043

Zhong S, Gurnis M, Moresi L (1998) Role of faults, nonlinear rheology, and viscosity structure in

generating plates from instantaneous mantle flow models. J Geophys Res 103(B7):15525–15268, DOI

10.1029/98JB00605

5



(a) ωs versus σII
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(b) rω ≡ η(ω = ωs)/η(ω = 0) versus σII
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Figure A1. The schematic illustrations of stress-history-dependent rheology employed in this study.

(a) The plots of the relations between the second invariant σII of the stress tensor and the steady

solution of damage ωs calculated from Equation (4) for several values of parameter F , which determines

the ω-dependence of viscosity F . (b) The plots against σII of the viscosity drop induced by damage

rω ≡ η(ω = ωs)/η(ω = 0) for several values of F . The values of σII are normalised by σref. When F ≤ 4,

the value of ωs monotonously increases with increasing σII. Similarly, when 0 < F ≤ 4, the value of rω

monotonously decreases with σII. For F > 4, both ωs and rω are two-valued functions of stress in the

range of σm ≤ σII ≤ σp with two branches (the intact branch with ωs < 1 and the damaged branch

with ωs > 1).
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(a) Temperature T

0 0.75T

(b) Viscosity η and velocity V at top (c) Damage ω and velocity V at top

|V | = 10000 −4 −0.5log10(η/ηwp) |V | = 10000 −2 2log10 ω

Figure A2. The overall structure of thermal convection in the “weak plate” regime obtained for

Ra = 4.6×108 and E = 14.9. (a) The three-dimensional thermal structure. Shown are the distribution

of temperature T at the two vertical side walls and at the bottom boundary (colour) and the isosurface

of T = 0.35. (b) The distribution of viscosity η (colour) and velocity V (arrows) in a horizontal plane

along the surface. The values of η are normalised by ηwp, the viscosity of intact material at the surface

(note that ηwp < ηp, due to larger Ra and smaller E than those used in Figure 3). (c) The distribution

of damage ω (colour) and velocity V (arrows) in a horizontal plane along the surface.
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(a) Temperature T

0 0.75T

(b) Viscosity η and velocity V at top (c) Damage ω and velocity V at top

|V | = 1 −4 −0.5log10(η/ηp) |V | = 1 −2 2log10 ω

Figure A3. The overall structure of thermal convection in the “stagnant lid” regime obtained for

Ra = 1.8 × 108 and E = 19.3 but for the different initial condition without significant rupture in the

cold thermal boundary layer. (a) The three-dimensional thermal structure. Shown are the distribution

of temperature T at the two vertical side walls and at the bottom boundary (colour) and the isosurface

of T = 0.5. (b) The distribution of viscosity η (colour) and velocity V (arrows) in a horizontal plane

along the surface. The values of η are normalised by ηp, the viscosity of intact material at the surface.

(c) The distribution of damage ω (colour) and velocity V (arrows) in a horizontal plane along the

surface.
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