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Abstract

Self-consistent numerical models are presented for a two-dimensional thermal convection with moving plates to estimate the

heat flow transported by hot upwelling plumes in both internally and basally heated mantle. The plume heat flow depends on the

internal heating rate and convective regimes but does not exceed 30% of basal heat flow when the plates rigidly move as observed

on the Earth; the fraction of plume heat flow to basal heat flow becomes higher when the lithosphere behaves as a stagnant lid or

as a mechanically not so strong plate. When estimated from the dynamic topography of plume-swells above hot upwelling

plumes, the plume heat flow appears to be only a small fraction of the real plume heat flow. As a whole, the apparent plume heat

flow estimated from dynamic topography remains only a few percent of the total heat flow on the surface boundary, the value

observed for the Earth, even when the basal heating rate exceeds 50% of the total heating rate. Such a high fraction of basal

heating rate is necessary for the amplitude of topography above hot upwelling plumes to become comparable to the value

observed for the Earth, too. It is necessary to reexamine the earlier inference that the heat released from the core manifests itself as

plume heat flow in the Earth.
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1. Introduction

The hot upwelling plumes as manifested by hotspot

volcanoes [1] transport heat and mass from deep mantle

to the base of the lithosphere and induce topographic

high called hotspot-swell [2,3]. Davies [2] and Sleep [3]

have estimated the amount of heat transported by the

hot upwelling plumes from the volume of hotspot-

swells and conclude that the plume heat flux is less
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than 6% of the total amount of heat that the Earth’s

mantle is losing, 36 TW [4]. Davies [2,5] has further

suggested that this plume heat flux is all coming from

the core. Indeed, the estimated plume heat flux is

comparable to the heat flux at the core–mantle bound-

ary suggested in many of the recent studies of geody-

namo (for a review, see [6]) and thermal history of the

core [7–9]. Based on the estimated plume heat flux,

Davies [2,5] has also suggested that the solid-state

convection in the Earth’s mantle is mostly driven by

internal heating and that the contribution of basal heat-

ing is minor.
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Table 1

Parameters used in this study

Symbols Meanings Values

cp Specific heat 1.25�103 J kg�1 K�1

g Gravity acceleration 9.8 m s�2

k Thermal conductivity 4.1 W m�1 K�1

Ttop Top surface temperature 273 K

Tbot Bottom surface temperature 1873 K

Tref Reference temperature 1573 K

DT Temperature difference 1600 K

a Thermal expansivity 2.0�10�5 K�1

g0 Reference viscosity 1.0�1020 Pa s

j Thermal diffusivity 1.0�10�6 m2 s�1

q0 Reference density 3.3�103 kg m�3

qm Reference density of mantle 3.3�103 kg m�3

qw Density of ocean water 1.0�103 kg m�3

Dqtop Density contrast at top surface

(qm�qw)

2.3�103 kg m�3
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This bclassicQ view of mantle convection is, howev-

er, not self-evident. Many of seismic tomographic

images have suggested that the deeper part of the

lower mantle is chemically heterogeneous with a spatial

scale of 1000 km or more [10–13]. A numerical model

of thermo-chemical convection in the mantle has shown

that such chemically heterogeneous regions in deep

lower mantle are dynamically stable for a geologic

time even when the regions are enriched in heat pro-

ducing elements [14]. In a chemically heterogeneous

mantle, plumes can arise from local chemical bound-

aries as well as the core–mantle boundary as suggested

from a laboratory experiment [15–17]. Resent seismic

tomography images and geochemical evidence indeed

suggest that not all of the hotspot plumes come from the

core–mantle boundary [21,22].

Given the controversy on the origin of hot upwelling

plumes, it is worth re-examining the constraint on the

origin derived from the low apparent plume heat flux

[2,5]. For the purpose to reexamine this, a couple of

studies have been numerically studied using mantle

convection models. Mittlestaedt and Tackley [19]

have investigated the relationship between plume heat

flow and CMB heat flow in steady-state or weakly

time-dependent convection using two-dimensional Car-

tesian or axisymmetric models. They have concluded

that the heat flow through the CMB may be several

times larger than the heat carried by plumes. Labrosse

[18] has carefully investigated this using a three-dimen-

sional (3-D) Cartesian model in which the viscosity is

spatially constant and the bottom heat flux is about 50%

of the surface heat flux. He had found that plume heat

flux is only a fraction of CMB heat loss, and CMB heat

flux is strongly correlated to the arrival of downwel-

lings at the CMB. Recently, using 3-D spherical shell

model with depth- and temperature-dependent viscosi-

ty, Zhong [20] has found that both the ratios of plume

heat flux to surface heat flux and bottom heat flux

increase for a given amount of internal heating rate,

and plume heat flux is more comparable to core heat

flux.

In this paper, to confirm that their conclusions still

apply with mantle convection with moving plates, we

estimate plume heat flux for a series of numerical

models of mantle convection with self-consistently

reproduced moving plates driven by both internal and

basal heating.

2. Model descriptions

We consider a thermal convection of infinite Prandtl

number fluid in a two-dimensional rectangular box with
an aspect ratio of 5. Boussinesq approximation is

employed. In the formulation of the basic equations

governing the mantle convection, the length L̃, velocity

ṽ, time t̃, and temperature T̃ are non-dimensionalized as,

L̃L ¼ z̃z1LV; ṽv ¼ j̃j

d̃d
v V; t̃t ¼ d̃d2

j̃j
t V; T̃T ¼ DT̃T T V; ð1Þ

respectively, where j̃ is the thermal diffusivity,

DT̃(= T̃bot� T̃top) is the temperature difference between

the bottom (z0=0) and top (z1=1) surfaces. (Symbols

with tildes and primes stand for dimensional and non-

dimensional quantities, respectively.)

Dropping primes in the quantities hereafter, the non-

dimensional continuity, momentum, and energy equa-

tions under this non-dimensionalization are,

Bvi

Bxi
¼ 0; ð2Þ

� Bp

Bxi
þ B

Bxj
g

Bvi

Bxj
þ Bvj

Bxi

�� �
þ RaTdiz ¼ 0;

�
ð3Þ

BT

Bt
¼ B

2T

Bx2i
� vi

BT

Bxi
þ H ; ð4Þ

where xi=(x,z) are Cartesian coordinates with z being

the vertical axis (z=0 at the bottom boundary, and z =1

at the top boundary), diz Kronecher’s delta, vi velocity, p
pressure, g viscosity, T temperature, and t is the time.

The Rayleigh number Ra is defined by Rau
q̃0g̃ãDT̃d̃

3/g̃0j̃, where q̃0 is the reference density of

mantle, g̃ gravitational acceleration, ã thermal expan-

sivity, d̃ the thickness of the convecting layer, and g
˜
0 is

the reference viscosity (see Eq. (5) below). We assume

Ra =2.52�108 as calculated from the dimensional

values of the parameters shown in Table 1. The internal



Fig. 1. The convecting fluid selects one of the two branches indicated

by the solid parts of the curve, i.e., intact branch or damaged branch,

depending on the stress-history that the fluid has experienced in the

past. The dashed part of the curve is physically unrealizable.
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heat source is uniform and the heating rate per unit

volume H is non-dimensionalized by Hu d̃2H̃/j̃c̃pDT̃,
where H̃ is the internal heating rate per unit mass, and

c̃p is specific heat; H is varied in the range of 0 to 22 in

this study.

To make the thermal boundary layer along the top

surface boundary show a plate-like behavior, we intro-

duce a bdamage parameterQ x, which represents the

bdegree of damageQ, into the viscosity equation [23–

25]. The viscosity of convecting materials depends on

x as well as temperature and depth [23] as

g ¼ exp � E T � Trefð Þ þ V 1� zð Þ � F
x

x þ 1

�
;

�

ð5Þ

where E, V and F are constants, and the reference

temperature Tref is taken as 0.8125 (T̃ref=1573 K in

dimensional value), a characteristic temperature in the

uppermost mantle when DT̃ is taken as 1873 K; E is

varied in the range of 13 to 24 in this study. The constant

V is fixed at ln 102.0=4.61, which implies that there is a

viscosity contrast of 100, comparable to the value ap-

propriate for the Earth’s mantle (e.g., [26,27]), between

the top and bottom boundaries of convecting box owing

to the pressure effect. The constant F is fixed at ln

105.0=11.51, which implies that the viscosity contrast

of 105 arise between regions with x =0 (no damage) and

regions with xYl (highly damaged).

The time evolution of x is governed by,

Bx
Bt

þ vi
Bx
Bxi

¼ Csije ij � xk0exp ETð Þ; ð6Þ

where sij is stress, eij strain-rate, C constant (see

below), 1/k0 is the healing time at T=0 taken to be 1/

k0=10
�5 [23]. Eq. (6) implies that the lithosphere is

damaged in the regions where viscous dissipation rate is

high and recovers from the damage with the healing

time, which depends on temperature. When scaled to

the Earth, the healing time at T=0 is 106 years, much

shorter than the turnover time of mantle convection,

~108 years. The healing time decreases with increasing

temperature.

Because of the short healing time, the steady state

assumption holds well in most situations, that is, the

left-hand side of Eq. (6) is negligible [23]. Namely,

s2C

k0gy
¼ xexp � F

x
x þ 1

�
;

�
ð7Þ

where gy=exp[ETref+V(1� z)], and s is the second

invariant of deviatoric stress. Fig. 1 illustrates the rela-
tionship of stress s and viscosity g calculated from Eq.

(6) with F =11.51. There is a hysteresis in the s–g
relationship in the stress range of (sD, sI) calculated

from gy, F, k0 and C (see Fig. 1 and [23]), and the

convecting fluid selects one of the two branches in the

stress range depending on the stress-history that the

fluid has experienced. The hysteresis plays a crucial

role in inducing a plate-like behavior of the numerically

modeled lithosphere. Narrow plate margins, which are

on the damaged branch characterized by xH1 and

low viscosity (see Fig. 1), develop within the litho-

sphere to divide it into rigidly moving smaller pieces

or bplatesQ, which are on the intact branch characterized

by xb1 and high viscosity, when the stress induced in

the lithosphere by ridge push force is within the stress

range.

As shown in Fig. 1, sI is the maximum stress on the

intact branch and corresponds to the rupture strength of

plates in the Earth. The rupture strength of the Earth’s

plates has been estimated to be on the order of 100 MPa

[28]. On the other hand, sD is the minimum stress on

the damaged branch and corresponds to the mechanical

strength of plate margins and may be estimated from

the stress drop of shallow earthquakes, which is on the

order of 1 MPa [29]. The estimate of sD and sI suggests
that DsusI/sD for the Earth is on the order of 100.

From Eq. (7), when F =ln 105.0, it can be shown that

the stress contrast Ds is 11.1. Although the adopted

value of Ds may be an order of magnitude smaller than

the realistic value, it is sufficient to make the numeri-

cally modeled lithosphere show a plate-like behavior.

To make s̃I and s̃D in the numerical model close to the

values appropriate for the Earth, we assume that

C =2.0�10�5. The adopted value of C implies that

s̃Ic10–500 MPa, and s̃D c 1–50 MPa (see Eq. (7) in

[23]).



Fig. 2. (a) A regime diagram on the plane of the internal heating

rate H and the magnitude of temperature-dependence of viscosity

E. The convective flow pattern are classified into three regimes; the

weak plate regime, the plate-like regime, and the stagnant lid

regime, indicated by solid open circles, solid black circles, and

solid gray circles, respectively. The regime boundaries shown by

dotted lines are approximately derived using linear-least-square

approach. (b)–(e) Selected snapshots of the temperature field for

the cases shown in (a).
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The adopted boundary conditions are as follows:

The top and bottom boundaries are impermeable,

shear stress-free, and isothermal (Ttop=0 at z=1 and

Tbot=1 at z =0). The vertical side-walls are reflecting,

i.e., impermeable, shear stress-free, and adiabatic. The

boundary condition for x-field (the distribution of the

x) is no-flux at all of the boundaries.

The basic equations are discretized by the finite vol-

umemethod on a staggered grid and are solved by the use

of stag3d [30] modified for this study. The explicit time-

stepping method, MPDATA scheme with a second-order

time accuracy, is used for the calculation of advection

terms in the energy equation and the damage parameter

equation. The diffusion term in the energy equation is

calculated by a second-order finite difference method.

The healing term in Eq. (6) is implicitly treated. As the

initial condition for the energy equation and damage

parameter equation, we adopt the temperature- and x-

fields of T=0.5+0.01cos(2px)sin(pz) and x =0, re-

spectively, or the temperature- and x-fields obtained

from previous calculations. The number of mesh points

is 512 in the horizontal direction and is 80 in the

vertical direction. The horizontal grid intervals are uni-

form, but the vertical grid intervals are non-uniform

with higher resolution around the lower and upper

thermal boundary layers.

In all of the cases described below, we continued

calculations till the time-series of average heat flux on

the top surface boundary and the root-mean-square

velocity and average temperature in the entire convect-

ing domain reach their statistically steady values.

3. Regime diagram

As a premise to the study of heat transport by hot

upwelling plumes beneath moving plates, we first clar-

ified the regime diagram of the thermal convection

formulated above on the plane of internal heating rate

H and the magnitude of temperature-dependence of

viscosity E. The result is presented in Fig. 2. Fig. 2a

classifies the numerically obtained convective flow

patterns into the stagnant lid, plate-like, and weak

plate regimes, all defined in [23].

In the weak plate regime at small E, the lithosphere

is frequently damaged both by its own weight and by

hot upwelling plumes, so that convection cells of aspect

ratio about one develop (Fig. 2b), while in the stagnant

lid regime at large E, the lithosphere behaves as a

stagnant lid that never subducts (Fig. 2e). In the

plate-like regime at moderate E and small H, in con-

trast, highly damaged narrow bplate marginsQ develop
in the lid, each piece of the lid (i.e., bplateQ) separated
by the plate margins rigidly moves, and the plates

induce convection cells of large aspect ratio (Fig. 2c

and d). These features of convecting flow patterns and
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the locations of regime boundaries at H =0 are consis-

tent with the earlier findings [23].

In this regime diagram, the upper limit of E, and

hence the upper limit of the viscosity in the lithosphere,

for the plate-like regime rapidly decreases with increas-

ing H. This occurs because the temperature in the iso-

thermal cores of convection cells increases, the excess

temperature of hot upwelling plumes decreases, and

hence, the buoyancy of hot upwelling plumes becomes

weaker with increasing H. When the plume buoyancy

becomes weaker than a threshold, hot plumes no longer

break the lithosphere to form new plate margins. Under

the circumstance, the plate-like motion stops in the pres-

ent model when ridges and subduction zones merge and

all of the plate margins happen to disappear. The plate-

like behavior of lithosphere continues long only when

there are agents, outside of the lithosphere, that occa-

sionally destroy the lithosphere and develop new plate

margins in the present model [23]. As a result of the rapid

decrease in E at the boundary between stagnant lid and

plate-like regimes with increasing H, the plate-like re-

gime disappears and a bifurcation directly occurs be-

tween the weak plate regime and the stagnant lid

regime when H is larger than about 10.

4. Plume heat flow

We now estimate the flux of heat transported by hot

upwelling plumes for all of the cases shown in Fig. 2

and study how the plume heat flow depends on the style

of the convection and basal heating rate. In this section,

all of the quantities are dimensional unless otherwise

mentioned.

4.1. Procedures for the estimate of plume heat flow

The plume heat flow Qp is defined as,

Qp ¼
X

hot plumes

q0cp

Z
z¼const:

vzDTplumedx; ð8Þ

where DTplume=Tp�hTmi is the excess temperature of

the hot upwelling plumes in which Tp is the temperature

of plumes and hTmi is the averaged temperature of

mantle removed the up/downwelling plumes, vz is the

vertical velocity of the hot upwelling plumes, the inte-

gration is carried out over the cross-sectional area of a

plume tail, and the summation is taken for all of the hot

plume tails. There are two possible ways to estimate Qp

for the numerically obtained flow patterns. One is to

directly use Eq. (8). We carried out the integration of

Eq. (8) at z =0.5 and located plume boundaries along
the horizontal line of z =0.5 as the points where |dT/dx|

takes maximum. Another is to indirectly estimate Qp

from dynamic topography induced by the hot upwelling

plumes, so-called, bplume-swellQ as has been done for

the Earth [2,3]. The basic assumption of this method is

that the excess mass of plume-swell is balanced by the

mass deficit of hot upwelling plumes,

Dqtopvplatedhswellg ¼ DqplumevzSplumeg; ð9Þ

where Dqtop is density contrast at the top boundary of

convecting layer, i.e., between the mantle and oceanic

water, vplate the velocity of the plate over-laying the

plume, dhswell the swell height, Dqplume density differ-

ence between the plume and the surrounding mantle, vz
the average vertical velocity of the upwelling plumes,

and Splume is the thickness of the plume [4,31,32]. (As

discussed in [33], this assumption does not always hold

and we will discuss the validity of the assumption for

our model later.) When the plume buoyancy is strictly

thermal, the density difference Dqplume=qma0DTplume.

Hence, the plume heat flow estimated by plume-swell

Qs is calculated from the dynamic topography as

Qs ¼
cp

a
Dqtopvplatedhswell: ð10Þ

Therefore the plume heat flow can be estimated from

the plate velocity vplate and the swell height dhswell.

4.2. Results

4.2.1. Effects of internal/basal heating rate on plume

heat flow

To show how the plume heat flow Qp in Eq. (8)

depends on the internal heating rate H and the basal

heating rate, we present in Fig. 3a the plots of Qp, the

heat flow at the top boundary Qt, and the heat flow at

the bottom boundary Qb, all against H for the cases H1

to H4 indicated in Fig. 2. All of the cases are in the

plate-like regime and are calculated at E =ln

107.5=17.27 or at the viscosity contrast between the

lithosphere and asthenosphere of about 106, a reason-

able value for the Earth [34]. We will show in Section

4.2.2 below that the numerical results are hardly affect-

ed by the choice of E in the plate-like regime. The

estimates of plume heat flow in Fig. 3a are calculated as

an average of the estimates obtained from several snap-

shots of convective flow pattern during the runs.

The calculated plume heat flow Qp is only 14–

29% of the heat flow at the bottom boundary Qb, and

is 9–29% of the heat flow at the surface boundary Qt

in the plate-like regime shown in Fig. 3b. In contrast

to the significant increase in top surface heat flow Qt



Fig. 3. Plots of the directly estimated plume heat flow for cases H1–

H4 shown in Fig. 2. (a) The internal heating rate H versus the heat

flow on the bottom boundary (Qb, solid circles), the heat flow on the

top surface boundary (Qt, solid diamonds), and the plume heat flow

(Qp, solid triangles). (b) The ratio of Qb to Qt (cbt, open circles), the

ratio of Qp to Qb (cpb, solid circles), and the ratio of Qp to Qb (cpt,
solid diamonds) versus H.

Fig. 4. Plots of directly estimated plume heat flow for cases E1–E7

shown in Fig. 2. (a) The magnitude of temperature dependence of

viscosity E versus the plume heat flow (Qp, solid triangles) and

bottom surface heat flow (Qb, solid circles). (b) E versus the ratio

of the plume heat flow to the bottom surface heat flow (cpb, solid
circles). Dashed lines in both figures indicate the regime boundaries

of convective flow pattern shown in Fig. 2.
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with increasing H, the plume heat flow Qp gently

decreases with increasing H. This occurs because the

iso-thermal core temperature of the mantle increases,

and hence the excess temperature of plumes DTplume

decreases with increasing H (see Eq. (8)). Fig. 3 also

shows that the basal heat flow Qb remains nearly

constant. This occurs because the effects of smaller

temperature contrast across the bottom thermal bound-

ary layer is offset by the effects of thinner thermal

boundary layer, both of which occur as H increases.

Consequently, cpbuQp/Qb and cptuQp/Qt decrease

with increasing H (Fig. 3b).

4.2.2. Effects of convective regime on plume heat flow

To clarify how plume heat flow Qp depends on the

convective regimes, we estimated Qp for the cases E1 to

E7 shown in Fig. 2; we controlled the convective

regimes by changing the magnitude of temperature-

dependence of viscosity E. The internal heating rate

H =0.0 for all of the cases.
Fig. 4 shows the plots of the basal heat flow Qb, the

plume heat flow Qp, and the ratio of plume heat flow to

basal heat flow cpbuQp/Qb, all against E. The plume

heat flow Qp is only about 30% of the basal heat flow

Qb and both Qp (Fig. 4a) and the heat flow ratio cpb
(Fig. 4b) do not significantly depend on E in the plate-

like regime. Outside of the plate-like regime, however,

cpb increases as E moves away from the range for the

plate-like regime. The ratio cpb is as high as 40–70% in

both the weak plate and stagnant lid regimes in the

range of E studied here (Fig. 4b). The ratio cpb
increases with decreasing E in the weak plate regime

because Qp becomes larger as a result of increasing

DTplume, while cpb increases with increasing E in the

stagnant lid regime because Qb decreases with increas-

ing E (Fig. 4a).
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4.2.3. Plume heat flow estimated by plume-swell

We now present, in Fig. 5a, the plots of plume heat

flow estimated by topographic plume-swells Qs (see Eq.

(10)), the ratio of Qs to basal heat flow (csbuQs/Qb),

the ratio of Qs to top surface heat flow (cstuQs/Qt) and

the ratio of Qs to real plume heat flow estimated in the

previous section (cspuQs/Qp), all against H for the

cases H1 to H4 in the plate-like regime (see Fig. 2).

The swell height dhswell in Eq. (10) is defined by the

difference between the maximum dynamic topography

on the plume-swells and dynamic topography at the

edge of plume-swells and the dynamic topography is

computed by dhtop=rzz|z=1/Dqtopg where rzz|z=1 is the

normal stress at the top boundary (e.g., [35]) as usual.

The estimates of plume heat flow in Fig. 5a are calcu-

lated as an average of estimates from several snapshots

of convective flow pattern during each run.

The plume heat flow estimated by plume-swells is

only a few percent of basal heat flow (see csb in Fig.

5a), and is not more than 10% of real plume heat flow

(see csp in Fig. 5a) for all of the cases. This occurs
Fig. 5. (a) Plots of plume heat flow estimated by plume-swell for cases H1–H

of the plume heat flow to the heat flow on the bottom boundary (csb, solid
boundary (cst, solid diamonds), and the ratio of the plume heat flow estimat

(csp, open circles) are plotted against internal heating rate H. (b) The tempe

topography, and the velocity field around the head of the upwelling plume.
because the basic assumption for the estimate of Qs.

i.e., the flux of buoyancy supplied to the asthenosphere

beneath plume-swells by hot upwelling plumes being

equal to the flux of buoyancy taken away from the

plume-swells by moving plates, does not hold for our

model. As shown in Fig. 5b, the heads of hot upwelling

plumes laterally spread out beneath the lithosphere at a

velocity higher than the plate velocity by an order of

magnitude in our model. The laterally spreading plume

heads, therefore, largely take the buoyancy supplied to

the asthenosphere beneath plume-swells away. Namely,

the buoyancy flux of hot upwelling plumes is largely

underestimated when calculated from the amplitude of

plume-swell and this is the reason for the low csp
observed in Fig. 5a (see also [33]).

We also confirmed, from a similar analysis of cases

E3 to E5 shown in Fig. 2, that csb and csp do not

significantly depend on the magnitude of temperature-

dependence of viscosity E in the plate-like regime. (In

the weak plate regime, however, we found that csp and
cst become significantly higher than the values shown
4 shown in Fig. 2. The plume heat flow (Qs, solid triangles), the ratio

circles), the ratio of the plume heat flow to the heat flow on the top

ed by the plume-swell (Qs) to the real plume heat flow (Qp in Fig. 3)

rature field for case H1 (the same as Fig. 2c), the calculated dynamic
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in Fig. 5a, though an accurate estimate of csp and cst is
difficult in this regime.)

5. Residual topography

The residual topography, the difference between the

real topography and the topography expected from the

half-space cooling model of oceanic plates, has been

estimated for the Earth [36,37]; the residual topogra-

phy is 0.5–1.0 km over the bsuper-swellsQ on the

South Pacific (e.g., [4,38]). For comparison, we pres-

ent the plots of residual topography for cases H1 to

H4 in the plate-like regime (see Fig. 2) in Fig. 6.

Here, the residual topography is calculated as

dhres ¼ dh� db; ð11Þ

where dh is the dynamic topography, and db is depth

of ocean floor calculated from the half-space cooling

model [4,39]. Namely, db is calculated as

dbud0 þ
2qma0 Tm � T0ð Þ2

p qm � qwð Þ
1

qt
; ð12Þ

where qt is the heat flow estimated on the surface, d0
the depth of ridge crest, qm mantle density, qw ocean

water density, Tm mantle temperature, and T0 is sur-

face temperature. Eq. (11) implies that, when hot

upwelling plumes and other hot materials do not

exist beneath the lithosphere, the residual topography

dhres should become zero. In our numerical result, we

confirmed that dhres really tends to zero on the up-

stream side of plumes away from the plumes (see the

left part of Fig. 6).

Fig. 6 shows that the residual topography is about

2.5 km over the upwelling plume when cbt=100%
(complete basal heating), while the residual topography

is about 0.5 km when cbt=57%. The residual topogra-

phy of 0.5–1.0 km observed for the Earth occurs in our

model when the proportion of basal heating to the total

heating cbt is 50–70%.
Fig. 6. The calculated residual topography for cases H1–H4 shown in

Fig. 2. The horizontal axis represents the dimensional distance from

the top of plume. The ratios of plume heat flow to bottom surface heat

flow (cpb) in the figure are taken from Fig. 3b.
6. Discussion and conclusions

The most important result of the present numerical

experiments is that plume heat flow is only a small

fraction, less than 30%, of the heat flux at the bottom of

the convecting layer in the plate-like regime; the rest is

used for warming up the subducted slabs that lay on the

bottom boundary. The fraction of plume heat flux is

significantly lower in the plate-like regime than in the

weak plate regime. Namely, the fraction significantly

depends on the convective regimes and it is precarious

to draw conclusions on plume heat flow from the

numerical experiments where the convective regime is

not carefully controlled.

The small fraction of plume heat flow in the plate-

like regime suggests that the low plume heat flow

observed on the Earth does not necessarily imply that

the basal heating is not important in driving the Earth’s

mantle convection in contrast to the earlier suggestions

(e.g., [5]). The heat flow at the bottom boundary is most

likely much higher than the observed plume heat flow

partly because a large portion of the bottom heat flow is

most likely used for heating up the subducted slabs that

are suggested to lay in the deep lower mantle (e.g., [40]).

Furthermore, when calculated from the amplitude of

plume-swells as in [2,3], the plume heat flow may be

significantly underestimated since a large portion of

buoyancy transported by hot upwelling plumes may

be taken away from the asthenospheric regions beneath

plume-swells by laterally spreading plume heads in the

asthenosphere instead of moving plates as observed in

our model. Indeed, a recent high-resolution tomographic

image [41] suggests a significant amount of heat from

the superplumes in the deep lower mantle is carried

horizontally in the asthenosphere. It may be just a

coincidence that the plume heat flow is comparable to

the heat flow at the core–mantle boundary suggested

from the studies of geodynamo [6] and the thermal

history of the core [7–9] on the Earth.

Though the basal heating rate is difficult to quanti-

tatively estimate from plume heat flow by the reason

described above, the present numerical experiments do

suggest that the plume heat flow and the amplitude of

hotspot-swells observed on the Earth can be more easily

understood if the convecting part of the mantle is

strongly heated from its bottom boundary. The fraction

of plume heat flow to the surface heat flow and the

amplitude of topographic high comparable to those of

hotspot-swells observed for the Earth are obtained in

the numerical models when the fraction of basal heating

to the total heating is as high as 50–70% (see Figs. 5a

and 6).
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This high fraction of basal heating is difficult to

realize if the bottom boundary of the convecting mantle

is the core–mantle boundary even if the core contains a

strong internal heat source as suggested from the stud-

ies of the core’s thermal history [6,9]. The bbottom
boundaryQ may, at least partly, correspond to the bound-

ary of the regions in deep lower mantle occupied by

materials enriched in heat producing elements as sug-

gested from a tomographic image and the thermal

budget of the mantle [11,14], though the enriched

regions may not be a continuous layer originally sug-

gested [42]. The hot plumes in the Earth’s mantle may

be coming from the undulating boundary of such deep

enriched regions [15] instead of a horizontal boundary

assumed in the present numerical experiments or, more

generally from any chemically distinct regions with

stronger internal heat source [43]. Further quantitative

study is necessary to estimate the fraction of plume heat

flow to bbasalQ heating rate in the Earth’s mantle.
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