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S U M M A R Y
We explore the influence of tectonic plate motions, given by the no-net-rotation (NNR)-
NUVEL-1 model, on a 3-D spherical model of mantle convection in which plates can be
coupled to the underlying mantle flow in a dynamically consistent manner. We first derived
a reference convection model in which only the NUVEL-1 geometry of the tectonic plates
is prescribed. The plate rotations are then predicted on the basis of the buoyancy forces in
the mantle, ensuring a dynamical balance of torques acting on the plates. This dynamically
consistent reference convection model, which is based on a simple two-layer viscosity profile,
yields the main features of plate tectonics: linear subduction zones, passive diverging zones
and four mantle plumes. We next developed a time-dependent convection model, which is
initiated with the average radial temperature field extracted from the reference convection
model, and in which we imposed the NNR-NUVEL-1 plate velocities. This convection sim-
ulation yields six focused upwelling plumes, whose location and number is very similar to
the primary terrestrial hotspots which have been recently identified (Courtillot et al. 2003).
In all convection models incorporating the NNR-NUVEL-1 plate motions, we find that the
surface heat flow and mantle potential temperature stay essentially constant, demonstrating
the compatibility between the observed NNR-NUVEL-1 velocities and the internal buoyancy
forces in the mantle. To determine the robustness of these results we carried out complemen-
tary convection simulations incorporating the past 120 Ma history of tectonic plate evolution.
These simulations yielded shifting ‘hotlines’ at the core–mantle boundary, but the locations
of the overlying hotspot plumes remained relatively stable. The configuration of the hotlines
in the convection experiments with and without evolving surface plate geometries are very
similar to each other, showing that convection models with present-day plate configurations
are sufficient for capturing the essential characteristics of the present-day thermal structure
in the mantle. In a final experiment, the prescribed NNR-NUVEL-1 plate velocity constraint
is released, allowing the plates to rotate freely in response to the underlying mantle flow. We
find that the initial evolution of this model is characterized by a strong stability of the mantle
thermal structures, in particular the upwelling plumes. An important and novel feature of the
convection model with free plate motions is the predicted opening of the African plate along
the East African Rift boundary, which occurs in response to the large-scale mantle flow and
does not appear to require the presence of upwelling plumes directly beneath the rift.

Key words: African rift, Cenozoic plate motions, hotspots, mantle plumes, NUVEL-1,
tectonic plates, thermal convection.

1 I N T RO D U C T I O N

The number, identification, interpretation and even the definition

of hotspots has been a subject of past and ongoing debate and

controversy (Anderson & Natland 2005). (An extensive collec-

tion of studies, which address the hotspot debate may be found in

www.mantleplumes.org). The concept of ‘hotspot’ was introduced

by Wilson (1963) and the idea was later extended by Morgan (1971,

1972), who proposed the fixity of hotspots, and hence a new refer-

ence frame for plate motions, on the assumption that hotspots are

the surface expressions of focused hot upwellings originating in the

lower mantle.

The early inventories of terrestrial hotspots included as many

as 20 (Morgan 1972), but their identification is subject to consid-

erable interpretation, depending on various combinations of geo-

logical and geophysical criteria (Anderson 2005). The number of
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identified hotspots has, therefore, varied over the years, the ten-

dency being towards an increase in their number. For example, on

the basis of buoyancy flux estimates, as many as 40 hotspots have

been identified as significant (Sleep 1990), but according to the mul-

tiple ranking criteria employed by Courtillot et al. (2003), there are

only seven primary hotspots from a total number of 49. About 20

of the less significant hotspots are attributed to plumes originating

on top of transient domes at intermediate mantle depths (Davaille

1999), while another 20 might be linked to shallow asthenospheric

convection (Anderson 2000).

Seismic tomographic imaging of the depth, morphology and man-

tle source regions of the terrestrial hotspots is difficult and often

ambiguous (Keller et al. 2000) but considerable progress has been

made over the past few years (Nataf 2000; Garnero 2000). On Earth,

the Hawaii, Iceland and perhaps the Réunion hotspots are classified

as ‘isolated’, in contrast to the other terrestrial hotspots (e.g. in the

Pacific superswell) which occur in groups or clusters (Sleep 1990).

Previous seismic studies of the isolated Hawaii hotspot have sug-

gested a lower-mantle origin for the corresponding thermal plume

(Li et al. 2000), which may extend down to the core–mantle bound-

ary (CMB) (Russell et al. 1998). Similar seismic studies of the

isolated Iceland hotspot have suggested a variety of source depths

for the associated mantle plume, ranging from the upper-mantle

(Wolfe et al. 1997; Foulger et al. 2001) to the lower-mantle (Shen

et al. 1998), and possibly extending to the CMB (Helmberger et al.
1998). A recent global seismic tomographic study of the structure

of the plume conduits below hotspots has again highlighted the dif-

ficulty in obtaining sufficient deep-mantle resolution (e.g. below

Hawaii) with the current global seismic data (Montelli et al. 2004).

The theoretical, numerical and experimental modelling of mantle

plumes in thermal convective flows has a long and rich history which

cannot be adequately covered in the present discussion. References

to some of the classical studies may be found in Whitehead (1988)

and also in www.mantleplumes.org. The most relevant recent stud-

ies, which have a direct bearing on the plume modelling presented

below are the numerical convection simulations (in alphabetical or-

der) by: Bunge et al. (1998, 2002), Labrosse (2002), Lowman et al.
(2001), Monnereau & Quéré (2001), and Zhong et al. (2000). The

most relevant, recent experimental investigation of mantle plumes

has been carried out by: Davaille (1999), Davaille et al. (2002),

Jellinek & Manga (2002, 2004) and Schaeffer & Manga (2001).

The similarities and differences of these previously published

convection simulations with respect to the convection model de-

veloped in this study, will be discussed in detail in the following

sections. One distinct and fundamentally important feature of our

convection modelling is the ability to dynamically couple the surface

plate motions to the buoyancy driven forces in the mantle. With the

exception of Monnereau & Quéré (2001), previous investigations

of time-dependent thermal convection in 3-D spherical geometry

do not implement a dynamically consistent coupling of plates and

mantle flow. As shown below, the coupling of the plates to the mantle

convective flow is the key ingredient in understanding the evolution

and stability of hotspot plumes.

Our first objective is this new analysis of plume dynamics in

plate-coupled flows is to obtain an appropriate steady-state reference

model which will serve as a starting point for the subsequent inves-

tigations of the time-dependent evolution of mantle heterogeneity

when constant or changing surface plate configurations are imposed.

This reference model must deliver realistic global observables as-

sociated with present-day terrestrial convection (as in Monnereau

& Quéré 2001), which include surface heat flow, plate velocities

and mantle potential temperature. This reference model is the basis

for the following three tests of the impact of plates on convection

with: (i) imposed no-net-rotation (NNR)-NUVEL-1 plate motions,

(ii) imposed time-dependent plate velocities based on palaeomag-

netic reconstructions of the past 120 Ma of plate tectonic evolu-

tion (Lithgow-Bertelloni & Richards 1998) and (iii) removal of the

prescribed surface velocity constraints such that the plate motions

evolve freely in response to buoyancy driven mantle flow. An im-

portant application of this final stage of modelling is to provide new

insight into the dynamics of the present-day convection-induced

rifting of the African continent.

The principal aim of this study is to develop the simplest,

dynamically consistent model of 3-D spherical shell convection

which is compatible with robust observational constraints. Although

this model does not include a number of complexities, such as

temperature-dependent viscosity or compositional heterogeneity, it

captures the essential dynamics which allows us to elucidate the

development and evolution of the most important features of ter-

restrial convection: linear mantle downwellings below subduction

zones, passively divergent ridges, and especially focused hotspot

plumes originating in the lower mantle. In contrast to past con-

vection studies which have mainly considered the importance of

subduction in mantle dynamics, this study will focus on the dynam-

ics of hot upwellings in the mantle. In this regard, and in addition

to satisfying fundamental global constraints, our convection model

predicts distinct, isolated plumes, which we can correlate with a

revised catalogue of ‘primary’ hotspots proposed in a recent study

(Courtillot et al. 2003). The convection simulations presented be-

low provide a simple and unified perspective on the dynamics of

large-scale cold downwellings and hot upwelling plumes, both of

which are intimately linked to the same plate-tectonic scale of man-

tle convection.

2 N U M E R I C A L C O N V E C T I O N

F O R M A L I S M

We employ a 3-D, spherical-shell, numerical model of time-

dependent thermal convection in a mantle, which is treated as an

incompressible viscous fluid. The dimensionless Boussinesq equa-

tions satisfying the principles of conservation of mass, momentum

and energy are, respectively:

∇ · v = 0

−∇ Pd + Ra T r̂ + ∇ · τ = 0

∂T /∂t + v · ∇ T = ∇2T + Q,

where v is the velocity vector, Pd is the dynamical pressure, T is the

temperature field, τ is the deviatoric stress tensor, Ra is the Rayleigh

number, and Q is the dimensionless internal heating.

We non-dimensionalize the conservation equations according to

the relations:

r = r/d, t = t κ/d2, v = v d/κ and T = (T − Ttop)/�T,

with

κ = 6 10−7 m2 s−1, g = 10 m s−2, �T = 2000 K,

d = 2891 × 103 m and Ttop = 0.

The Rayleigh number appearing in the above momentum conserva-

tion equation is defined as:

Ra = α g d3 ρ �T

κ η
.
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Owing to the assumption of incompressibility, the temperature at

the CMB lies below the estimated range 2650 K (Boehler 1992) to

4000 K (Boehler 1996). The introduction of compressibility would

add an adiabatic gradient to �T (Jeffreys 1930) and it should, there-

fore, be understood that the temperature increases predicted by an

incompressible model are superadiabatic. Nevertheless, we found

that the particular choice of a 2000 K (superadiabatic) increase

across the mantle does not play a significant role in determining

the pattern and amplitude of temperature heterogeneity in the con-

vection solutions presented below.

In the upper mantle, the coefficient of thermal expansion α(r) is

assumed to decrease linearly from a value of 3.5 × 10−5 K−1 at the

surface to 2.5 × 10−5 K−1 at 670 km depth. Following Chopelas

& Boehler (1992), we assume that the lower-mantle value of α(r)

decreases from 2.5 × 10−5 K−1 at 670 km depth to 1.0 × 10−5 K−1

at the CMB.

The numerical solution of the momentum equation is carried out

in both the spectral and spatial domains, in which the horizontal

variation of the flow variables are expressed in terms of spherical

harmonics (up to degree and order 90) and radial variations are

solved by finite differences (with 100 radial nodes). The temper-

ature equation is solved entirely in the spatial domain with finite

differences, using an alternate direction inversion over a grid of 100

radial nodes, 180 longitudinal nodes and 90 latitudinal nodes.

The convection model includes a finite set of rigid tectonic plates

which are dynamically coupled to the buoyancy induced mantle

flow. All lithospheric plates in the model are assumed to be 90 km

thick. The convection models presented below incorporate 14 plates

whose geometry is given by the NUVEL-1 model (De Mets et al.
1990) in which we also include the geometry of the Somalia plate

(Harper 1986).

The plates are coupled to the mantle using a torque balancing

procedure which depends on the flow-induced viscous stresses gen-

erated by the internal mantle flow and the flow associated with the

surface plates. This method neglects all of the plate boundary forces.

The plates yield at zero stress at convergent boundaries and there

is no friction along transform fault. In general, the magnitude of

the predicted plate velocities would be reduced if plate boundary

forces were included. This plate coupling theory, which was previ-

ously implemented in time-dependent spherical convection models

by Monnereau & Quéré (2001), was first applied to instantaneous

flow models in spherical geometry by Hager & O’Connell (1981)

and subsequently extended by Ricard & Vigny (1989). The plate

modelling approach is similar to that first used in Cartesian geom-

etry by Gable et al. (1991) and later by Lowman et al. (2001).

In view of the fundamental role of the plate-coupling theory in

the convection simulations presented here, a brief discussion of its

importance is in order. To begin, it should be noted that we no longer

require the traditional characterization of forces acting on the plates,

as ‘slab pull/suction’, ‘ridge push’, ‘mantle drag’ used by Forsyth

& Uyeda (1975) and Chapple & Tullis (1977). These early models

of plate dynamics considered local force balances acting at plate

boundaries and the connection to the underlying mantle flow was

only parametrized in terms of a drag coefficient. The drag coefficient

of any one plate was treated independently of that of the other plates.

This simplified parametrization ignored that the motion of a plate

was coupled to viscous stresses in the mantle that will also affect

the motions of all other plates. Our plate-coupled convection for-

malism explicitly determines the viscous torques acting on the base

of the plates and these driving forces are an integral of the buoyancy

forces generated at all locations and at all depths in the mantle, not

just at the surface. Indeed, we find that buoyancy forces generated at

mid-mantle depths provide strong contributions to the plate driving

torques and such deep-seated forces cannot be simply parametrized

as ‘slab pull’ or ‘ridge push’. The physical connection between man-

tle flow and plate motions is, therefore, much more complex than in

the classical parametrized force models.

The plate-coupling procedure we employ shows that subducted

slabs are efficient driving forces for the motions of Earth’s tectonic

plates. A plate dynamically linked to a subduction zone, as the

Pacific plate will, therefore, have a much greater velocity than a

plate surrounded by oceanic ridges, as the African plate. Indeed, we

find (see below) that the motion of the African plate is driven by

viscous stresses generated by remote subducted slab heterogeneity

in the mantle.

We employ a NNR reference frame to model the surface plate

motions. This reference frame is defined as having a zero dipolar

(spherical harmonic degree 1) toroidal flow component. A degree-1

surface toroidal flow corresponds to the net rotation of the litho-

sphere and in a mantle with purely depth-dependent viscosity, the

entire mantle rotates in unison, as a rigid body and will, there-

fore, have no associated shear stresses. Consequently, the degree-1

toroidal component of mantle flow will not provide any contribu-

tion to the torque balance acting on the tectonic plates and it is

always set to zero in the convection models presented below, which

are based on a spherically symmetric viscosity distribution.

An alternative reference frame for plate motions is provided by

hotspots which have been assumed to be anchored to a stable or

sluggish lower-mantle (Morgan 1971). Nevertheless, there are in-

dications that the hotspots are subject to significant drift (Molnar

& Stock 1987; Tarduno & Gee 1995) and the stability of the major

hotspots is a matter of controversy (Norton 1995). In contrast to

the NNR reference frame employed in our convection model, the

present-day plate velocities in the (Pacific) hotspot reference frame

show a clear westward rotation of the lithosphere, which is associ-

ated with a strong degree-1 toroidal component in the plate motions

(Ricard et al. 1991; Gripp & Gordon 2002). This toroidal flow can

be understood in terms of the dynamical effects of sublithospheric

viscosity variations between oceans and continents of at least one

order of magnitude (Cadek & Ricard 1992; Forte & Peltier 1994).

The temperature, pressure and chemical dependence of viscosity

is expected to produce a non-linear coupling of the poloidal and

toroidal components (Forte & Peltier 1987, 1994) throughout the

mantle. In the convection simulations presented below, however,

this coupling will only occur in the lithospheric layer in which we

define the tectonic plates.

3 R E F E R E N C E C O N V E C T I O N M O D E L

Our first objective is to establish a mantle convection model with

dynamically coupled surface plates which also satisfies fundamen-

tal, globally averaged, geophysical observables. One such constraint

is the mean value of the present-day tectonic plate velocities. On the

basis of the NNR-NUVEL-1 model (Argus & Gordon 1991) (Fig. 1),

the mean plate velocity is 3.85 cm yr−1.

A second fundamental constraint is the average potential temper-

ature under the plates and the corresponding mean surface heat flow

(Stein 1995). In the Parsons & Sclater (1992) model the basal plate

temperature is estimated to be 1350◦C and in a more recent study

(Stein & Stein 1992), it is estimated to be 1450◦C.

It is more difficult to constrain the amplitude and source of the var-

ious contributions to the present-day global heat loss at the Earth’s

surface, which is estimated to be in the range 42 to 44 TW (Sclater
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Figure 1. NUVEL-1 plate motions in the no-net-rotation (NNR) frame of reference. AN denotes Antarctica; AR, Arabia; AU, Australia; CA, Caribbean; CO,

Cocos; EU, Eurasia; IN, India; NA, North America; NU, Nubia; NZ, Nazca; PA, Pacific; PL, Philippine; SA, South America and SO, Somalia.

et al. 1980; Pollack et al. 1993). The amount released by the crustal

radioactive elements is assumed to be about 8 to 9 TW (Stacey &

Loper 1988). We thus estimate that the total mantle and core con-

tribution to surface heat flow should be between 33 and 36 TW.

We assume that 20 TW of heating derives from distributed radioac-

tive elements in the mantle (Stacey 1992) and that an additional

8 TW is provided by secular cooling of the mantle, assuming a min-

imal cooling rate of about 50 K Ga−1. This cooling rate is consis-

tent with constraints derived from petrological analyses of Archean

MORB-like rocks (Abbott et al. 1994). The total mantle heat loss is

thus assumed to be 28 TW, which is in the range of previous work

(Monnereau & Quéré 2001).

The two model parameters which we vary to provide a fit to the

mean surface observables (to within ±10 per cent) are the man-

tle viscosity and the temperature at the CMB. We assumed for

simplicity a two-layer mantle viscosity structure with a factor of

30 jump in viscosity at 670 km depth. This viscosity increase is sug-

gested by previous geodynamically constrained mantle flow models

which used the same two-layer parametrization (Hager 1984; Forte

& Peltier 1987; Ricard & Vigny 1989).

We have thus explored the model space defined by the coordinate

pair (ηLM, T CMB), which, respectively, define the absolute lower-

mantle viscosity and the CMB temperature. There is no guarantee,

of course, that it is possible to fit three surface constraints by vary-

ing only two model parameters. We began with an initial convection

model which was then adjusted by iteratively seeking values of ηLM

and T CMB which finally yielded the best overall fit to the mantle po-

tential temperature, the mean surface plate velocities and the glob-

ally averaged heat flux. We were thus able to fit the global surface

observables with ηLM = 25 × 1021 Pa s and T CMB = 2000◦C. On

the basis of these viscosity and temperature values, the reference

model Rayleigh numbers RaLM (for the lower mantle) and RaUM

(for the upper mantle) are, respectively, 2.2 × 106 and 1.3 × 108

and the equivalent Roberts (internal heating) Rayleigh numbers are

RaH
LM = 8.6 × 107 and RaH

UM = 5.1 × 109. Using these input values,

the reference convection model delivers the following globally av-

eraged surface observables: 1) mean plate velocity is 3.57 cm yr−1,

2) mantle potential temperature is 1223◦C, and 3) global heat flow

at top of mantle is 34.5 TW.

When the reference convection model reaches steady state, we

observe stable flow and temperature fields (Fig. 2) which are char-

acterized, in one hemisphere, by a nearly continuous, linear subduc-

tion zone and, in the opposite (Pacific) hemisphere, by a chain of

four hotspot-like plumes which are located on the same great-circle

arc.

The spherical convection simulations of Zhong et al. (2000) and

Monnereau & Quéré (2001), which included a plate-like surface

boundary condition, clearly show the production of focused hotspot-

like thermal upwellings in models with and without temperature-

dependent viscosity variations. We therefore conclude, on the basis

of the present study, that the presence or absence of strongly focused,

upwelling thermal plumes in 3-D spherical geometry is dependent

on the particular choice of input model parameters, with the absolute

mantle viscosity and internal heating rates likely being the most

important control variables.

A whole-mantle cross-section of the temperature and flow fields

(Fig. 2b) shows that the convective flow is essentially vertical below

the subduction-zone boundary defined by the convergence of two

plates. We also note that at this convergent boundary the fastest plate

controls the flow dynamics below the subduction zone such that in

the deep mantle, the cold return flow develops below the slowest

plate.

Profiles of the radial velocity field (Fig. 3) show that the maximum

value of the root-mean-square (rms) vertical flow 〈ur〉, defined as

〈ur 〉2 = 1
4π

∫∫
ur (r, θ, φ)2 cos θ dθ dφ (θ = latitude, φ = longitude)

is 0.56 cm yr−1 (Fig. 3a). The maximum vertical velocity in the

downwellings (Fig. 3b) is 11.7 cm yr−1 and it is attained in the

mid-upper mantle. Conversely, the maximum vertical velocity in

the upwellings is 7.4 cm yr−1 and it also is attained in the mid-upper

mantle.

On the basis of the vertical flow profiles (Fig. 3b), the mean

(vertically averaged) upwelling speed is 3.7 cm yr−1, implying an

estimated transit time of about 80 Ma for the hotspot-like upwellings

across a steady-state mantle. Similarly, the mean downwelling speed

is 5.8 cm yr−1, which implies an estimated mantle transit time of

about 50 Ma for the descent of subducted material. The rms vertical

flow at 670 km depth (0.53 cm yr−1) yields a lower-bound estimate

of 277 Ma for the lower-mantle recycling time due to mass flux

between the upper and lower mantle.

4 M O D E L L I N G C O N V E C T I O N W I T H

N U V E L - 1 P L AT E M O T I O N S

Here we describe the impact of present-day plate motions on

mantle convection dynamics. The basic approach we followed
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Figure 2. Thermal structure of the reference convection model. (a) The lateral temperature variations at 670 km depth. The predicted surface velocity field (black

arrows) and surface plate boundaries (solid black lines) are superimposed. (b) Whole-mantle cross-section, along dashed line in (a), showing mantle temperature

with the velocity field (black arrows) superimposed. Note that the sublithospheric velocity field below the subduction zone is vertical. (c) Radial temperature

profiles showing the geotherm (green line), the hottest temperatures in mantle upwellings (red line), and the coldest temperatures in the downwellings (blue

line).
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Figure 3. Flow velocities in the reference convection model. (a) Depth vari-

ation of the horizontally averaged (in a root-mean-square sense) radial ve-

locity. (b) Radial velocity maxima in mantle downwellings (negative values)

and upwellings (positive values). Units are cm yr−1.

consists of using the radial profile of mean mantle temperature (the

geotherm) from the reference convection model (described in the

previous section) and prescribing the NNR-NUVEL-1 plate motions

(Argus & Gordon 1991) as a surface boundary condition for our

time-dependent convection model. In the convection simulations

presented here, the NNR-NUVEL-1 velocity field is supplemented

by an explicit description of the motion of the Somalia plate

(Kreemer et al. 2003).

We note that the modelling procedure here is radically different

from that employed in the reference convection model, discussed in

the previous section. In the reference model we ensured that there is

always a dynamical balance of the flow-induced torques acting on

the surface plates (Ricard & Vigny 1989), whereas this constraint is

no longer imposed when we employ a prescribed surface velocity

field.

4.1 Model evolution prior to steady state

We define t = 0 as the initiation time for the convection simulation,

which uses the prescribed NNR-NUVEL-1 surface plate motions

and the mantle geotherm extracted from the reference convection

model. Here we consider the predicted mantle thermal structure and

flow field at a model time t, where 0 < t < tss and tss ≈ 550–600 Ma

denotes the time at which the model reaches steady state (Fig. 5e)

. It is useful to consider the model results prior to steady-state con-

ditions because mantle convection in the present-day Earth is not

likely to be in a steady-state configuration, as evidenced by geologi-

cally ‘recent’ supercontinent break-up (Storey 1995), by continuous

changes in the geometry and dynamics of the plates in the Cenozoic

(Lithgow-Bertelloni & Richards 1998), and by the corresponding

mantle hotspot motions (Steinberger & O’Connell 1998) and vari-

ations in subduction zone geometry.

In Fig. 4 we observe a snapshot of the convection model at model

time t = 310 Ma, prior to achieving steady state. At this time the

global heat flow at the top of the mantle is approximately 35 TW,

which is essentially identical to the estimated value for the Earth,

and the global heat flow crossing the CMB is 8 TW. The mantle

potential temperature is T = 1188◦C and the mean plate velocity

(3.85 cm yr−1) is of course given by the NNR-NUVEL-1 model.

The subduction zones are organized into a quasi-continuous

line which also includes a triple branch at the junction of the

Pacific, Australian and Eurasian plates (Fig. 4a). We explored the

C© 2006 The Authors, GJI, 165, 1041–1057
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Figure 4. Convection model with prescribed NNR-NUVEL-1 surface plate motions at time t = 310 Ma. (a) The lateral temperature variations at 1500 km

depth. The prescribed surface velocity field (black arrows) and surface plate boundaries (solid black lines) are superimposed. The six predicted ‘hotspot’-like

mantle plumes are labelled according to their associations with the primary plumes identified by Courtillot et al. (2003). H = Hawaii, E/P = Easter/Pitcairn,

L = Louisville, B = Balleny, R = Réunion, and I = Iceland. (b) Whole-mantle cross-section, along dashed line in (a), showing mantle temperature with the

velocity field (black arrows) superimposed. (c) The lateral temperature variations at 2690 km depth with the corresponding horizontal velocity field (black

arrows) superimposed. (d) Radial temperature profiles showing the geotherm (green line), the hottest temperatures in mantle upwellings (red line), and the

coldest temperatures in the downwellings (blue line).

time-dependent behaviour of the upwellings and downwellings (im-

ages not shown here) and we found that subducted material will take

about 100 Ma to descend to the bottom of the mantle and, about

50 Ma later, hot plume material will begin to erupt from the lower

thermal boundary layer at the CMB.

As in the case of the reference convection model, we again find

that the fastest plate at a subduction zone will control the evolution

of the downwelling flow below the convergent boundary. For exam-

ple (Figs 4a–c), the main component of the return flow due to the

subduction of the Pacific plate will be located under the Eurasian

plate. We also note that the subduction due to the convergence of the

Indian plate produces a dominant downward cold current below the

Eurasian plate, but at greater depth the interaction with the return

flow driven by the Pacific plate subduction will produce an apparent

‘roll back’ of the Indian downwelling. An alternative, tomography-

based interpretation of the roll-over of deep subducting flow below

India has been proposed in terms of the history of the closing of the

Tethys ocean (van der Voo et al. 1999).

At the base of the mantle (Fig. 4c), we find a striking pattern of

quasi-continuous, globe encircling, ‘hotlines’, one under the Pacific

Ocean and two others located under the eastern and western bound-

ary of the Nubia Plate. The junctions of these three hotlines, which

appear to correspond to stagnation points in the horizontal flow field

at the CMB, define the source regions for five focused cylindrical

upwellings. One additional focused upwelling originates from the

East Pacific hot line (Fig. 4c).

The position and the geometry of the hotlines appear to be con-

trolled by the cold downwellings as they spread out along the CMB,

such that the hotlines (and hence the cylindrical upwellings) are lat-

erally displaced by about 60◦ from the centres of the downwellings

(Fig. 4c). The impact of cold downwellings on the location and mor-

phology of hot upwellings has also been observed in previous stud-

ies of 3-D spherical convection with plate-like surface conditions

(Zhong et al. 2000; Monnereau & Quéré 2001) and in analog labora-

tory experiments (Gonnermann et al. 2004). Convection simulations

with internal heating in 3-D Cartesian geometry have also shown

a similar control of cold downwelling flow on upwelling plumes

(Labrosse 2002). Since the cold downwellings control the position of

the deep-mantle hotlines, the associated upwelling plumes (Fig. 4a)

may arise either inter- or intraplate (i.e. appear to be independent of

the surface plate configuration).

We have obtained six mantle upwellings (Fig. 4a) whose loca-

tions are very close to present-day hotspots on Earth’s surface, most

of them considered as being primary by Courtillot et al. (2003).

The agreement between the locations of the upwelling plumes and

the actual hotspots is of course not exact but the overall correspon-

dence is quite good, especially considering that these upwellings are

generated in a relatively simple theoretical convection model. Four

of the focused upwelling plumes define isolated hotspots and ap-

pear to be located near the present-day locations of the Iceland,

Hawaii, Réunion and Balleny hotspots. The hotspot-like plume,

which we call ‘Hawaii’ is located in the middle of the deep-mantle

return flow driven by cold downwellings which originate along the

circum-Pacific subduction zones. The location of the two other up-

welling plumes seem to correspond to the present-day locations of

the Easter/Pitcairn and Louisville hotspots.
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Figure 5. Convection model with prescribed NNR-NUVEL-1 surface plate motions at time t = 829 Ma (steady state). (a) The lateral temperature variations at

1500 km depth. The prescribed surface velocity field (black arrows) and surface plate boundaries (solid black lines) are superimposed. The number of ‘hotspot’-

like thermal plumes (4) is the same as in the reference model (Fig. 2). (b) Whole-mantle cross-section, along dashed line in (a), showing mantle temperature

with the velocity field (black arrows) superimposed. Note the elongation of the plume head by the surface plate movement. (c) The lateral temperature variations

at 2690 km depth with the corresponding horizontal velocity field (black arrows) superimposed. (d) Radial temperature profiles showing the geotherm (green

line), the hottest temperatures in mantle upwellings (red line), and the coldest temperatures in the downwellings (blue line). (e) Time evolution of heat flow at

the surface and at the core–mantle boundary (CMB) for the convection model with prescribed NNR-NUVEL-1 surface plate motions. We note that at t = 310

Ma, steady state conditions have not been achieved.

It is interesting to note that the six ‘hotspot-like’ thermal plumes

in our convection model is very close to the number of major

hotspots which Courtillot et al. (2003) have identified for the Earth.

The focused upwelling plumes (Fig. 4a), which we have asso-

ciated with the Easter, Hawaii, Louisville, Réunion and Iceland

hotspots have also been identified as being ‘primary’ hotspots,

according to the criteria adopted by Courtillot et al. (2003). It

is also noteworthy that many of the 49 hotspot candidates con-

sidered by Courtillot et al. (2003) are localized above the two

lower-mantle hot lines that extend beneath the African continent

(Fig. 4c).

4.2 Model at steady state

The convection simulation yields a steady-state thermal structure at

t ≈ 550–600 Ma (Fig. 5e). We find that well into the steady-state

regime, at time t = 829 Ma, the temperature variations in the deep

mantle (Fig. 5c) are controlled by cold downwellings which have

spread out over the CMB, thereby sweeping aside the hotlines which

are now located far from the downwelling centres. In particular, the

two formerly separate hotlines below the Nubian plate (Fig. 4c)

have now been swept into a single structure located directly below

the surface location of the African continent (Fig. 5c).
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The number of hotspot-like thermal plumes has decreased to four

(Fig. 5a), the same number as in the reference convection model,

and the location of these upwellings (Fig. 5b) remains nearly station-

ary throughout the steady-state regime. From Figs 5(a) and (c) we

note that the hot upwellings are again focused above triple-point in-

tersections of the deep-mantle hotlines. The stationary and vertical

character of the upwelling plumes (Fig. 5b), which differs from the

time-dependence observed by Labrosse (2002), may be explained

in terms of the large viscosity increase between upper and lower

mantle, also by the 3-D spherical geometry that effectively acts as

a viscosity increase (Jarvis 1993), and by the stabilizing role of

the surface plates, which control the geometry of the mantle down-

wellings. The stability of the upwelling plumes is dependent on the

stability of the deep-mantle hotlines which is, in turn, controlled by

the dynamics of the cold downwellings.

The oblique near-surface trajectory (Figs 4b and 5b) of the cold

downwellings (the ‘subduction zones’), is quite different from the

symmetric geometry in the reference model (Fig. 2b). The oblique-

ness of the ‘western Pacific’ subduction zone is due to the rapid con-

vergence of the Pacific plate, such that the associated near-surface

flow thrusts below the Eurasian plate. This asymmetry of the sur-

face downwellings, due to the imposed surface plate velocities, de-

termines the geometry of the cold return flow in the deep mantle

and hence the location and number of hot upwelling plumes. We

also note that, prior to steady state, this ‘forced subduction’ effect

yields a sublithospheric mean mantle temperature (Fig. 6a), which is

colder than that in the reference model or at steady-state conditions

(Fig. 6b).

At steady state, the mantle heat flow (35.3 TW, Fig. 5e), the av-

erage plate velocity (3.85 cm yr−1) and the temperature under the

upper thermal boundary layer (1216◦C) are close to those obtained

in the reference convection model (34.5 TW, 3.57 cm yr−1, 1223◦C),

in which the NNR-NUVEL-1 plate motions were not prescribed. We

do not, of course, expect exactly the same values since the dynamical

treatment of the plates is different in the two models. Nonetheless,

the good agreement demonstrates the excellent compatibility be-

tween the mantle thermal structure in the reference model and the

present-day plate velocity field.

4.3 Comparison with seismic tomography

As we have seen, cold downwellings in the deep mantle play a key

role in controlling the configuration of the hotlines and hence in

determining the location and the number of the principal upwelling

(a) (b)

310 Ma 829 Ma

 Surface

 CMB

0 1000 2000 0 1000 2000

Figure 6. Mantle geotherms for the reference model (solid lines) and the

model with prescribed NNR-NUVEL-1 plate motions (dashed lines). (a)

Comparison at time t = 310 Ma, and (b) at time t = 829 Ma. At steady state

(in b), the two geotherms are almost identical.

plumes (see also Labrosse 2002). In view of the importance of deep-

mantle thermal structure for understanding plume dynamics, it is

useful to consider whether the convection simulations presented

above bear any resemblance to the present-day structure of the low-

ermost mantle as inferred by seismic tomography.

Any comparisons with seismic tomography are subject to con-

siderable uncertainty arising from a wide variety of sources. These

uncertainties include, for example, the question of the resolution of

deep-mantle structure provided by current seismic data coverage.

There are also many questions related to the numerous simplifica-

tions and assumptions employed in our convection models, such

as the neglect of temperature-dependent rheology, which is not re-

solved in our convection code or the neglect of compositional het-

erogeneity. These uncertainties must be borne in mind when evalu-

ating the comparison we present here. We first note that the average

amplitude of the lateral temperature variations near the CMB is

approximately 500◦C (Fig. 5c) and this is close to that which has

already been inferred in a recent joint seismic-geodynamic inves-

tigation of deep-mantle heterogeneity (Forte & Mitrovica 2001). If

we assume that thermal heterogeneity is the dominant source of

seismic shear velocity anomalies and we further assume a temper-

ature derivative of d ln V s/dT = −7 × 10−5 K−1 in the lowermost

mantle (Forte & Mitrovica 2001), we may translate the temper-

ature variations in the convection model into equivalent seismic

anomalies.

In Fig. 7, we directly compare the lateral temperature variations

in the lowermost mantle predicted by the steady-state convection

model with the equivalent temperature anomalies extracted from

the Grand (2002) tomography model. There is a broad agreement

between the location and elongation of the hotlines in the convection

model and the similarly configured regions of hotter than average

mantle in the tomography model. The match with the pattern of

accumulated subducted heterogeneity below the western Pacific is

also good. It is also important to note that the absolute amplitude

of the temperature heterogeneity in the convection model is in ex-

cellent agreement with that derived from the tomography model.

This result constitutes an important independent verification of the

consistency and plausibility of the temperature structure predicted

by the convection model.

In view of the agreement between the amplitude and large-scale

configuration of lateral temperature variations at the base of the

mantle inferred from seismic tomography and those predicted by

the convection model, it is worth considering the implications from

the perspective of heat flow across the CMB. The lateral varia-

tions in CMB heat flow maintained by mantle convection may have

a significant modulating effect on the activity of the core geody-

namo, especially on the dynamics of geomagnetic polarity reversals

(Glatzmaier et al. 1999).

We find that the lateral variations in CMB heat flux are almost

perfectly anticorrelated with the lateral temperature variations in

the lower thermal boundary layer (Fig. 5c), as would be expected

for an isothermal boundary condition. The mean heat flux across

the CMB for steady-state convection (Fig. 5e) is about 45 mW m−2,

equivalent to a total CMB flux of about 7 TW. The latter value is

close to the values proposed in recent core evolution models, which

invoke the presence of radioactive potassium in the core (Nimmo

et al. 2004). We find that the maximum heat flux, at the centres of

cold downwellings below the western Pacific, is about 140 mW m−2,

whereas the minimum heat flux, at the centres of hot upwelling below

the Pacific and below Africa is nearly zero. Such lateral variations

in CMB heat flux may have an important impact on geomagnetic

reversals (Glatzmaier et al. 1999).
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Figure 7. Comparison of deep-mantle heterogeneity derived from seismic tomography and from the convection model. (a) Vertical average of the temperature

anomalies in the depth range 2650 to 2891 km obtained from the convection model in Fig. 5(c). (b) Equivalent temperature anomalies in the same depth

range obtained from seismic shear velocity anomalies in the Grand (2002) tomography model. The seismic anomalies are converted to temperature assuming

a thermal derivative of d ln V s/d T = −7 × 10−5 K−1 (see text for details). The fields in both (a) and (b) have been synthesized from a spherical harmonic

expansion up to degree and order 32.

The reconstruction of tomographically inferred mantle hetero-

geneity at the base of the mantle, using a numerical convection

model (as in Fig. 7), has also been considered by Bunge et al.
(2002). These authors suggest that a time interval between 150

and 200 Ma is required for subducted slabs to reach the CMB

and, therefore, it is not possible to obtain a good representation

of heterogeneity in the deepest mantle using convection models that

integrate tectonic plate motions, which encompass only the past

120 Ma of plate history. Our results suggest that by considering a

simple convection model, which attains steady state under NNR-

NUVEL-1 plate motions, or alternatively with a time-dependent

plate motion history (see below), it is possible to obtain a broad

agreement with the temperature heterogeneity derived from seismic

tomography. Clearly there are a number factors, which must be prop-

erly accounted for, and these include the relative fraction of bottom

and internal heating, the assumed viscosity structure, the reference

frame in which the plate motion history is reconstructed, and the

length of time over which the convection simulations are iterated

forward.

5 C O N V E C T I O N W I T H

T I M E - D E P E N D E N T P L AT E H I S T O R I E S

It is important to asses the robustness of our convection results,

particularly with regard to the dynamics and configuration of hot

mantle upwellings. To this end, we carried out two complementary

convection simulations incorporating the past 120 Ma history of

tectonic plate evolution (Lithgow-Bertelloni & Richards 1998), a

time period for which reliable reconstructions of the plate-motions

are possible. We first considered a convection simulation which was

initiated with the temperature structure in the reference convec-

tion model discussed above. As the upper-mantle viscosity value

(ηUM = 8.3 × 1020) is somewhat larger than estimates derived

from joint inversions of convection and post-glacial rebound data
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(Mitrovica & Forte 2004), we ran a second experiment with a re-

vised, geodynamically constrained estimate of viscosity.

5.1 Impact of plate-motion history on the reference model

Our first test involves a time-dependent simulation that starts with

the 3-D temperature structure obtained by running a calculation with

the reference-model geotherm and prescribed plate motions for the

period [−119 Ma, −100 Ma] until steady state is achieved. This

Mid-Cretaceous (−119 Ma) plate velocity field is the oldest esti-

mate that can be reliably derived from palaeomagnetic reconstruc-

tions and hence our steady-state convection model for this period

is the best initial condition we can obtain. It is obvious that this

assumed starting model cannot incorporate any temperature evolu-

tion in the mantle for time periods earlier than −119 Ma and this

constitutes an important source of uncertainty in the predictions

we will present here. As already pointed out in Bunge et al. (2002),

there are additional uncertainties in the palaeomagnetic plate recon-

structions themselves, especially in the case of plates which have

completely or nearly completely subducted (Izanagi, Phoenix, Kula,

Farallon). It should, therefore, be recognized that the configuration

of the subduction zones in the reconstructions are subject to consid-

erable uncertainties.

The convection simulation was iterated forward from t =
−119 Ma through all successive Mesozoic and Cenozoic stages

of plate motion history. At t = 0 (present day) the simulation was
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Figure 8. Lateral temperature variations at 1500 km depth for the reference convection model with plate-motion history for Mesozoic, Cenozoic and NNR-

NUVEL-1 plate stages. The surface velocity field and surface plate boundaries are shown for the intervals: (a) −119 to −100 Ma. (b) −64 to −56 Ma. (c) −10

to 0 Ma. (d) 0 to 191 Ma. (e) 191 to 710 Ma. (f) Time evolution of heat flow at the surface and at the CMB for the reference convection model spanning 829 Ma

of plate tectonic evolution. AF denotes Africa; AN, Antarctica; AR, Arabia; AU, Australia; CA, Caribbean; CO, Cocos; CR, Chatham Rise; EU, Eurasia; FA,

Farallon; IN, India; KU, Kula; LH, Lhasa; NA, North America; NZ, Nazca; PA, Pacific; PL, Philippine; PH, Phoenix and SA, South America.

then iterated forward with prescribed NNR-NUVEL-1 plate mo-

tions until t = +710 Ma, so that the entire span of the simulation

is equal to the 829 Ma time interval explored in the NUVEL-1 con-

vection model discussed in the preceding section. We note that at

the beginning of the simulation, at t = −100 Ma, there are five

identifiable hotspot plumes emanating from the top of the deep-

mantle hotlines (see Fig. 8a). Remarkably, during the entire interval

[−119 Ma, 0 Ma], the hotlines at the base of the mantle shift laterally

by only small amounts and consequently the locations of the hotspot

plumes are relatively stable (Figs 8 and 9). Extending the calculation

a further 191 Ma into the future shows that the configuration of the

lower-mantle hotlines is very similar to that in the NNR-NUVEL-1

convection model at t = 310 Ma, with a Y-shaped junction of hot-

lines under the eastern Pacific and a doublet of hotlines under the

Nubia–Somalia plates (compare Figs 9d and 4c). The locations of

both hotlines and hotspots in the preceding and present convection

experiments are very similar to each other (compare Figs 8–9e, 5a

and c), even though steady state has not yet been attained by the

current simulation with the time-dependent plate configurations.

The key result is that, from start to finish, the convection sim-

ulation which incorporated the entire 120 Ma span of plate mo-

tion history yields nearly stationary hotlines at the base of the

mantle. This result is due to the rather stable, large-scale ‘horse-

shoe’ pattern of circum-Pacific subduction which existed over

the past 120 Ma, thereby focusing one hotline inside the horse-

shoe (under the central Pacific) and the other hotline outside
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Figure 9. Lateral temperature variations at 2690 km depth for the reference convection model with plate-motion histories for Mesozoic, Cenozoic and NNR-

NUVEL-1 plate stages. The surface velocity field and surface plate boundaries are shown for the intervals: (a) −119 to −100 Ma.(b) −64 to −56 Ma. (c) −10 to

0 Ma. (d) 0 to 191 Ma. (e) 191 to 710 Ma. (f) Radial temperature profiles showing the geotherm (green line), the hottest temperatures in mantle upwellings (red

line), and the coldest temperatures in the downwellings (blue line). AF denotes Africa; AN, Antarctica; AR, Arabia; AU, Australia; CA, Caribbean; CO, Cocos;

CR, Chatham Rise; EU, Eurasia; FA, Farallon; IN, India; KU, Kula; LH, Lhasa; NA, North America; NZ, Nazca; PA, Pacific; PL, Philippine; PH, Phoenix and

SA, South America.

(under Africa). Since the predicted configuration of the hotlines

for the stage [−119 Ma, −100 Ma] is under the future locations

of the Pacific and African plates, in agreement with the configura-

tion obtained by running a calculation with the present-day NNR-

NUVEL-1 plate motions, it is readily understood why the present-

day plate motions provide a sufficient surface boundary condition

for modelling the generation of the principal, present-day hotspot

plumes.

5.2 Impact of plate-motion history with a geophysically

constrained viscosity profile

We next carried out a simulation in which we incorporate the palaeo-

magnetic reconstruction of surface plate evolution in a convection

model which also includes geodynamically constrained values for

mantle viscosity. We employ a two-layer viscosity model determined

by averaging the absolute upper- and lower-mantle viscosities re-

cently inferred in a joint inversion of convection and glacial isostatic

adjustment data (Mitrovica & Forte 2004). In this new viscosity

profile, ηLM = 12.4 × 1021 Pa s and ηUM = 3.3 × 1020 Pa s. The

CMB temperature (2750◦C) and internal heating (20 TW) have been

changed to yield global predictions (mantle heat flow, mean plate

velocity, potential temperature) that were within ±30 per cent of

the observed values. This new reference model with freely moving

plates delivers the following global surface observables: mean plate

velocity is 5.01 cm yr−1, mantle potential temperature is 1052◦C,

and surface heat flow is 36 TW. Following Coltice & Ricard (1999),

we assumed that a part of the internal heating may be concentrated

in a 300-km-thick D′′ layer at the base of the mantle, to simulate

the effects of a distinct, compositionally enriched thermal boundary

layer. In contrast to the models discussed so far, we placed 12 TW of

radiogenic heating in D′′ and distributed the remaining 8 TW, which
simulate the secular cooling, throughout the mantle. We found that

this concentration of heat producing elements had the effect of in-

creasing the propensity for hotspot plume generation compared to

a model in which all heat sources were uniformly distributed in the

mantle.

A new starting model was obtained on the basis of the new ref-

erence model geotherm by introducing the reconstructed plate ve-

locities for the stage [−119 Ma, −100 Ma] and iterating to a steady

state. As in the previous experiment, this starting model was subse-

quently run forward in time, incorporating the entire plate history

for [−119 Ma, 0], and then iterated further to t = +710 Ma. We
again find that the location and pattern of deep-mantle hotlines and

associated hotspot plumes are very similar to those obtained in the

preceding experiment (compare Figs 10, 11, 8 and 9). We note, how-

ever, that the radiogenically enriched D′′ layer yields fluctuations in

the heat flux across the CMB (Fig. 10f) that are greater than in the

previous models.

It is, therefore, clear that a convection model with geophysi-

cally constrained values of mantle viscosity yields a pattern of

plumes and deep-mantle heterogeneity, which is very similar to that
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Figure 10. Lateral temperature variations at 1500 km depth for the convection model incorporating geodynamically constrained mantle viscosity and plate-

motion histories for Mesozoic, Cenozoic and NNR-NUVEL-1 plate stages. The surface velocity field and surface plate boundaries are shown for the intervals:

(a) −119 to −100 Ma. (b) −64 to −56 Ma. (c) −25 to −10 Ma. (d) 0 to 191 Ma. (e) 191 to 710 Ma. (f) Time evolution of heat flow at the surface and at the

CMB for the reference convection model with plates-motion history spanning 829 Ma of plate tectonic evolution. AF denotes Africa; AN, Antarctica; AR,

Arabia; AU, Australia; CA, Caribbean; CO, Cocos; CR, Chatham Rise; EU, Eurasia; FA, Farallon; IN, India; KU, Kula; LH, Lhasa; NA, North America; NZ,

Nazca; PA, Pacific; PL, Philippine; PH, Phoenix and SA, South America.

obtained previously with the steady-state NNR-NUVEL-1 model.

Although the input parameters for the two models are quite distinct,

both models are required to satisfy the same present-day global con-

straints and both ultimately yield the same stable pattern of hotlines

in the deep mantle. This experiment demonstrates the existence of

several convection models, characterized by different input param-

eter values, which yield the same mantle structures provided that

in each case we satisfy the fundamental globally averaged surface

constraints.

6 M O D E L E V O L U T I O N W I T H F R E E

S U R FA C E P L AT E M O T I O N S

In the previous sections we considered the evolution of the man-

tle thermal structure subject to a 120 Ma history of Mesozoic–

Cenozoic plate velocities followed by prescribed NNR-NUVEL-1

plate motions. Here we will explore the consequences of releasing

the imposed plate velocities and allowing the plates to move freely

in response to the buoyancy driven flow in the mantle.

6.1 Impact of free plate motions

We return to the convection simulation illustrated in Fig. 5 and

now consider the dynamical evolution following the removal of the

NNR-NUVEL-1 velocity constraint at model time t = 829 Ma. Since

the surface velocities are no longer imposed, the plate motions are

found to be largely directed by the buoyancy forces below subduc-

tion zones. The motion of the Pacific plate, in particular, is now

characterized by a more symmetrical pattern of convergence along

the circum-Pacific trench system and this implies an increase in the

velocities of the Eurasian and North American plates, which must

balance the material flux entering the subduction zones (Fig. 12a).

By the same reasoning, we note that the South American plate mo-

tion shifts towards the Pacific subduction zone (Fig. 12a), as it would

in the hotspot reference frame, rather than moving northwards as in

the NNR reference frame (Fig. 4a). Overall, however, the global

plate velocity field has changed little after releasing the imposed

plate motions.

After allowing the model with free plate motions to run a further

20 Ma, we find that the configuration of the converging and diverging

plate boundaries, and the locations of the upwelling plumes remain

almost exactly the same (Fig. 12). When we ran the same experiment,

allowing free plate motions at t = 310 Ma, we found that after a

similar 20 Ma interval, the focused upwellings are subject to much

greater change, in response to the large-scale internal flow.

The introduction of free plate motions, at t = 829 Ma, occurs at a

time when the mantle thermal structure is in steady state and is com-

patible with the surface-plate motions. It is important to note that

this compatibility is now occurring in a regime where the dynam-

ical coupling of the plates to the buoyancy forces in the mantle is
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Figure 11. Lateral temperature variations at 2690 km depth for the convection model incorporating geodynamically constrained mantle viscosity and plate-

motion histories for Mesozoic, Cenozoic and NNR-NUVEL-1 plate stages. The surface velocity field and surface plate boundaries are shown for the intervals:

(a) −119 to −100 Ma. (b) −64 to −56 Ma. (c) −10 to 0 Ma. (d) 0 to 191 Ma. (e) 191 to 710 Ma. (f) Radial temperature profiles showing the geotherm (green

line), the hottest temperatures in mantle upwellings (red line), and the coldest temperatures in the downwellings (blue line). AF denotes Africa; AN, Antarctica;
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perfectly balanced. In this stable regime the horizontal motion of the

focused upwellings (‘hotspot’-like plumes) is very small. The sur-

face heat flow (35.2 TW), the average plate velocity (3.73 cm yr−1)

and the potential temperature under the lithosphere (1217◦C) are

all very similar to the values we found for the reference convection

model.

6.2 Implications for African rift dynamics

An important consequence of releasing the imposed NUVEL-1 plate

velocities is the predicted rifting of Africa along the Nubia–Somalia

plate boundary (Fig. 12a). Prior to model time t = 829 Ma, the pre-

scribed NNR-NUVEL-1 plate velocities include a Somalia rotation

vector which was slightly different from the Nubia plate. We, there-

fore, ran a test simulation where the Nubia and Somalia plates had

identical rotation vectors for t < 829 Ma and we again find, after

allowing free surface plate motions at t = 829 Ma, that opening

occurs along the Nubia–Somalia boundary.

This rifting occurs as a natural consequence of the mechanical

coupling of the large-scale mantle flow under the Nubia and So-

malia plates and does not appear to require the presence of a hot

sublithospheric plume directly underneath the rift. In this regard,

we note that at t = 829.2 Ma, the lower-mantle hotline has passed

beneath the surface location of the Nubia–Somalia boundary and

the main cause for the predicted rifting of Africa is the associated

large scale upwelling. We recognize that the Afar hotspot is located

nearby, at the triple junction of the Somalia–Nubia–Arabia plates,

and the timing and relationship of rifting to the arrival of this hotspot

plume is an open issue (e.g. Furman et al. 2004). Our model results

suggest that the African rifting and the arrival of the Afar hotspot

may be essentially simultaneous events whose common origin is the

large-scale upwelling below the continent.

The opening along the East African rift has been related to large-

scale extensional stresses which appear to characterize most of the

African plate and this has been interpreted as inconsistent with the

stress regime, which would be predicted on the basis of the ridge

system which nearly encircles the African plate (Zoback et al. 1989).

A proposed resolution for this apparent inconsistency involves the

dynamical effect of a mantle upwelling below Africa (Zoback et al.
1989). Such an upwelling has also been invoked as an explanation

for time-dependent uplift of southern Africa (Gurnis et al. 2000) and

also to explain a number of global geodynamic constraints (Forte &

Mitrovica 2001). The present convection simulation suggests that

the opening of the African rift, which is driven by large-scale flow

in the mantle, extends almost along the entire length of the Nubia–

Somalia boundary and that this rate is greater than that observed by

the NNR-GSRM-1 model (Kreemer et al. 2003).

The extensive volcanic activity along the African rift system has

been attributed to the impact of numerous individual hot mantle

plumes erupting from a very large-scale upwelling or convection
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superimposed. (b) Whole-mantle cross-section, along dashed line in (a), showing mantle temperature with the velocity field (black arrows) superimposed. (c)

The lateral temperature variations at time t = 848 Ma at 1500 km depth. The predicted surface velocity (black arrows) is superimposed. (d) Whole-mantle
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cell below the African continent (Pavoni 1992). A more recent study

of the effect of lithospheric channelling suggests, however, that a

single plume could explain the history of African rift volcanism

(Ebinger & Sleep 1998). Studies of rifting mechanisms suggest that

individual hotspot-like plumes do not play a significant direct role

in the creation of intracontinental rifts, their primary role instead

being the thinning and rheological weakening of the lithosphere

(Ziegler 1992). An analogous view suggests that mid-ocean ridges

are also the result of passive rifting driven by distant subduction-

driven mantle flow (Glatzmaier et al. 1990) and that hotspot clusters

near mid-ocean ridge axes only serve to weaken the lithosphere.

These views are in accord with the model results obtained here,

where the African rifting is driven by viscous coupling of the Nu-

bia and Somalia plates to large-scale convective flow in the deep

mantle.

6.3 Discussion

It is useful at this point to recapitulate the philosophy underlying

the convection simulations which have been presented in this study.

Our approach is based on three successive modelling steps whose

coherence and consistency can be seen (Fig. 13) in the evolution of

the global surface heat flux. The sequence of modelling steps are

outlined as follows.

Step 1: In the reference convection model, steady state condi-

tions with free plate motions are obtained following an initial si-

nusoidal temperature perturbation, which is used to start the con-

vective processes. We do not expect to find the present-day veloc-

ity field by only imposing the geometry of the NUVEL-1 plates.

Our main objective in this step is to reproduce (within 10 per

cent) the present-day global constraints, namely surface heat flow,
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Figure 13. Time evolution of heat flow at the surface and at the CMB for

the 3-step sequence of convection simulations which, respectively, include:

free plate motions at steady state for t < 0, imposed NNR-NUVEL-1 plate

motions for t = 0 to 829 Ma, free plate motions for t = 829–848 Ma.

mean plate velocity and the mean potential temperature under the

plates.

Step 2: Here the reference convection model is iterated forward

following the imposition of the NNR-NUVEL-1 plate motions. The

iterations are continued until steady state is achieved and we find that

the predicted mean global observables, especially the mean surface

heat flux, are very close to those in the reference convection model.

Step 3: When the condition of prescribed plate motions is re-

moved, the predicted plate velocities will change instantaneously in

response to the internal buoyancy forces in the mantle. The global

plate velocity field is, however, relatively unchanged, compared to

that in step 2. Indeed, we found that by running the model forward

an additional 20 Ma, we obtained almost the same plate velocity

field and mantle structures (Fig. 12). The global heat flux decreases

only slightly from 35.3 to 35.2 TW and this indicates that the mantle

thermal structure at steady state is compatible with the surface-plate

motions, whether they are imposed (as in Step 2) or free (Fig. 13).

The very small variation in mean surface heat flow (Fig. 13)

throughout the sequence of three modelling steps demonstrates, on

the one hand, that the initial reference model was appropriate and,

on the other hand, that there is a clear consistency between the three

steps, despite the changes in the surface plate boundary conditions.

The main point of this approach is that the reference convection

model must not only predict realistic global mean observables, as

in Monnereau & Quéré (2001), but it must also yield a consistent

transition to the successive modelling stages involving prescribed

NUVEL-1 plate motions, followed by the removal of the surface

velocity constraint, in which the plates can rotate freely again. This

three-step approach was not attempted previously. By taking into

account the palaeomagnetic reconstructions of plate-motion histo-

ries, our second main objective was to show that the NNR-NUVEL-

1 plate motions on a 3-D time-dependent convection model are

sufficient for modelling realistic hotspot generation and that the

African rifting is a natural consequence of the large-scale mantle

flow.

7 C O N C L U S I O N

The convection simulations presented above have made a number of

simplifying assumptions about the properties of the mantle, the most

notable being the neglect of lateral (temperature-dependent) varia-

tions in rheology and the neglect of compositional heterogeneity,

which could act to offset the thermally generated buoyancy forces.

The inclusion of temperature-dependent viscosity will act to fur-

ther enhance the development of thermal instabilities in the hot lower

thermal boundary layer at the CMB (Yuen & Peltier 1980) and this

should result in an increase in the number of focused upwelling

plumes (Zhong et al. 2000). The number of ‘hotspot’-like plumes

we found in the present convection simulations will, therefore, likely

be a lower bound for those in the Earth. The thermal plumes that

we have found (Figs 2, 4 and 5) are likely to be the most dynami-

cally important, since their intrinsic buoyancy has allowed them to

rise through the mantle even in the absence of temperature-induced

reductions in their viscosity.

Recent convection simulations with compositional buoyancy

show that mantle plumes will focus the intrinsically heavier mantle

components in the cores of the upwelling centres but the plumes will

continue to rise upwards (Zhong & Hager 2003). It is suggested that

source regions for most deep plumes contain dense, low-viscosity

material within D′′ which will enhance their longevity (Jellinek &

Manga 2004). The stability of these thermochemical ‘mega-plumes’

is dependent on the combination of a high viscosity region in the

deep mantle and other depth-dependent parameters, such as thermal

expansivity and thermal conductivity (Tackley 1998). Experimental

(Davaille 1999) and joint seismic-geodynamic investigations (Forte

& Mitrovica 2001) of thermochemical convection have also shown

that hot upwelling structures in the lower mantle will actively ascend,

despite the presence of compositional heterogeneity. The generation

and subsequent ascent of focused hot upwellings are, therefore, a

natural and expected characteristic of convecting systems, which

have a sufficiently high component of bottom heating (either at the

CMB, or at the top of a enriched compositional layer near the bottom

of the mantle).

Although the effects arising from rheological and compositional

complexity in the mantle are not negligible, we suggest that the most

important control on the dynamics of terrestrial convection arises

from the presence of surface tectonic plates. The model simulations

presented here have shown the key role played by the plates in or-

ganizing and modulating the large-scale cold downwellings in the

deep mantle and how these downwellings are of crucial importance

in understanding the production and location of hot thermal plumes

in the deep mantle.

A traditional assumption concerning the dynamics of terrestrial

convection is that plumes and plates are separate and independent

modes of convection (Peltier 1981; Davies & Richards 1992). This

view, which holds that the mantle plume model of hotspots repre-

sents a second mode of convection, persists to this day (Foulger &

Anderson 2005). Indeed, it is possible to construct spherical-shell

convection models with no plates that yield hotspot plumes and

models with kinematic plates and 100 per cent internal heating that

do not generate any hotspot plumes. The plate-coupled convection

models presented in this study provide a simple, unified framework

for understanding the dynamics of cold downwellings and hot up-

wellings in which the latter are not a separate or independent aspect

of the convecting system, but rather are complementary.

From the standpoint of the model simulations presented above,

the specific results worth highlighting are:

(1) The prescription of NNR-NUVEL-1 plate motions as a sur-

face boundary condition in a 3-D spherical model of convection

leads to a mantle heat flow which is essentially identical to that ob-

tained in a model with freely moving surface plates. Both models

provide very close fits to present-day global constraints on man-

tle heat flow, plate-velocity speed and mantle temperature. Either

model yields a reference (subadiabatic) mantle geotherm, which

can be used in future studies involving tomography-based convec-

tion simulations.
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(2) The number of ‘hotspot’-like upwelling plumes in a model

with freely moving plates (4) or in a model with prescribed NNR-

NUVEL-1 plate motions (6) are close to the number (7) which has

been identified for the major or primary terrestrial hotspots (Cour-

tillot et al. 2003). The convection model with the NNR-NUVEL-1

plate motions predicted the 3 plumes which we associated with so-

called ‘isolated’ hotspots (Sleep 1990), namely Hawaii, Iceland and

perhaps Réunion, and in addition the predicted plumes, which we

associated with the Balleny, Easter/Pitcairn and Louisville hotspots.

(3) The steady-state convection model with present-day NNR-

NUVEL-1 plate motions yields a pattern of lower-mantle hotlines

which closely resemble the pattern generated by a convection model

run with reconstructed plate motions at t = −119 Ma. When the

latter convection model is iterated through the entire evolution of

Cenozoic plate motions, we find that the hotlines remain remarkably

stable and the hotspot plumes emanating from these deep-mantle

structures also remain relatively stationary. It is the apparently sta-

ble pattern of large-scale circum-Pacific subduction over the past

120 Ma that is the key to understanding the generation of similar

deep-mantle hotlines and hotspots plumes in these different simula-

tions. A practical implication of these experiments is the sufficiency

of the NNR-NUVEL-1 plate motions as a surface boundary condi-

tion for generating a realistic ensemble of primary hotspots. These

simulations clearly illustrate the primordial importance of the tec-

tonic plates in controlling the evolution and pattern of temperature

anomalies in the convecting mantle.

(4) The evolution of the NNR-NUVEL-1 convection model,

when free surface plate motions were permitted, predicted the open-

ing of the African plate along the Nubia–Somalia rift boundary. This

rifting appeared as a natural consequence of plate coupling to deep-

seated, large-scale mantle flow without requiring a sublithospheric

plume directly below the rift boundary.
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