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Surface geophysical data that are related to the process of thermal convection in the Earth's mantle provide constraints on the
rheological properties and density structure of the mantle. We show that these convection-related data imply the existence of a
region of very high effective viscosity near 2,000 km depth. This inference is obtained using a viscous-¯ow model based on recent
high-resolution seismic models of three-dimensional structure in the mantle. The high-viscosity layer near 2,000 km depth results
in a re-organization of ¯ow from short to long horizontal length scales, which agrees with seismic tomographic observations of
very long wavelength structures in the deep mantle. The high-viscosity region also strongly suppresses ¯ow-induced deformation
and convective mixing in the deep mantle. Here we predict compositional and thermal heterogeneity in this region, using viscous¯ow calculations based on the new viscosity pro®le, together with independent mineral physics data. These maps are consistent
with the anti-correlation of anomalies in seismic shear and bulk sound velocity in the deep mantle. The maps also show that megaplumes in the lower mantle below the central Paci®c and Africa are, despite the presence of compositional heterogeneity, buoyant
and actively upwelling structures.
A quantitative model of thermal convective ¯ow in Earth's mantle
should satisfy a number of fundamental geophysical observations.
In particular, such a model must accurately predict the principal
surface data sets associated with the mantle convection process,
namely: the global-scale free-air gravity anomalies which are accurately constrained by satellite data1; the observed tectonic-plate
motions2; the dynamic topography on the core±mantle boundary
(CMB), in particular the excess or dynamic ellipticity of the CMB
inferred from space geodetic observations of the free-core nutation
period3,4; and the dynamic topography at the surface which may be
extracted from the observed topography by removing the contribution due to isostatic compensation of crustal thickness variations5±8.
A successful mantle ¯ow model must also be consistent with the
three-dimensional structure in global seismic tomographic models,
especially the observed dominance of very long wavelength heterogeneity in the bottom 1,000 km of the lower mantle9±13. This last
observation has served as a basis for recent proposals of compositional strati®cation in the bottom half of the mantle14 and thermochemical convection in the mantle15±17. For a recent survey of the
arguments for deep-mantle compositional heterogeneity, from a
mainly geochemical perspective, see ref. 18.

Thermal and compositional effects on seismic anomalies

The possible presence of signi®cant chemical heterogeneity in the
deep mantle may well bias our inferences of the temperature and
density structure of convection from seismic tomographic models.
This possibility is highlighted by recent seismic studies of the deep
lower mantle, which reveal an unusually high ratio of shear velocity
to compressional velocity anomalies19 and a clear anti-correlation
between perturbations of seismic shear velocity and acoustic (bulksound) velocity20±23. To understand the implications of this anticorrelation we ®rst estimated the temperature and compositional
derivatives of density and seismic wave velocities at 2,740 km depth,
which corresponds to the top of the D0 layer in the PREM24 seismic
reference model (see Methods). We restricted our analysis of majorelement compositional heterogeneity to the simpli®ed chemical
system MgO±FeO±SiO2 and hence did not consider possible
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effects25,26 due to variations in the less abundant oxides CaO and
Al2O3, which each constitute 3±4% (by weight) of the bulk mantle
composition27. From the estimated temperature derivatives (Table 1)
it is clear that the seismic shear velocity (Vs) displays the greatest
sensitivity to temperature perturbations (especially when anelastic
effects are included), whereas the bulk-sound velocity (Vf) is an
order of magnitude less sensitive to the temperature perturbations.

Inferences of mantle viscosity and density perturbations

Given the high sensitivity of seismic shear velocity to temperature
variations, we selected two recent three-dimensional mantle
models13,28 that provide lateral variations of shear velocity and
used them to construct convective-¯ow models which satisfy the
convection-related surface data described above. These tomographic models are derived from distinct, independent data sets,
using different parameterizations of the heterogeneity, and using
different inversion procedures. Thus we may view these two threedimensional seismic models as representative of a wide spectrum of
possible models, with one13 (here referred to as the `Grand' model)
based on the inversion of travel-time data and the other28 (here
referred to as the `Ek&Dz' model) based mainly on the inversion of
full seismic waveforms. We assumed initially that the seismic
anomalies in the two models are thermal in origin. To begin, we
therefore used a velocity-to-density scaling coef®cient (long-dashed
line, Fig. 1a) derived by Karato29 and subsequently modi®ed on the

Table 1 Seismic temperature and compositional derivatives at 2,740 km
depth
Elastic property

Temperature derivatives,
]/]T (´105 K-1)

Compositional derivatives

Anharmonic

Anelastic

]/]XFe

]/]XPv

-1.0
-4.7
-2.2
-0.7

±
-2.4
-0.9
0

+0.32
-0.22
-0.18
-0.16

+4.3 ´ 10-3
+0.045
+0.047
+0.048

.............................................................................................................................................................................

lnr
lnVs
lnVp
lnVf

.............................................................................................................................................................................
For details on the construction of this table see the Methods section.
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basis of geodynamic constraints5. The density perturbations we
obtained using this scaling are summarized in Fig. 1b, which
displays the average amplitude of dr/r as a function of depth.
With the exception of the top 300 km, we note that the two seismic
models yield rather different amplitudes for the density perturbations. We use these inferences of density heterogeneity to determine
directly the buoyancy forces that drive the mantle convective ¯ow.
The theory we use to calculate the mantle ¯ow that is expected on
the basis of the tomography-derived density anomalies requires a
model of the rheological properties of the mantle, which we
represent here in terms of a depth-dependent effective viscosity.
In this ¯ow theory, the buoyancy-induced ¯ow in the mantle is
coupled to the 13 principal surface tectonic plates2, treated as rigid
bodies, whose motions are determined by the underlying ¯ow
®eld30. The viscous-¯ow theory assumes an effectively linear, newtonian viscosity which is strongly suggested for the lower mantle
by high-temperature creep experiments on perovskite-analogue
minerals31.
The required model of effective viscosity has been obtained using
a nonlinear, iterative, Occam-style inversion32±35 of the main convection-related geophysical data. Figure 2a shows results from
inversions based on the two three-dimensional seismic models
and Table 2 (rows indicated by asterisks) summarizes the ®t of
the corresponding ¯ow models to the data. The viscosity pro®les
(Fig. 2a) are very similar, despite the non-negligible differences in
the amplitudes of the density contrasts delivered by the two seismic
models (Fig. 1b). The inferred viscosity variations display a pronounced low-viscosity channel in the upper mantle (between 100
and 300 km depth) and two viscosity maxima in the lower mantle,
one near the top of the lower mantle and the other at 2,000 km
depth. These lower-mantle viscosity maxima are not artefacts of the
inversion procedure because the Occam approach explicitly penalizes radial roughness in the viscosity pro®les. We carried out tests in
which we removed either of the two viscosity peaks, or simply joined
them to create a single high-viscosity region, and in each case the ®t
to the convection data (in particular the gravity anomalies) was
signi®cantly reduced.
An alternative demonstration of how the convection data
constrains mantle viscosity at different depths is provided by a
resolving power analysis. The resolution kernels shown in Fig. 2b

Depth (km)

1,000

Dynamics of lower-mantle ¯ow and implications for mixing

To explore the dynamical impact of the high viscosity peak at
2,000 km depth (Fig. 2a) we constructed a reference two-layer
viscosity model by separately averaging the viscosity variations in
the upper and lower mantle. This averaging procedure was applied
to the viscosity pro®le inferred using the heterogeneity in the
Ek&Dz model and the resulting pro®le (long-dashed line, Fig. 2a)
is characterized by a factor of 50 jump in viscosity at 670 km depth.

a

0
500

clearly indicate that the viscosity maxima near 1,000 km and
2,000 km depth are well resolved, with little trade-off with viscosity
structure elsewhere. The viscosity minima near 200 km and
1,400 km depth are similarly well constrained. The viscosity resolution in the top half of the lower mantle is mainly provided by the
plate-motion data whereas in the bottom half of the mantle (for
example, at 2,000 km depth) the resolution is strongly controlled by
the gravity-anomaly data (Fig. 2b).
Independent veri®cation of the viscosity pro®les in Fig. 2a is
provided by a comparison with radial pro®les of seismic attenuation
or Q factor36. We calculated the average viscosity in each of the ®ve
mantle layers used to parameterize a recent seismic Q model36.
Assuming the frequency (q) dependence37, Q < qa , we translated
the ®ve-layer viscosity model into an equivalent Q model and
obtained the best least-squares ®t to the actual seismic Q model
using a  0:275, which falls in the currently accepted range37
a  0:1±0:3.
Next, we consider the possibility of further improving the ®t
to the convection data by inverting the data to derive an optimal
dlnr/dlnVs scaling coef®cient, rather than adopting the a priori
scaling (long-dashed line, Fig. 1a) derived from mineral physics
data. We carried out Occam inversions for dlnr/dlnVs, and the two
pro®les we obtained are displayed in Fig. 1a. The ®ts to the
convection data provided by the new inferences are summarized
in Table 2 (rows indicated with daggers). The match we obtained
with the excess CMB ellipticity (Table 2) is essentially perfect and,
in the case of Ek&Dz, this is mainly achieved by adjusting the
density heterogeneity inferred in the lowermost mantle using the
dlnr/dlnVs scaling (solid line, Fig. 1a). We note that with the new
dlnr/dlnVs pro®les, differences in the average amplitudes of the
density perturbations (Fig. 1c) are diminished relative to Fig. 1b.
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Figure 1 Geodynamic inferences of density structure in Earth's mantle. a, The longdashed line represents the dlnr/dlnVs (velocity-to-density) scaling coef®cient originally
estimated by Karato29 on the basis of mineral physics data that we subsequently modi®ed
on the basis of geodynamic data. The short-dashed and solid lines represent the
dlnr/dlnVs scaling inferred for the three-dimensional seismic models of Grand13 and
EkstroÈm and Dziewonski28, respectively, after performing Occam inversions of the
geodynamic data. (In these inversions the corresponding viscosity pro®les in Fig. 2a were
1050

0.15

0.15

0.30

δρ/ρ (%)

employed.) b, The root-mean-square (r.m.s.) amplitude of the density perturbations, as a
function of depth, obtained from the three-dimensional seismic models of Grand13
(dashed line) and EkstroÈm and Dziewonski28 (solid line). In both cases the dlnr/dlnVs
(modi®ed) scaling inferred by Karato29 (long-dashed line in a) is employed. c, The r.m.s.
amplitude of the density perturbations derived from the three-dimensional seismic models
of Grand13 (dashed line) and EkstroÈm and Dziewonski28 (solid line) on the basis of the
respective Occam-inferred dlnr/dlnVs scalings in a.
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Figure 2 Depth-dependent effective viscosity of Earth's mantle. a, The short-dashed and
solid lines represent the viscosity pro®les inferred in Occam inversions of the geodynamic
data (listed in Table 2) based on the seismic models of Grand13 and EkstroÈm and
Dziewonski28, respectively. In these Occam inversions the dlnr/dlnVs (modi®ed) scaling of
Karato29 was employed (long-dashed curve in Fig. 1a). The long-dashed curve is a twolayer viscosity pro®le obtained by separately averaging the upper-mantle and lowermantle viscosity variations in the pro®le (solid line) inferred on the basis of the EkstroÈm and
Dziewonski seismic model. b, The viscosity resolving power of the geodynamic data at

four depths indicated by the horizontal arrows (for example, at 220 km). These curves,
called `resolution kernels', show the vertical averages of the mantle viscosity that are
inherent in the viscosity inferences at these four depths. Perfect resolution would
correspond to kernels with peak values of 1 and zero width. The solid lines show the
resolution obtained with the full set of geodynamic data (gravity anomalies, plate
divergence, and CMB ellipticity). The dotted lines show the resolution obtained when we
ignore the gravity data and the dashed lines show the resolution in the absence of platedivergence data.

The lower-mantle ¯ow ®eld predicted on the basis of this two-layer
viscosity is depicted in Fig. 3a, c at depths of 1,300 and 1,800 km,
respectively. Clearly, in this ¯ow calculation the pattern of both the
horizontal and vertical ¯ow ®elds is unchanged across this depth
range.
In contrast to this simple behaviour, consider Fig. 3b, d, where
we plot ¯ow predicted on the basis of the viscosity pro®le (solid
line, Fig. 2a) derived by inversion of the convection data. We now
observe a remarkable change in the ¯ow regime between 1,300 and
1,800 km depth. At 1,300 km depth (Fig. 3b), the ¯ow is organized
on relatively short horizontal length scales, with clearly de®ned
upwellings below the Paci®c, especially below Hawaii and French

Polynesia in the central Paci®c. These upwelling centres are being
fed by converging horizontal ¯ow which, in the case of the Hawaiian
plume, seems to originate from as far north as the Aleutian
subduction zone. This observation seems to provide a natural
explanation for the observed signature of recycled oceanic crust in
ocean-island volcanic rocks38. In contrast, at 1,800 km depth
(Fig. 3d) the individual upwellings are now absent and both the
vertical and horizontal ¯ow are dominated by very long horizontal
wavelengths. Although the viscosity increases rapidly towards its
maximum near 2,000 km depth, its control on the horizontal
organization of ¯ow extends to shallower depths and is already
discernible at 1,800 km depth. The ¯ow character at this depth is
closely reminiscent of the oscillatory `doming regime' observed in
recent laboratory convection experiments17.
A useful measure of the degree of mixing induced in laminar ¯uid
¯ows is provided by the time-dependent separation or `stretching'
of originally adjacent particles in the ¯uid39,40. To quantify this
stretching we determined the direction and magnitude of the
principal (that is, maximum) strain rate at a large number of
points distributed throughout the mantle, employing the strainrate tensor deij/dt associated with the predicted ¯ow ®elds. The
largest of the principal stretching rates predicted at any given depth
is shown in Fig. 4, where we immediately note a strong minimum at
2,000 km depth. Another prominent minimum is predicted at the
top of the lower mantle, near 1,000 km depth. These zones of very
low deformation rate, and hence reduced mixing, re¯ect the two
high-viscosity regions in the inverted models; they are absent in the
¯ow predicted using the simple two-layer viscosity pro®le (dashed
line, Fig. 4).
Tomography-based studies of convection-related surface data
have long argued for an increase of 1±2 orders of magnitude in
the average viscosity between the upper and lower mantle33,34,41±43.
These variations affect both the mixing properties44±46 and the
planform of mantle convective ¯ow47. Recent investigations46 suggest that viscosity strati®cation alone may not be suf®cient to
explain the trace-element geochemical constraints on mantle

Table 2 Fits to global convection data
Three-dimensional Free-air gravity, Plate divergence, Excess CMB r.m.s. topography
mantle model
l  2±20
l  1±32
ellipticity
l  1±20
.............................................................................................................................................................................

Grand*
Grand²
Ek&Dz*
Ek&Dz²
Ek&Dz³

31% (54%)
32% (56%)
37% (77%)
43% (71%)
9% (-65%)

60%
59%
57%
69%
68%

0.50 km
0.52 km
-0.16 km
0.52 km
0.76 km

0.91 km
0.71 km
1.32 km
0.95 km
1.04 km

.............................................................................................................................................................................
All ®ts, with the exception of the surface and CMB topography, are expressed in terms of variance
reduction. The observed free-air gravity anomalies are calculated using the (non-hydrostatic)
geopotential derived from satellite data1. The plate-divergence data are represented here in
terms of the horizontal divergence of the plate velocities given by the NUVEL-1 model2. The most
recent inference4 of excess or dynamic CMB ellipticity suggests a value of about 0.4 km, rather than
0.5 km as determined in earlier studies3. (This 20% difference is well within the uncertainties
associated with the three-dimensional seismic models used in these ¯ow predictions.) The dynamic
surface topography is not employed in the Occam inversions for the mantle viscosity pro®le. The
root-mean-square (r.m.s.) amplitude of the dynamic topography is used as an independent a
posteriori check of the plausibility of the convective-¯ow models. The most recent inference8 of the
r.m.s. amplitude of the dynamic surface topography is 0.9 km. The numbers in parentheses are the
variance reductions to the equivalent non-hydrostatic geoid anomalies derived from satellite data1.
The wavelength-dependent amplitude spectra of the geoid and gravity anomalies are quite different;
the latter has a relatively `¯at' spectrum, which explains why the ®ts to the anomalous gravity and
geoid ®elds differ.
* The density perturbations in the convective-¯ow models are derived from the shear-velocity
anomalies assuming a thermal origin (using the dlnr/dlnVs `Karato' pro®le in Fig. 1a).
² These density perturbations are instead derived on the basis of the associated dlnr/dlnVs pro®les
(Fig. 1a) inferred in Occam inversions of the convection data.
³ The two-layer viscosity model (Fig. 2a) along with the Occam-inferred dlnr/dlnVs pro®le (solid line,
Fig. 1a) are used in this viscous ¯ow calculation.
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Figure 3 Predicted convective ¯ow in Earth's lower mantle. In all maps the colour
contours represent the speed of vertical ¯ow (see the colour scale bars in cm yr-1) with the
blue colours representing regions of downward ¯ow and the orange colours representing
regions of upward ¯ow. The black arrows represent the speed and direction of the
horizontal component of the ¯ow (see the horizontal velocity scale arrow). All maps depict
the convective ¯ow predicted on the basis of the mantle density anomalies derived from

the three-dimensional seismic model of EkstroÈm and Dziewonski28 (using the dlnr/dlnVs
scaling represented by the solid line in Fig. 1a). The maps in a and c represent the ¯ow
®eld predicted on the basis of the two-layer viscosity pro®le (long-dashed curve in Fig. 2a).
The maps in b and d represent the ¯ow ®eld predicted on the basis of the Occam-inferred
viscosity pro®le (solid curve in Fig. 2a). a, b, Depth of 1,300 km. c, d, Depth of 1,800 km.

mixing. However, the viscosity pro®les employed in these numerical
convection studies were not constrained to ®t the full suite of
surface geophysical constraints (in particular the global gravity
anomalies and the pattern of present-day tectonic-plate velocities).

Indeed, an idealized two-layer representation of the mantle
viscosity, commonly employed in the numerical simulations, provides a poor ®t to the convection data (see Table 2) and is unable to
produce complex depth-dependent mixing behaviour (Fig. 4).
The ¯ow calculations illustrated in Fig. 3 show that the transition
from a domed pattern of ¯ow in the deep lower mantle to a pattern
of individual upwellings in the mid-mantle, long suggested by
tomographic models9±13, may largely be explained in terms of
viscosity strati®cation. We should not conclude, however, that
viscosity alone is responsible for maintaining this doming and
that compositional heterogeneity is thus unnecessary or absent in
the deep lower mantle, especially in view of the observed anticorrelation of seismic shear and bulk-sound velocity anomalies in
this region20±23. We next consider the implications of this anticorrelation.
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Thermochemical heterogeneity in the deep lower mantle

Ek&Dz
2-layer
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Recent tomographic studies which yield a joint description of
seismic shear and bulk-sound velocity anomalies20,22 provide a
new means for determining the relative contributions of thermal
and compositional heterogeneity in the deep mantle. Using Table 1,
we have derived the following expressions (see Methods) relating
speci®c linear combinations of shear and bulk-sound velocity
anomalies to effective measures of compositional and thermal
heterogeneity at 2,740 km depth:

Grand
2,500

3,000 –2
10

10 –1
10 0
d(ε1)/dt (1/10 Myr)

10 1

Figure 4 Flow-induced deformation or `stretching' in the mantle. The maximum value,
at any depth, of the principal rate of strain (de®ned as the largest positive eigenvalue of
the strain-rate tensor deij /dt ) is plotted as a function of depth. The dashed line
represents the extension rate associated with the ¯ow ®eld (Fig. 3a, c) predicted with the
two-layer viscosity model (Fig. 2a) and the density contrasts (Fig. 1c) derived from the
three-dimensional seismic model of EkstroÈm and Dziewonski28. The solid line represents
the extension rate associated with the ¯ow ®eld (Fig. 3b, d) predicted with the Occaminferred viscosity (Fig. 2a) and the density contrasts (Fig. 1c) derived from the EkstroÈm
and Dziewonski seismic model. The dotted line is the ¯ow-induced extension rate
obtained on the basis of the density contrasts (Fig. 1c) derived from the threedimensional seismic model of Grand13 and the corresponding Occam-inferred viscosity
(Fig. 2a).
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2 2:3d lnV s  23:0d ln V f  dX Pv 2 3:2dX Fe [ dX eff
2 15:5dlnV s  14:5dlnV f  3 103  dT  1086dX Fe [ dT eff

1
2

The effective compositional heterogeneity dXeff re¯ects lateral
variations in the content of silica (via changes in the molar fraction
of perovskite, dXPv) and iron (dXFe). The effective thermal heterogeneity dTeff is a combined representation of temperature perturbations and lateral variations in iron content; however, we
demonstrate below (see also Methods) that dTeff provides an
accurate approximation for dT.
Estimates of the effective compositional and thermal anomalies
at 2,740 km depth, derived from two independent models of
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combined shear and bulk sound velocity anomalies20,22, are in
excellent agreement (Fig. 5). These estimates clearly show that
dXeff is strongly correlated to bulk-sound velocity anomalies while
the shear velocity anomalies are strongly anti-correlated to dTeff. We
have tested the robustness of these results by considering a third,
recently derived seismic model of lower mantle structure48, and we
obtained maps of dXeff and dTeff (see Supplementary Information)
which also agree well with those shown here.
Our estimates of dXeff and dTeff were based on results from
seismology and mineral physics. To extend this analysis to estimate
lateral variations of iron or perovskite content requires an independent constraint on density perturbations. Using Table 1, we can
write (see Methods):
We will use the dlnr ®eld determined from geodynamic modelling
(Fig. 1c). This approach assumes that the estimated amplitude of

dlnr variations is independent of the initial dlnVs model adopted in
the geodynamic modelling and that a radially dependent scaling
from shear velocity to density is reasonably valid. The former is
demonstrated in Fig. 1c, while the latter is supported by the ®ts to
the geodynamic observables5.
The maps of iron heterogeneity (Fig. 6c±f) all show peak
anomalies of about dX Fe  6 0:01, equivalent to about 10%
variation relative to the bulk average value for XFe. Following
equation (2), this level of iron heterogeneity suggests an error of
the order of 10 K in using dTeff as a proxy for dT. Accordingly, we
have estimated the effective temperature derivative of shear velocity,
(dlnVs/dT)eff, which provides an optimal ®t (in the least-squares
sense) between the dTeff and dlnVs ®elds in Fig. 5. Our estimate of
2 5:2 3 10 2 5 K 2 1 is smaller than the purely thermal value of
2 7:1 3 10 2 5 K 2 1 (Table 1) because of the `masking' effect of
compositional heterogeneity.
Lateral variations in chemical composition represented by dXFe

Figure 5 Compositional and thermal heterogeneity at 2,740 km depth. a, Relative shear
velocity anomalies dVs/Vs obtained from the Su and Dziewonski (Su&Dz) tomography
model20. b, Relative bulk-sound velocity anomalies dVf/Vf from Su&Dz. c, The effective
compositional heterogeneity dXeff derived from the Su&Dz model using equation (1). d, The

effective temperature perturbations dTeff derived from the Su&Dz model using equation
(2). The maps in e±h are analogous to the maps in a±d, respectively, except that in e±h
we used the joint description of shear and bulk-sound velocity anomalies given by the
tomography model of Masters et al.22

dX Fe  2:9 d ln r  10 2 5 dT eff  2 0:013dX eff
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Figure 6 Lateral variations in iron content at 2,740 km depth. The inferences of iron
heterogeneity dXFe shown here are obtained on the basis of equation (3), using dXeff and
dTeff in Fig. 5, and using the geodynamic inferences of density heterogeneity (Fig. 1c). The
density heterogeneity maps a and b, were obtained from the tomography models of
Grand13 and EkstroÈm and Dziewonski28, respectively. In maps c and e are shown dXFe

derived using the tomography models of Su and Dziewonski20 (Su&Dz) and Masters et
al.22 (Scripps), respectively. In both cases the inferences of dXFe are based on the density
heterogeneity to map a. In maps d and f are shown dXFe again derived using the Su&Dz
and Scripps models, respectively, except that the density heterogeneity in map b is used.

(Fig. 6) produce associated density anomalies (dlnr)chem that may
oppose the pure thermal buoyancy dlnrth  2 adT, where a is
the thermal expansivity. The magnitude of this effect, quanti®ed by
the buoyancy ratio Rr  2 dlnrchem = dlnrth , has been shown to
exert fundamental control on the dynamics of convection in the
lower mantle15±17. Using Figs 5 and 6 we calculated (dlnr)chem and
(dlnr)th and then determined the buoyancy ratio Rr which provides
an optimal ®t between these two ®elds. For dXFe extracted from
density anomalies derived from the Grand (Fig. 6a) and Ek&Dz
( Fig. 6b) models we ®nd approximate values for Rr of 0.3 and 0.1,
respectively. These values are signi®cantly smaller than the Rr < 1
which has been assumed in some numerical convection
simulations15,16, but they fall well within the parameter space
associated with a distinct doming regime17 for mantle convection.
In view of the large-amplitude lateral temperature contrasts we
have inferred (Fig. 5d, h), a legitimate concern is the extent to which
the associated lateral variations in viscosity may affect our interpretations based on a purely depth-dependent effective viscosity.
We constructed a tomography-based mantle ¯ow model which
explicitly incorporates lateral viscosity variations at all depths,
using a previously developed theoretical formulation30. The lateral
viscosity heterogeneity we employ is derived using a homologous
temperature scaling31, yielding large-scale lateral variations which
range over three orders of magnitude (see Supplementary Information). These lateral variations are comparable to the magnitude of
the geodynamically inferred radial variations in viscosity (Fig. 2a).
We ®nd that the relative mean-square amplitude of the differences
between predictions (for example, geoid anomalies, CMB topography) obtained with and without these lateral viscosity variations
(see Supplementary Information) are not more than 10%, which is
smaller than the current mis®t to the convection-related data

(Table 1). Thus the error which may be incurred by neglecting
large-scale lateral viscosity heterogeneity is no larger than other
uncertainties (for example, in the seismic tomographic models)
inherent in the current tomography-based viscous-¯ow models.
We conclude from Fig. 6a, b that the combined thermal and
chemical anomalies in the deep lower mantle are such that the hot
mega-plumes (Fig. 5d, h) below the central Paci®c, and below
Africa, are positively buoyant and hence actively ascending. Our
analysis indicates that their buoyancy is partially reduced by the
presence of compositional heterogeneity (Fig. 6c±f), but the temperature effect is dominant. This result is in agreement with other
recent investigations of the dynamics of these deep mantle plumes.
For example, the uplift rates for southern Africa, estimated from
geological data, suggest49 that the deep-mantle African mega-plume
must be positively buoyant in order to match the estimated timedependent uplift during the Cenozoic era. The global geophysical
constraints on the dynamics of these deep mantle mega-plumes
thus seem to suggest consistently that these structures are buoyant
and that their dynamics (Fig. 3) are strongly controlled by the highviscosity region that we infer near 2,000 km depth.
M
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Methods
Construction of Table 1
The (anharmonic or purely elastic) temperature (T) derivatives were estimated on the
basis of the equation-of-state modelling by Jackson50, in particular the results (see Fig. 9c,
d in ref. 50) concerning the temperature-dependence of density r and seismic parameter
f  V 2f , where Vf is the bulk-sound velocity. For example, at pressure P  127 GPa
(2,740 km depth), a variation in potential temperature from T 0  1;600 K to
T 0  1;850 K results in a 0.44% change in density. Because ]=]T < T 0 =T]=]T 0 , as shown
by Stacey51, we estimated a thermal expansion coef®cient a  1 3 10 2 5 K 2 1 . From the
variation in f determined by Jackson50, we similarly obtained the logarithmic T-derivative
of the bulk-sound velocity ]lnVf/]T. To determine the T-derivative of seismic shear (Vs)
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and compressional velocity (Vp) we also required an estimate of the T-dependence of the
elastic shear modulus m. Using Stacey's51 derivation for ¡  2 am 2 1 ]m=]Tp (see
equations (70)±(71) in ref. 51) we determined the T-derivatives of Vs and Vp.
Following Karato29, we estimated the anelastic contribution to the T-derivatives by
assuming a frequency-independent seismic attenuation, or Q factor: ]lnV s =]Tanelastic 
2 pQm T 2 1 H=RT, where H is the (P-dependent) activation enthalpy. Using Weertman's rule, the activation enthalpy is related to melting temperature Tm using H  gRT m ,
where R is the gas constant and g is estimated to be approximately 30, a value appropriate
for magnesium silicates such as olivine52. For Tm we employed a recent laboratory estimate
of the deep-mantle pyrolite solidus53. We also used Qm  312, according to PREM24, and
assumed that all attenuation occurs in shear deformation (that is, the bulk attenuation is
assumed to be zero).
The compositional derivatives represent the changes in density and seismic velocity due
to changes in the molar fraction of iron, X Fe  FeO= FeO  MgO, and the molar
fraction of perovskite, X Pv  Pv= Pv  Mw, where Mw denotes magnesio-wuÈstite.
The molar fraction of perovskite is equivalent to the silica ratio: X Pv  SiO2 = FeO
MgO. Variations in density and bulk-sound velocity caused by variations in iron
content are (to a very good approximation) independent of pressure, and hence depth (see
Fig. 9e, f in ref. 50). We thus calculated the derivatives ]/]XFe from standard temperature
and pressure laboratory data (for example, Table 1 in ref. 50). The derivatives with respect
to perovskite or silica content, ]/]XPv, do vary with depth and we estimated the derivatives
for r and Vf directly from results in Fig. 9e, f in ref. 50. Derivatives of the shear modulus
with respect to XPv are derived on the basis of the expression m  m=k0 k 2 k9` P obtained
by Stacey54. This relation allows us to express the compositional derivatives of shear
modulus in terms of the derivatives of the bulk modulus, thereby yielding values for
]lnVs /]XPv and ]lnVp/]XPv.

Estimating thermal and compositional variations
]lnV s
]lnV s
]lnV s
dT 
dX Pv 
dX Fe
]T
]X Pv
]X Fe

dlnV f 

]lnV f
]lnV f
]lnV f
dT 
dX Pv 
dX Fe
]T
]X Pv
]X Fe

dlnr 

]lnr
]lnr
]lnr
dX 
dX
dT 
]T
]X Pv Pv ]X Fe Fe

where dlnVs, dlnVf and dlnr are relative perturbations to shear velocity, bulk sound
velocity, and density, respectively. We rewrite this system of equations in the following
symbolic form:
1 0
10
1
0
c11 c12 c13
dT
dlnV s
C B
CB
C
B
4
@ dlnV f A  @ c21 c22 c23 A@ dX Pv A
dlnr
c31 c32 c33
dX Fe
As joint seismic models for Vs and Vf presently exist, we initially focus on the ®rst two rows
of equation (4). Eliminating dT in these rows yields:
dX eff 

c21
c11
dlnV s 2
dlnV f
c12 c21 2 c11 c22
c12 c21 2 c11 c22

5

where the `effective' lateral variations in composition, dXeff, are de®ned as:
dX eff [ dX Pv 

c21 c13 2 c11 c23
dX
c12 c21 2 c11 c22 Fe

6

We can furthermore show that these two rows can be expressed as:

 


dlnV s
c11 c12
dT eff

;
dlnV f
c21 c22
dX eff

7

where we de®ne the `effective' temperature variation as:
dT eff [ dT 

c12 c23 2 c13 c22
dX :
c12 c21 2 c11 c22 Fe

Inverting the matrix in equation (7) yields:



2 c22
dT eff
1

c12 c21 2 c11 c22
dX eff
c21

c12
2 c11



8


dlnV s
:
dlnV f

9

For a depth of 2,740 km we ®nd, using Table 1:
dX eff [ dX Pv 2 3:2dX Fe  2 2:3dlnV s  23:0dlnV f

10

dT eff [ dT  1086dX Fe  2 15:5dlnV s  14:5dlnV f  3 103

11

and

The term 1086dXFe in equation (11) is the error introduced if we were to adopt dTeff as an
estimate for dT. The current best estimate50 for the average mole fraction of iron in the
lower mantle is X Fe  0:11, so we see from equation (11) that even if we assumed extreme
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dlnr  c31 dT eff  c32 dX eff 2

¤
dX
c12 c21 2 c11 c22 Fe

12

where ¤ is the determinant of the matrix in equation (4). Given dTeff and dXeff from
equation (9), we solve equation (12) for dXFe. Using the values in Table 1, the form of
equation (12) appropriate for a layer at depth 2,740 km is:
dlnr  2 10 2 5 dT eff  0:0043dX eff  0:34dX Fe

13

We have applied equation (13) to generate maps of dXFe, shown in Fig. 6.
The estimation of dT, dXFe and dXPv at a depth of 2,740 km is possible, in principle,
because the matrix appearing in equation (4) is well conditioned. In practice, this exercise
requires three independent inputs. The ®rst two inputs are provided by the joint seismic
models for dlnVs and dlnVf. The ®nal input, dlnr, is determined on the basis of our
geodynamic modelling (Fig. 1). Although we estimate the ®eld dlnr by scaling dlnVs to
yield a ®t to the geodynamic observables, we have shown that its amplitude is relatively
insensitive to the starting model for dlnVs (Fig. 1c). Thus, the geodynamic data provide the
dominant constraint on the amplitude of dlnr.
Received 10 April 2000; accepted 16 March 2001.

We begin with the following general expressions, based on the parameters in Table 1:
dlnV s 

lateral variations in iron content which approach 100% (that is, dX Fe  6 0:1) the
resulting contribution to dTeff would be about 100 K, which is signi®cantly smaller than the
overall amplitude of dTeff (Fig. 5d, h). The analysis described in the text (see Fig. 6) suggests
peak variations of dX Fe . 0:01, and therefore the error in assuming dT eff < dT is only
about 10 K. Variations in temperature and `effective' composition in Fig. 5 are obtained by
adopting the combination of seismically determined models for dlnVs and dlnVf speci®ed
in equations (10) and (11).
To separate the contributions to the effective variation dXeff from dXPv and dXFe we
incorporate density variations dlnr into the analysis. Using the last row of equation (4),
together with the transformations (6) and (8), one can show that:
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