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Thermochemical structures beneath Africa and the
Pacific Ocean
Allen K. McNamara1† & Shijie Zhong1

Large low-velocity seismic anomalies have been detected in the
Earth’s lower mantle beneath Africa and the Pacific Ocean that
are not easily explained by temperature variations alone1–11.
The African anomaly has been interpreted to be a northwest–
southeast-trending structure3–5,7 with a sharp-edged linear, ridge-
like morphology9,10. The Pacific anomaly, on the other hand,
appears to be more rounded in shape1–4,6,7,11. Mantle models with
heterogeneous composition have related these structures to dense
thermochemical piles or superplumes12–19. It has not been shown,
however, that such models can lead to thermochemical structures
that satisfy the geometrical constraints, as inferred from seismo-
logical observations. Here we present numerical models of
thermochemical convection in a three-dimensional spherical
geometry using plate velocities inferred for the past 119 million
years20. We show that Earth’s subduction history can lead to
thermochemical structures similar in shape to the observed
large, lower-mantle velocity anomalies. We find that subduction
history tends to focus dense material into a ridge-like pile beneath
Africa and a relatively more-rounded pile under the Pacific Ocean,
consistent with seismic observations.

Although many geodynamical studies have been performed to
better understand the dynamical consequences of a dense layer in
the Earth’s mantle, only a subset of these have investigated the
three-dimensional morphology of such a layer16–19, and because of
technical limitations, these have mainly considered only rectangular
cartesian geometries. Cartesian experiments have been very import-
ant to our understanding of thermochemical structures in a fluid-
dynamical context, but the restrictive box-shape of these experiments
has precluded the ability to understand the effects of Earth-like
conditions such as spherical geometry and plate-like boundary
conditions. As a consequence, the actual shape of thermochemical
structures predicted for the Earth could only be roughly inferred
from experiments. For example, in laboratory experiments, the
sides of the cartesian domain would serve as a proxy for static,
circum-Pacific subduction; but this inference does not allow for the
more-complicated geometry and time-dependent nature of plate
boundaries, and it is also unlikely that this inference would hold for
the more complicated subduction patterns associated with the
African region.

In previous work with free-slip surface boundary conditions21, we
concentrated on understanding the roles that spherical geometry and
rheology play in the formation of thermochemical structures. It was
found that temperature-dependent rheology leads to the formation
of weak, dense piles that are passively swept aside by cold, down-
welling material, resulting in a ubiquitous network of linear ridges of
dense material. Only by additionally imposing an unlikely high
intrinsic viscosity increase to the dense material can rounded super-
plumes of dense material form. This work suggested that rounded
superplume structures (as proposed for the Pacific) and linear piles

(as proposed for Africa) are not expected to be present together within
the Earth under the given model parameters. Like previous three-
dimensional studies16–19, these generalized fluid dynamical calcu-
lations provided insight into the dynamical character of thermo-
chemical structures in a planet without Earth-like plate tectonics,
but without using Earth’s plate history, it was not possible to predict
two large hot anomalies that could be confidently compared to the
seismic anomalies observed beneath Africa and the Pacific.

Here we hypothesize that Earth’s plate motion history plays a
controlling role in the development of thermochemical structures
that geometrically resemble to first order the general shape and
locations of the large negative seismic anomalies in the lower mantle.
Specifically, we investigate whether the resultant thermochemical
structures are consistent with a northwest–southeast (NW–SE)-
trending structure beneath Africa that has a ridge-like structure as
inferred from raypath studies9,10, and a more-rounded (less-linear)
structure beneath the Pacific. To test this, thermochemical mantle
models with initial layer thicknesses of 127 km, 255 km and 956 km
for the bottom dense layer are investigated, all having a buoyancy
ratio of 0.6 leading to density contrasts of 2–5% (depending upon
parameters chosen for the non-dimensionalization factors of
temperature and coefficient of thermal expansion). The calculations
are carried out for 119 million years of model time and employ
surface boundary conditions consistent with 11 stages of plate
history20 as used in similar studies on isochemical convection22,23.
Unless otherwise noted, initial temperature conditions (at 119 Myr
ago) are radial temperature profiles derived from similar two-
dimensional axisymmetric thermochemical calculations without
plate boundary conditions.

The thermochemical extension21 of the parallel finite element code
CitcomS24 is used to solve the conservation equations of mass,
momentum and energy in the Boussinesq approximation with
constant thermodynamic properties. The details, along with formal
definitions of the parameters and scalings, are found in previous
work21. These calculations have much higher resolution than our
previous three-dimensional spherical studies, and are performed on
a mesh exceeding 3 million elements, divided between 24 processor-
computational domains. Over 30 million tracers are used to charac-
terize the compositional field. Improved algorithmic and technical
computational abilities allow us to resolve viscosities consistent with
Earth-like convective vigour25, where the Rayleigh number (defined
as Ra ¼ agrDTh3/kho) is 2.7 £ 108; here a, g, r, DT, h, k and ho are
respectively the coefficient of thermal expansion, acceleration of
gravity, density, temperature drop across the mantle, mantle depth,
thermal diffusivity and upper-mantle reference viscosity. A tempera-
ture- and depth-dependent rheology of the non-dimensional form is
employed:

hðT; rÞ ¼ hrðzÞexp½Að0:52TÞ�
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Here hrðzÞ ¼ 1 for z , 663 km and hrðzÞ ¼ 0:1225z2 51:2 for
663 km # z # 2,867 km, where h and z are the non-dimensional
viscosity and dimensional depth, respectively. This formulation leads
to a weak upper mantle, a 30 £ viscosity step at the upper–lower
mantle boundary, and a 10 £ linear increase with depth to the base
of the mantle. This depth-dependent structure is similar to that
used by Bunge et al.22,23, however, these calculations also include
temperature-dependent viscosity. A non-dimensional activation
coefficient, A ¼ 9.2103, is chosen, which leads to a temperature-
induced viscosity contrast of 104. The models are heated from both
below and internally with a non-dimensional heat production of 10.
The calculations performed here allow for realistic plate scaling, the
advantage being that our diffusion time is consistent with the
material transit time. The use of plate velocity boundary conditions
guides subduction to occur at locations determined by the plate
history. We were careful to employ a convective vigour (Rayleigh
number) that is consistent with the plate boundary conditions
guiding rather than driving the flow, which minimizes concerns
associated with employing kinematic boundary conditions.

Figure 1 shows different perspectives of the three-dimensional
compositional fields of the three calculations for a time near the end
of the calculation equivalent to the present day. The first two rows
show the three-dimensional seismic tomography fields of Ritsema

et al.4 and Grand7 for comparison to the three geodynamical results
displayed in the lower three rows. As observed in previous
work17–19,21, dense material is swept into ridges, but for the two
lower volume cases (127 km, 255 km), the plate history incorporated
here acts to focus and overlap several of these ridges under the Pacific,
forming a large, contiguous pile of dense material. In contrast,
material is piled into a NW–SE-directed ridge under Africa which
curves eastward under Europe. The Pacific anomaly is areally
extensive and contains multiple topographic peaks, whereas the
African structure is a single-peaked ridge of mid-mantle height.
The more-voluminous dense material case (956 km) develops exten-
sive dense piles present everywhere except for areas in the immediate
vicinity of subduction regions, and this case would produce
anomalies much larger than those observed in tomography.

Temperature fields in both map format and equatorial slices for
the final time (present day) of the three calculations with different
initial layer thicknesses are shown in Fig. 2a. For comparison, two
tomography maps3–5 are shown at lower-mantle depth slices in
Fig. 2b and c. As expected, the pattern of subducted slabs is similar
for all three cases in shallower mantle regions. At greater depths, the
dense piles of material are easily discerned in the temperature field
because of the high degree of heat they retain. The general trend of
the piles is similar for all three cases, and in the two thinner layer

Figure 1 | Perspective views of two tomography models4,7 and geodynamic
compositional fields at the end of the calculations, corresponding to the
present day. The four columns represent hemispherical views centred on
(left to right) the international dateline, longitude 2908, the prime
meridian, and longitude 908. The tomographic plots display isosurface

contours of the shear wave velocity anomaly, dvS, and do not include data at
depths less than 1,100 km to aid in visualization. Blue and red surfaces
represent faster and slower than average velocities, respectively. The
geodynamic results are from calculations with initial layer thicknesses (D i)
of 127 km, 255 km and 956 km.
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cases, there is a NW–SE ridge structure beneath Africa that bends
eastward into Europe and the Indian Ocean, not unlike that observed
in tomography1,3,4,7, and an intersection of ridges under the Pacific,
resulting in a large continuous pile of dense material there. These
thermal maps are strikingly different from those of an identical
isochemical calculation (Fig. 2d), which reveal a much smaller-
scale and ubiquitous structure of upwellings, similar to previous
isochemical studies23.

It is found that the volume of dense material controls the areal
extent and the height of these structures, and the thickest dense layer
case does not predict isolated thermochemical structures in the lower
mantle. We have discovered from other calculations (not shown
here) that decreasing the density contrast leads to decreased areal
extent and increased height of the structures, but the general trend of
the piles remains unchanged.

The role that initial condition plays in these calculations was also
investigated. Whereas the previous cases started with a laterally
uniform temperature field, we performed two additional thermo-
chemical cases for the 255-km-thick initial layer case in which the

initial 119-Myr-ago plate velocity was maintained for an additional
60 and 120 Myr before starting the time sequence of plate velocity
boundary conditions. Present-day results are shown in Fig. 3, and
should be compared to the lowermost panel of the 255 km case in
Fig. 2. With the new initial conditions, the general trend of a NW–SE
ridge beneath Africa and a convergence of ridges beneath the Pacific
remains, although the detailed morphology may differ somewhat.
More specifically, extending the initial stage of plate motion acts
to impose a pre-existing slab structure at the beginning of the
calculations which effectively and artificially extends the sub-
duction time related to the Africa–Eurasian convergence, causing
excessive amounts of slab material to accumulate beneath present-
day Africa. As a result of slow thermal diffusion, this material resides
there until the present day, producing a somewhat different
morphology.

This work investigates spherical thermochemical convection using
a depth- and temperature-dependent viscosity and a realistic plate
history as surface boundary conditions. A ‘first choice’ of Earth-like
material parameters has led to a predicted geometry of thermo-
chemical piles that resembles to first order the anomalies observed in
seismic tomography. In addition, the sharp NW–SE-trending single-
ridged African pile is consistent with that inferred from raypath
studies9,10. The allowable material parameter space is immense,
and because the ‘first-choice’ parameters produce structures geo-
metrically similar to those observed, we propose that the first-order
morphology of a dense component is not overly sensitive to input
parameters. We note that uncertainty in geodynamic parameters
warrants a much broader future study, and it is not expected that
current results would match higher-order geometric features that are
seismically observed. Because of the imperfect distribution of seismic
sources and receivers, tomography provides a filtered view of actual
lower-mantle structures, and we propose that the approach used here
combined with tomographic filtering of geodynamic data promises
to provide a wealth of previously unavailable material information as

Figure 2 | Temperature and tomographymaps. a, Present-day temperature
fields for cases with initial dense layer thicknesses of 127 km, 255 km and
956 km (columns). The top row contain equatorial slices (North Pole
pointing out of the page, prime meridian at the top). The other rows show
temperature slices for 111 km, 1,707 km, 2,504 km and 2,811 km depth.
b, c, Tomography maps at 2,811 km depth4 (b) and the core–mantle

boundary5 (c; with hotspots shown as circles) for comparison to the bottom
set of geodynamical results in a. Temperaturemap (2,811 kmdepth) from an
isochemical case lacking a dense component. The temperature and
tomography maps display non-dimensional temperature and shear wave
velocity anomaly, respectively.

Figure 3 | Effect of initial condition. Temperature fields at 2,811 km depth
for thermochemical cases with an initial dense layer thickness of 255 km.
The initial stage of plate motion was held fixed for a, 60Myr, and b, 120Myr,
before the entire time sequence of plate motion began. These should be
compared with the lower panel of the 255 km case in Fig. 2. Colour scale as in
Fig. 2a.
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more intensive parameter searches are used to more closely relate
geodynamic predictions to higher-order seismic results.
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