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has been associated with past Farallon Plate subduction
(Grand et al. 1997). Even more distinct is the Andaman
extension of the Indonesian subduction zone that
extends to about 900 km depth. There is an apparent
weak connection to a further pronounced shear-wave
anomaly in the mid-mantle which is likely to have been
produced by subduction at the northern margin of the
Tethys Ocean (cf. Figure 5). Note that neither of the
subduction zone features have any significant expres-
sion in bulk-sound speed.

At the top of Figure 6, the prominent low-velocity
zone for S reaches the surface at the Afar region. This
zone appears to have a weak connection to a deep zone of
lowered wave speed beneath central Africa. Such an
inclined link is consistent with a number of recent
studies (Ritsema et al. 1999). Possible upwelling from the
core—-mantle boundary can also be seen beneath the
western Pacific. The blank zone in the eastern Pacific is
a reflection of the limitations of the arrival-time dataset.
Structure cannot be imaged unless crossing ray paths
traverse the region.

The use of the common source-receiver pairs for
both P and S has proved to be particularly effective for
subduction-related features where we are striving to
image structures which are faster than their surround-
ings. The presence of many sources in the upper mantle
subduction zones is very helpful, and moreover for such
faster wave-speed anomalies the effect of wavefront
healing is not too strong.

Regions of lowered seismic-wave speed, which are
likely to be hot and thus sources of upwelling, form an
important component of the geodynamic system
(Ritsema & Allen 2003). However, these features are
not well sampled by our restricted dataset, although
some significant zones of lowered shear-wave speed can
be captured (Figure 6). Advances in finite-frequency
tomography with compensation for the effects of wave-
front healing offer the potential for markedly improved
imaging of low wave-speed features using travel
times measured from long-period records (Montelli
et al. 2003). An alternative approach, which examines
different physical properties, is to undertake attenua-
tion tomography (Romanowicz 1995) in which upwelling
material can be identified by its higher attenuation
(lowered Q).

The data coverage is much better in the northern
hemisphere, and so many tomographic images sections
concentrate on such regions. Fortunately, there is a
peninsula of good data sampling into the southwest
Pacific area and Australia, so that good detail can be
recovered. Figure 7 shows two different views from the
3D shear-wave speed structure obtained from the joint
inversion of P- and S-wave speed data (Kennett &
Gorbatov 2004) with cuts through Australia and its
nearby subduction zones. In Figure 7a, the cut is taken
through Western Australia and then through the
Sumatran subduction zone. The subducted material
can be seen to link to the high wave-speed anomalies
associated with subduction at the northern edge of the
Tethyan ocean in the surface at 1300 km depth (cf.
Figure 5 middle panel). High shear-wave speeds asso-
ciated with cratonic lithosphere can be seen beneath
Australia and the Siberian Shield. Figure 7b shows a

nearly east—-west section traversing Australia and
crossing the Tonga-Fiji subduction zone. Subducted
material can be tracked down to the displayed surface at
1500 km depth. Gorbatov & Kennett (2003) have con-
ducted detailed regional tomography for the subduction
zones of the western Pacific and have shown that
although slabs are generally well outlined by the fast
shear-wave-speed anomalies in the upper mantle and
transition zone, there can be a significant bulk-sound
speed signature for younger slabs (<85 Ma), and where
slab rollback has occurred, as in the Tonga region.

The relatively abrupt transition from fast wave
speeds in the Precambrian areas of central and western
Australia to the Phanerozoic belts in the east is evident
in the great-circle section of Figure 7b. Because much of
the sampling of the shallower mantle comes from
waves travelling relatively steeply, there is a tendency
for the zones of higher wave speed to be dragged to
greater depth and so give the impression of deeper
continental roots than are consistent with surface-wave
observations where the propagation paths are nearly
horizontal.

Synthesis of information on the mantle

The interpretation of the results of seismic tomography
depends on understanding the controls on seismic-wave
speeds under the conditions prevailing in the Earth’s
mantle (Karato & Karki 2001). This requires a strong
input of information from mineral physics, both experi-
mental methods and ab initio calculations. Experimen-
tal studies of the properties of minerals and their phase
transitions have progressively pushed to higher pres-
sures and temperature (Liebermann 2000) so that
reliable derivatives for material properties are available
to depths approaching 800 km. For the lower part of the
mantle, recourse must be made to quantum mechanical
simulations of crystal behaviour that can now account
for the influence of temperature (Brodholt et al. 2002).
Experimental results and quantum calculations are for
single crystals, and so results from multiple minerals
need to be combined to represent the composition of the
mantle assemblage. The inclusion of minor components
(e.g. small amounts of Ca and Al) can have quite
considerable influence on the overall properties.

It is likely that a substantial component of the
seismic behaviour is controlled by temperature, but
the influence of composition via major-element chem-
istry should not be overlooked. A further complication
comes from the difficulty of extracting absolute velocity
information from tomography: the influences of the
damping and regularisation used in the inversion tend
to lead to an underestimation of the amplitude of the
anomalies, even though the spatial pattern may be
appropriate.

The shear-modulus changes rapidly with elevated
temperature as the solidus is approached. The conse-
quence is a strongly non-linear dependence of the elastic
moduli with temperature. To achieve the same size of
change in seismic-wave speed will require a
larger temperature contrast for fast anomalies than for
slow anomalies where the temperature derivative is
larger.
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Because of the strong influence of shear-wave-speed
anomalies on P-wave-speed images (Kennett & Gorbatov
2004), the ratio of the P and S anomalies

R, =dIno/olnp (4)

has little diagnostic value for the influence of com-
position, whereas the equivalent ratio for bulk-sound
speed

R,y =0dIn¢/éIlnp (5)

is more suitable for recognising the competing effects of
temperature and composition.

Contrasts in physical properties are required to
generate the variations in seismic-wave speed imaged
through seismic tomography. A substantial component
of such wave-speed variability can be expected to have a
thermal origin: for example, subduction of oceanic
lithosphere transports mass and injects colder material
into the mantle. When changes in seismic-wave speeds
occur which are not purely due to thermal effects, it is
likely that the major-element chemistry of the materials
is changed. However, as we have noted above, geochem-
ical probes concentrate on minor-element tracers. As a
result, there does not have to be a simple relationship
between geophysical images of heterogeneity and geo-
chemical reservoirs.

Both geophysical and geochemical evidence require
the presence of 3D heterogeneity permeating the mantle,
but we need to understand the significance of the
patterns of heterogeneity. We anticipate that they will
change with time driven by thermal processes in the
mantle, but could the small-scale components be chemi-
cal remnants? There is strong spatial variation in the
mantle imaged by, for example, seismic tomography, yet
what is the link to the evolution of structure? Geochem-
ical observations provide some help, particularly when
considered in connection with modelling of thermoche-
mical convection in the mantle (Ballentine et al. 2002;
Tackley & Xie 2002; van Keken et al. 2002). Nevertheless
our constraints on mantle dynamics are rather indirect
(Davies 1999; Bunge et al. 2002).

The advent of high-performance computing has led to
major advances in the modelling of the dynamics of the
mantle. Convection calculations can now be run with
sufficient spatial resolution to approximate the neces-
sary mantle flow conditions (Bunge et al. 2002). Plate-
like features can be generated as the models evolve and
coupling to geochemical transport is being developed
(Tackley & Xie 2002). However, a major complication is
that the results of the complicated mantle convection
calculations are strongly dependent on the assumed
initial state. Thus, it is not possible to expect to explain
present-day mantle heterogeneity by running even a
perfect mantle-convection code forward in time (Bunge
et al. 2002). A partial solution is to work with ‘data-
assimilation’ techniques in which the convection
scheme is integrated over the period (~120 million
years) for which subduction models are available, with
updating as successive stages of the subduction
constraints are reached. This approach helps to
provide constraints on the radial distribution of mantle

viscosity, but the heterogeneity in the deepest mantle is
still sensitive to the initial conditions (Bunge et al. 2002).
The heterogeneity patterns from seismic imaging pro-
vide the main constraints on mantle-flow models, and
there is some promise that back-projection in time can
help to resolve the problems of defining suitable initial
conditions.

LOWERMOST MANTLE

Bullen (1940) introduced a notation to distinguish
between different layers in the spherically symmetric
Earth in which the lower mantle was assigned the
letter D. The nature of seismic-wave speed distribution
with depth changes significantly in the lowermost
mantle with a sharp drop in the average velocity
gradient (Gutenberg & Richter 1939) and this led Bullen
(1950) to further divide the lower mantle into D’ and D”,
where D” represented the lowermost 180 km of the
mantle. It was not until the early 1980s that a
discontinuity in elastic properties was proposed at
250-300 km above the core to separate D” from the rest
of the lowermost mantle (Lay & Helmberger 1983). The
seismic observations, as well as a number of other
studies, indicate that D” acts as a thermal boundary
layer (Stacey & Loper 1984). Inferences were also made
that D” acts as a chemical boundary layer (Davies &
Gurnis 1986). As the volume of broadband seismic
records started to grow from the 1980s on, a significant
number of seismological studies documented the
existence of strong heterogeneity in D” on various
scales. According to these studies, D” is a complex zone
with widespread indications of heterogeneity on many
scales, discontinuities of variable character and shear-
wave anisotropy (see Lay & Garnero 2005 for a recent
summary). Global tomographic models for shear-wave
speed point to a change in the spectrum of hetero-
geneity in D”, with a shift from higher to low degrees,
i.e. to longer wavelength structure, as the core—mantle
boundary is approached from above (Su et al. 1994).
Shear waves sampling the D” region strongly suggest
that the velocity anomalies in the lowermost mantle
are dominated by spherical harmonics of degree 2 and
3 (see lowest panel in Figure 4). The results of shear-
wave seismic tomography give a consistent picture of
the long wavelength structure of the D” region: there
are zones of markedly lowered wave speed in the
central Pacific and Africa, whereas the Pacific is ringed
by relatively fast wave speeds that may represent a
‘slab graveyard’ arising from past subduction. While
there is a clear evidence of the existence of long-
waveform structure in D”, the presence of short-scale
heterogeneities is also well documented. In particular,
during the 1970s, short-period studies of the precursors
to the core-sensitive seismic phases suggested that
these precursors could be best explained by scattering
of compressional waves from small-scale heterogeneity
(Doornbos 1974; Haddon & Cleary 1974). Yet another
type of seismological studies, that tracked diffracted
waves along the core-mantle boundary, documented
the existence of intermediate-scale heterogeneity
(Wysession et al. 1992).
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The ray-path sampling and resolution of the lower-
most mantle are limited in tomographic inversions,
and it is quite likely that the amplitude of the inferred
heterogeneity is biased by the choice of damping.
There are several indications that the amplitude of the
heterogeneity in D” is stronger (by a factor of 2 to 3)
than the apparent level revealed in tomographic
models (Ritsema et al. 1998; Bréger et al. 2000). There
could be a significant amount of heterogeneity in D”
that is not accounted for in studies of the core, which
could therefore bias interpretations of core properties
(see the companion article on the core: TkalCi¢ &
Kennett 2008). There is also evidence for the presence
of extreme features, such as ultra-low velocity zones
(ULVZ) with localised zones with inferred reductions
of P-wave speed by more than 10% and rather more
for S-wave speed. These wave-speed reductions occur
right at the core-mantle boundary, and may well
represent the hottest zones in the lowermost mantle,
related to partially molten material (Lay & Garnero
2005).

Large-scale features with lowered seismic-wave
speed are indicated by seismic tomography that are
inferred to have a higher density and are likely to be
chemically distinct from the rest of the mantle; such
dense thermochemical piles may be reservoirs of
incompatible elements and act as foci for large-scale
return flow in the overlying mantle. It is interesting to
compare maps of the P velocity distribution in D” with
independent estimates of shear velocity. For regions
that are well sampled by PKP and PcP waves with
dominant frequencies of about 1 Hz, there are simila-
rities with shear-wave maps even after excluding the
paths that could be biased by core structure (Tkalcic
et al. 2002): for instance, northeast Asia and the northern
Indian Ocean appear to be fast, and the western Pacific
appears to be slow. However, there are also well-
sampled regions where the sign of P and S wave
heterogeneity is opposite: for instance, South and North
America. Furthermore, the discordance between P and
S wave results suggests the presence of chemical
heterogeneity rather than just the effect of temperature
(Wysession et al. 1999; Masters et al. 2000; TkalCi¢ &
Romanowicz 2002).

The dominant lower mantle mineral structure,
magnesium silicate perovskite, has been recently pre-
dicted to transform to a denser phase, post-perovskite in
the lowermost few hundred kilometres of the mantle
(Hirose et al. 2005). If slab material is also dominated by
perovskite chemistry, then the cooler subducted mater-
ial may independently transform to post-perovskite at a
shallower depth. Compared with the adjacent warm
region, the post-perovskite material is denser, and so its
tendency to sink may help to power the convection
engine. The existence of the post-perovskite phase may
help to explain the rather different behaviour of
compressional and shear waves in the D” region, and
the anisotropy observed for shear waves in this layer.
For example, Restivo & Helffrich (2006) found from SKS
and SKKS waveforms that the most likely explanation
for anomalous polarisation in D” is localised anisotropy
restricted to areas of the core-mantle boundary with
faster-than-average wave speeds, a result which

supports anisotropy related to the post-perovskite
transition. The pressure-temperature behaviour of
the perovskite to post-perovskite phase transition has
yet to be fully established and is likely to be noticeably
influenced by minor components.

DISCUSSION

The distinctive structures imaged in the mantle from
seismological studies indicate the main framework of
the circulation, with cool subducted material capable of
surviving to great depth counterbalanced by broad-scale
upwelling of hotter material with possible composi-
tional contrasts. Geochemical results provide clear
evidence of mixing of different mantle components, but
it is difficult to find a home for distinct geochemical
reservoirs in the geophysical picture. It is likely that
such geochemical features are disseminated through the
mantle in a complex way, and that the subtle variability
needed to impart distinct geochemical signatures may
be unresolvable with current seismological techniques.
Nevertheless it is important to understand both geophy-
sical and geochemical heterogeneity since they repre-
sent different manifestations of the complex dynamic
processes within the Earth.

With a rapidly increasing number of modern broad-
band instruments worldwide, a dramatic increase in the
coverage of the Earth’s mantle with high-class data is to
be expected. However, this will not automatically yield
much improved images of the Earth’s interior. We can
expect a real advance in our understanding of the fine
details of the Earth’s structure only when computa-
tional power and seismic algorithms advance to the
level at which it will be possible to compute theoretical
seismograms on a global scale for high frequencies (up
to 1 Hz). Currently it is possible to achieve periods of 8 s
using the spectral element technique on the most
powerful computers available, but the computational
effort for a single forward run precludes use in
inversion.

In the mean time, mapping of the lithospheric
structure needs to be approached through the combina-
tion of various seismological techniques that are
sensitive to different ranges of periods (e.g. noise at
frequencies above 0.1 Hz, surface-wave dispersion in the
frequency range 0.01-0.1 Hz) and receiver functions,
which are mainly sensitive to the position of major
boundaries in the crust and upper mantle. Mapping the
lowermost mantle and the core remains a more challen-
ging task. Better spatial coverage of data, in combina-
tion with advances in signal processing, should help in
achieving a better resolution of the structure of the
Earth at these depths.
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