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Dynamic Earth: crustal and mantle heterogeneity*

B. L. N. KENNETT{ AND H. TKALČIĆ

Research School of Earth Sciences, Australian National University, ACT 0200, Australia.

The dynamic processes within the Earth leave their record in geophysical and geochemical variation
about the general stratification with depth. A snapshot of current structure is provided by geophysical
evidence, whereas geochemical information provides a perspective over the age of the Earth. The
combination of information on the distribution of heterogeneity from geophysical and geochemical
sources provides enhanced insight into likely geodynamic processes. A variety of techniques can be
used to examine crustal structure, but the major source of information on seismic heterogeneity within
the Earth comes from tomographic studies, exploiting surface waves for the lithosphere and body
waves for the bulk Earth. A powerful tool for examining the character of mantle heterogeneity is the
comparison of images of bulk-sound and shear-wave speed extracted in a single inversion, since this
isolates the dependencies on the elastic moduli. Such studies are particularly effective when a
common path coverage is achieved for P and S as, for example, when common source and receiver
pairs are extracted for arrival times of the phases. The relative behaviour of the bulk-sound and shear-
wave speeds allows the definition of heterogeneity regimes. For subduction zones, a large part of the
imaged structure comes from S-wave speed variations. The narrow segments of fast wave speeds in the
lower mantle, in the depth range 900– 1500 km, are dominated by S variations, with very little bulk-
sound contribution, so images of P-wave speed are controlled by shear-wave variability. Deep in the
mantle, there are many features with high seismic-wave speed without an obvious association with
subduction in the last 100 million years, which suggests long-lived preservation of components of the
geodynamic cycle. The base of the Earth’s mantle is a complex zone with widespread indications of
heterogeneity on many scales, discontinuities of variable character, and shear-wave anisotropy.
Discordance between P- and S-wave speed anomalies suggests the presence of chemical
heterogeneity rather than just the effect of temperature.

KEY WORDS: crust, geodynamic processes, heterogeneity, mantle, seismic tomography.

INTRODUCTION

Both geophysical and geochemical techniques contri-

bute to understanding of the complex nature of the

Earth’s mantle and the processes operating within it,

but these two sources of information provide very

different viewpoints on structure. Most geophysical

evidence provides an instantaneous snapshot of current

behaviour, while geochemical evidence can relate to a

much earlier time. Geophysical techniques provide the

only means of sampling the structure deep within the

Earth. Yet, because we are confined to observations at or

near the surface, most of what we know about the

Earth’s interior is based on indirect inference. Further,

not all materials are suitable for geochemical analysis,

and so the sampling is somewhat spotty, with strong

concentrations on, for example, ocean island basalts, but

sparse sampling in many areas. Modern geochemical

probes increasingly concentrate on detailed in situ

analysis of small samples so that they are oriented

towards highly localised differences in trace elements

(or their isotopes). Many results depend on assemblages

of measurements from related samples.

The mantle represents the silicate shell around the

metallic core of the Earth, and much of its properties

will inevitably have been strongly influenced by the

complex process of accretion of the Earth and the

segregation of the core (O’Neill & Palme 1998). The

major features of mantle structure are presented

schematically in Figure 1 with indications of the nature

of the classes of geophysical and geochemical evidence

that constrain the behaviour. Geophysical constraints

are indicated with round brackets and geochemical

constraints with square brackets. The most complex

structures occur at the top and bottom of the mantle

with the extraction of the crust at the surface, and the

accumulation of heavier components near the core –

mantle boundary.

Although the lower mantle has long been supposed to

have rather simple properties, there is increasing

evidence for a range of complexity from seismic

tomography, and the schematic in Figure 1 is likely to

underemphasise the true variation. There is some

*This is one of a series of invited review papers addressing aspects of the themes for the International Year of Planet Earth.
{Corresponding author: brian.kennett@anu.edu.au

Australian Journal of Earth Sciences (2008) 55, (265 – 279)

ISSN 0812-0099 print/ISSN 1440-0952 online � 2008 Geological Society of Australia

DOI: 10.1080/08120090701883042



D
ow

nl
oa

de
d 

B
y:

 [A
us

tra
lia

n 
N

at
io

na
l U

ni
ve

rs
ity

 L
ib

ra
ry

] A
t: 

00
:1

3 
6 

M
ay

 2
00

8 

debate about the origins of the features indicated with

question marks. Some, but not all, subduction zones

have a near-horizontal section in the transition zone

(410 – 660 km depth), which has been interpreted as

representing a stagnation of the slab descent (Fukao

et al. 1992). The depth of the origin of ocean island

basalts is somewhat contentious, and the evidence

suggesting deep mantle origins has been challenged by

Anderson (2000, 2001). The gradation of tones in the

lower mantle is meant to suggest the main heterogeneity

regimes. Slab penetration occurs down to about

1200 km, but somewhat unevenly across the globe

(Niu & Kawakatsu 1997). Below 2100 km, there is a

distinct increase in the level of heterogeneity reaching

high levels in the D00 layer just above the core – mantle

boundary, as indicated by the darker tone. In the

model of Kellogg et al. (1999) this lower layer would be

both denser and hotter so that thermal effects

would largely cancel any density contrast. Substantial

variations in layer thickness would then be associated

with the local thermal conditions with reduction in

thickness where cool subducted material descends,

and substantially greater thickness in upwellings of

hotter material (e.g. under southern Africa and the

Pacific).

The variations in seismic-wave speed are expected to

be largely driven by thermal processes, and composi-

tional effects will be driven by changes in major-element

distributions. In contrast, geochemical probes concen-

trate on variations in the minor elements to track such

features as melt segregation. The two types of informa-

tion are therefore sensitive to different features on the

Earth system, but both need to be taken into account if

we are to obtain a clear understanding of the way the

Earth works.

Geophysical probes

The dominant variation in the properties of the Earth is

with depth, with superimposed 3D variability. The main

features in the radial structure of the Earth were

understood by the 1930s, with the discovery of weak

seismic reflections from the inner core by Inge

Lehmann. The identification of the long-period free-

oscillations of the Earth from the great Chilean earth-

quake spurred efforts to develop improved models of

radial structure, and this culminated in the Preliminary

Reference Earth Model (PREM) of Dziewonski &

Anderson (1981). PREM was constructed to fit both the

available observations of the frequencies of the free-

oscillations of the Earth and constraints from the times

of passage of seismic waves through the Earth.

A range of seismological techniques and observa-

tions have been used to extract information about 3D

variations in structure in the mantle of the Earth. Many

of the properties of seismic waves reflect averages along

the different pathways that energy has travelled. Our

understanding of the properties of the whole globe

comes from a mix of information from low-frequency

energy sampling of the whole Earth and results from

higher-frequency arrivals with more specific geographic

coverage. The highest frequencies are used in under-

standing the complex structure of the outer skin of the

Earth—the crust.

Figure 1 Schematic representation of processes and structures in the Earth’s mantle; the features are drawn at approximately

true scale. Geophysical constraints are indicated with round brackets and geochemical constraints with square brackets.

OIB, ocean island basalts.
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A good definition of heterogeneity across the whole

mantle with horizontal scales larger than 1000 km can

be derived from long-period seismic data such as the

splitting of free oscillations (Ishii & Tromp 2001; Kuo &

Romanowicz 2002), and wave-form tomography using

long-period observations (Dziewonski & Woodhouse

1987; Masters et al. 2000; Megnin & Romanowicz 2000).

Higher resolution for about half the mantle is obtainable

from the analysis of seismic arrival times (van der Hilst

et al. 1997; Bijwaard et al. 1998; Kennett et al. 1998; Grand

2002). Some recent studies (Ritsema et al. 1999; Masters

et al. 2000; Antolik et al. 2003) use a wide range of

different styles of information to try to achieve the

maximum level of sampling of the Earth’s mantle.

However, such studies face the task of combining

different classes of information with very different

frequency content and sensitivity to structure. The

results are therefore somewhat dependent on the

particular style of analysis and can include dependency

on external factors such as the attenuation structure

used to correct for frequency dependence.

In the outer 400 km of the mantle, body-wave

observations can be complemented by the exploitation

of seismic surface waves that are well excited by

shallower earthquakes. Images of 3D structure can be

built by combining information from many paths to

achieve resolution of upper mantle structure at about

200 km scale in particular regions, e.g. Fishwick et al.

(2005) for Australia, and better than 500 km across the

entire globe (Debayle et al. 2005).

The highest levels of 3D heterogeneity are found near

the Earth’s surface and near the core – mantle boundary.

More subtle features appear in the mid-mantle, includ-

ing relatively narrow zones of elevated wave speed that

are most likely associated with past subduction. In the

uppermost mantle, the ancient cores of continents stand

out with fast wave speeds, while the mid-ocean ridge

system and orogenic belts show slow wave speeds.

Below 400 km depth, the high wave-speed anomalies

are mostly associated with subduction zones; in some

regions, they extend to around 1100 km depth, but in a

few cases tabular fast wave-speed structures seem to

extend to 2000 km or deeper. The base of the mantle

shows long-wavelength regions of higher wave speeds,

most likely associated with past subduction, and two

major regions of slow wave speed beneath the central

Pacific and southern Africa which may represent sites

of upwelling of hotter material.

The complex structures at the base of the mantle

provide a distorting lens for waves entering the core

that can influence apparent structure. Nevertheless

considerable progress has been made in elucidating

the seismic velocity structure in the outer core, which

appears to be close to adiabatic due to the rapid mixing

in the convecting core. The solid inner core has

enigmatic structures that have become progressively

more complex with time as more and more detailed

investigations have been made, which sample different

parts of the inner core in detail.

Despite recent advances in imaging the Earth’s

interior, there are still substantial gaps in our knowl-

edge, particularly with respect to variations in density

and viscosity. Information has generally been derived

from tomographic images via the scaling of shear-wave

speed variations and by the use of inferred flow models.

Efforts are being made to improve the situation by

exploiting a wider range of geophysical observables

such as gravity anomalies and geoid variations (Forte

et al. 2002), but there is still little independent informa-

tion. Inversions of the splitting parameters of low-

frequency normal modes offer the possibility of provid-

ing direct information on the 3D distribution of density

(Ishii & Tromp 2001; Kuo & Romanowicz 2002;

Resovsky & Trampert 2003), but so far no consensus

has emerged on the correlation of density structure with

wave speed.

Geochemical probes

Geochemical studies employ a very different style of

probes into the Earth in which a multiplicity of sources

of information are brought to bear on mantle structure.

The diversity of the various information sources, e.g.

the analysis of multiple isotopic systems, means that

considerable specialisation is needed to undertake the

complex analyses. In consequence, interpretations of

the synthesis of geochemical information can tend to be

somewhat polarised (Albarède & van der Hilst 2002;

Allègre 2002), with rather different emphasis applied to

the diverse types of result.

Much of the variation that is encountered in geo-

chemical systems is likely to come from melting

processes with consequent partitioning of species be-

tween melt and residue. The processes of mantle

convection are likely to enhance mixing and thus reduce

variation (Davies 1999). A problem with geochemical

probes is that they depend on surface samples, from

limited outcrop or dredge hauls in the ocean, that by

their nature have non-uniform coverage of the globe.

Analysis of a wide range of geochemical data indicates

that the various systems were segregated at about

2 – 1 Ga (Hofmann 2003), and so geochemical information

may not reflect the current condition of the mantle.

A wide range of radiogenic systems are used in the

characterisation and dating of geochemical systems

(Davies 1999; Fowler 2005). Variations in isotopic com-

positions provide sensitive indicators of diversity as, for

example, in the five (or so) components that have been

invoked to explain the isotope patterns in ocean-island

basalts. For many geochemical systems, the reference

model is the assumed concentrations in the primitive

mantle (Hofmann 2003). The deviations from the stan-

dard are then to be interpreted in terms of the action of

different classes of processes which control inter alia the

relative abundance of elements.

The conventional view of the mantle is that a number

of relatively distinct geochemical reservoirs with rea-

sonably well-defined properties can be recognised with a

reasonably well-defined mean composition, even though

there may be some chemical heterogeneity, as in the

case of the continental crust. For example, O’Neill &

Palme (1998 p. 39) define as reservoirs: ‘the continental

crust; the sub-continental lithospheric mantle; the

depleted, well-stirred upper mantle, as the source for

mid-ocean-ridge basalt (MORB); the enriched, hetero-

geneous source regions for ocean-island basalt (OIB),

Crust and mantle heterogeneity 267
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which may include subducted oceanic crust; and,

possibly, primitive mantle that has never been differ-

entiated.’

The subduction process with both mass and thermal

transport has the potential to stir the mantle but also to

leave dregs at the base (in the D00 layer). Basalts sampled

from oceanic islands appear to sample from the base of

the mantle, and part of this evidence comes from the

properties of the various isotopes of the noble gases. The

conventional interpretation based on expectations about

the ratio of U/Th abundance in the deep Earth requires

degassing and depletion of about 50% of the mass of the

mantle, but the retention in the lower mantle of material

with a primitive composition (Allègre 2002). An alter-

native viewpoint based on mixing of radiogenic and

non-radiogenic components in the upper mantle

(Anderson 2000; Meibom et al. 2003) does not require a

deep origin for these ocean island basalts. Efforts are

being made to install dense arrays of seismometers

around and above hotspots with the aim of gaining

sufficient resolution to resolve this issue.

CRUST AND LITHOSPHERE

Oceanic crust is renewed by mid-ocean ridge processes

and has a relatively simple basic structure that is

subsequently overprinted by other events such as the

formation of seamounts and oceanic islands. The result

of the subduction conveyor belt is that very little

oceanic crust is much older than 140 Ma and any

complexity returns into the mantle. In contrast the

continental material has been assembled from the

lighter components at the surface over the age of the

Earth and the ancient cores of the continents, such as

the Yilgarn and Pilbara Cratons in western Australia,

contain components that are over 3 billion years old.

The near-surface of the continents has been exten-

sively explored on many scales in the search for natural

resources. There has been intense activity in sedimen-

tary basins (both onshore and offshore) in the search for

petroleum. The primary tool is the seismic-reflection

method focused on likely geological targets; sophisti-

cated imaging techniques enable the delineation of

complex structural traps such as the sides of salt domes,

as in the Gulf of Mexico. Much less seismic-reflection

profiling has been carried out in hard-rock domains,

with the method proving to be of benefit in shallow

mineral exploration where there are sufficient physical

contrasts to generate effective reflections.

The seismic-reflection technique has been applied

with success in a variety of national programs across

the world. The shallow waters around the British Isles

allowed the BIRPS program to undertake extensive

surveys using marine streamers and thereby produce

remarkable images of ancient fault systems cutting

through the whole crust (BIRPS & ECORS 1986). The

Lithoprobe project in Canada has sustained a program

of work on land over more than 20 years directed at

different aspects of the crustal structure revealed in

Canada, with many remarkable insights into the

assembly of the Precambrian terrains (Percival et al.

2004). There are intriguing similarities and differences

with the profiles recently undertaken in the Archean

and Proterozoic of Finland (Kukkonen & Lahtinen 2006).

Australian studies

In Australia also a program of deep-crustal reflection

has been sustained over many years to provide exten-

sive coverage in a number of parts of the continent; new

funding through recent Australian government initia-

tives will mean that at least 1000 km a year of new deep-

seismic acquisition will be carried out in 2008 – 2011. To

achieve good structural coverage, a deep-reflection

survey will normally be carried out along an extended

line. The processed images provide an apparently

2D profile in depth but can be influenced by energy

arriving from out of plane due to 3D effects. It is

therefore important that the design of experiments

includes crossing lines of sufficient length wherever

possible.

Although active seismology using man-made sources

provides the most detailed information on crustal

structure, this information is, of necessity, confined to

limited regions. A valuable complementary source of

information comes from passive seismic techniques

exploiting natural seismic energy, which allows inves-

tigation of the crustal and associated lithosphere of scale

lengths from a few kilometres to the continental scale.

Such passive seismic methods have been applied in a

number of ways (Kennett 2006a) such as: (i) dense

deployments of short-period sensors for regional body-

wave tomography; and (ii) more separated broadband

stations that have been used for surface-wave tomogra-

phy and additional information on the crust through

receiver functions, exploiting the conversions and

reverberations in shallow structure (Reading 2005).

Most work has exploited the arrivals from reasonable

size earthquakes (both regional and distant), but even

the seismic noise field can be exploited by stacking the

cross-correlation of records from different stations for

the same time interval. With a sufficient length of

record, it is possible to recover the ground response as if

one station acted as a source and the other as a receiver.

In particular, the surface-wave portion of the records is

well represented. Saygin (2007) has exploited all the

different deployments of portable broadband instru-

ments across Australia together with records from

permanent stations to produce remarkable images that

reflect structure in the crust with some modulation from

deep sedimentary basins (Figure 2).

Seismic body-wave tomography can provide valuable

information on the velocity variations in the crust and

mantle by exploiting the relative time of arrival of

seismic phases from distant events across a network of

seismic stations. Examples in an Australian context are

provided by the work of Rawlinson et al. (2006a, b) on the

structure under northern Tasmania and the Murray

Basin, which reveal clear contrasts in seismic structure

associated with the extension of geological features to

depth. The ability to image structures beneath major

sedimentary deposits is very valuable. It should be

feasible to use this class of delay-time tomography to

delineate 3D structure and tie to the detail provided by

seismic-reflection profiling.

268 B. L. N. Kennett and H. Tkal�cić
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The wider-spaced broadband stations have provided

excellent results for lithospheric structure using

surface-wave tomography exploiting the large ampli-

tude surface-wave portion of seismograms from regional

events. In this case, the waves are travelling close to

horizontal, and with a dense network of cross-paths,

lateral resolution of the order of a couple of hundred

kilometres can be achieved (Kennett et al. 2004;

Fishwick et al. 2005). Other valuable information on

lithospheric properties that can be found using broad-

band recordings comes from the observations of seismic

anisotropy deduced from the splitting of arrivals of S

waves, particularly from core phases (Heintz & Kennett

2005). Anisotropy in the uppermost mantle is likely to be

acquired in past deformation processes and then remain

in place, whereas at greater depth the influence of flow

in the mantle can begin to be felt. Only beneath the

Australian continent, with the fastest rate of current

movement, is anisotropy aligned with current plate

motion found within the high seismic-wave speeds

associated with the seismic lithosphere (Debayle et al.

2005).

IMAGING THREE-DIMENSIONAL STRUCTURE IN
THE MANTLE

The use of a model with purely radial variations in

properties provides an excellent representation of the

major behaviour of seismic phases propagating through

the Earth’s mantle. The presence of 3D structure

manifests itself in a variety of ways, which have been

exploited to provide images of such structure; Kennett

(2002) provides a detailed discussion of the styles of

tomographic inversion and their contrasting properties.

The splitting of the frequencies of the free oscilla-

tions of the Earth with respect to the angular order m is

an important source of information for the lowest

frequency modes that have sensitivity to density and

seismic-wave speed. At intermediate frequencies, the

Figure 2 Variations in group velocity of Rayleigh wave across Australia at 12 s period, derived from analysis of correlated

ambient noise. The image is approximately equivalent to a crustal depth of 10 km, but there are still some influences from

deep sedimentary basins (courtesy of E. Saygin).

Crust and mantle heterogeneity 269
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commonest procedure comes through the fitting of

portions of seismograms using a perturbation develop-

ment based on normal mode theory. Surface waves can

be described through the summation of simple mode

branch contributions, but body waves need multiple

branch contributions with coupling between the

coefficients.

The arrivals of seismic phases are exploited in a

variety of ways. High-frequency information can be

derived from the compilations of readings from seismic

stations across the globe. Careful reprocessing of such

catalogues, including relocation of events and associa-

tion of arrivals, provides a major source of information

for P and S waves and many later phases (Engdahl et al.

1998). At somewhat lower frequencies, a substantial

dataset has been built up for both absolute and

differential times through the use of cross-correlation

methods, including the use of synthetic seismograms.

The way in which such lower-frequency waves interact

with structure is not fully described by ray theory, and a

number of schemes have been developed to represent

the zone of interaction around the ray path, which can

be beneficial for the imaging of regions of lowered wave

speed (e.g. the study of Montelli et al. 2003, on imaging

mantle plume structures).

Three-dimensional models of the variation in

seismic-wave speeds are normally displayed as devia-

tions from a 1D reference model. A discussion of the

various ways in which reference models can alter the

perception of heterogeneity is provided by Kennett

(2006b). Many studies of seismic tomography have

concentrated attention on a single wave-type (particu-

larly S). Current S images derived from long-period

seismic data (such as free-oscillations, wave forms of

multiple S phases) provide good definition of hetero-

geneity with horizontal scales larger than 1000 km

across the whole mantle. The model of Megnin &

Romanowicz (2000) based on just the use of horizontally

polarised shear waves (SH) (Figure 3) illustrates the

capabilities of waveform inversion on a global scale.

This model was derived using coupled normal modes to

represent long-period body-wave phenomena, with an

expansion of the perturbations of wave speed structure

in terms of spherical harmonics to order 24 and a

spline representation in radius. We see in Figure 3 the

strong variations in shear-wave speed near the surface

and the core – mantle boundary compared with the

more modest variations in the mid-mantle.

A somewhat higher resolution of the 3D structure can

be achieved using arrival times extracted from seismo-

grams for both P and S waves, but at the cost of less

coverage of mantle structure. A prerequisite for good-

quality imaging in tomographic inversion is multi-

directional sampling through any zone. The configura-

tion of earthquake sources and, mostly, continental

seismic stations restricts the sampling for body waves,

unless multiply reflected body waves can be exploited.

In those regions where different studies have achieved a

comparable coverage, the major features of the tomo-

graphic images are in reasonable correspondence, even

though the details vary. The highest levels of hetero-

geneity are found near the Earth’s surface and near the

core – mantle boundary (Figure 3). In the uppermost

mantle, the ancient cores of continents stand out with

fast wave speeds, while the mid-ocean ridge system and

orogenic belts show slow wave speeds compared with

the reference model. More subtle features appear in the

mid-mantle. Below 400 km depth, high wave-speed

anomalies are mostly associated with subduction zones:

in some regions they extend to around 1100 km depth,

but in a few cases tabular fast wave-speed structures

seem to extend to 2000 km or deeper. Such relatively

narrow zones of elevated wave speed are likely to have

been produced by past subduction. The base of the

mantle shows long-wavelength regions of higher wave

speeds, most likely associated with past subduction,

and two major regions of slow wave speed beneath

the central Pacific and southern Africa (Figure 3) which

may represent sites of upwelling of hotter material.

The early success of seismic tomography came from

the striking images of large-scale 3D structure and,

later, of the details of subduction zones. The interpreta-

tion of such images is based firmly on the variations in

seismic-wave speed. Thermal processes can be expected

to play a major role, but chemical heterogeneity could

also be important particularly in the regions with strong

variability at the top and bottom of the mantle.

Results for a single wave speed are not sufficient to

indicate the nature of the observed anomalies. Recent

developments in seismic imaging are therefore moving

towards ways of extracting multiple images in which

different aspects of the physical system are isolated.

This may be from P and S images (preferably from

common data sources) or via the use of the bulk

modulus, shear modulus and density. Such multiple

images of mantle structure encourage an interpretation

in terms of processes and mineral physics parameters,

since the relative variation of the different parameters

adds additional information to the spatial patterns.

In principle, a significant increase in understanding

of heterogeneity can be achieved if both P and S

information are exploited. The P wave speed a depends

on both the bulk modulus k and the shear modulus m as

a ¼ kþ 4
3
m

� �
=r

� �1=2
; ð1Þ

where r is the density. We can thus isolate the

dependence on the shear modulus m and the bulk

modulus k, by working with the S-wave speed

b ¼ ½m=r�1=2 ð2Þ

and the bulk-sound speed f derived from both the

P-wave speed a and the S-wave speed b

f ¼ a2 � 4
3
b2

� �1=2¼ ½k=r�1=2 ð3Þ

which isolates the bulk modulus k. This style of

parameterisation has been employed in a number of

studies (see Masters et al. 2000 for a comparison).

Figure 4 illustrates the P-, S-wave speed distributions

and the corresponding bulk-sound speed profile for the

radial reference model ak135 (Kennett et al. 1995) that

270 B. L. N. Kennett and H. Tkal�cić
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has been used in the construction and display of the

tomographic images in Figures 5 – 7.

An unfortunate complication in the combined use of

P and S information comes from the uneven geographic

distribution of data. Whereas S-wave data are available

from globe-circling paths, P-wave information, domi-

nantly from travel times, is dictated by the location of

seismic sources and receivers. There is some component

of P-wave information in long-period wave-form data,

but this does not provide strong constraints on mantle

structure. It therefore remains difficult to compare full

global coverage from S with information derived from P

waves with a much more limited geographic coverage

(Antolik et al. 2003). The inclusion of later phases and

differential times helps, but the P travel times still

provide the dominant information.

An alternative approach is to restrict attention to

paths for which both P and S information is available;

the consequence is that sampling of the mantle is

reduced but the reliability of the images is high and

direct assessment can be made of the relative behaviour

of either P- and S-wave speed variations, or the varia-

tions in bulk-sound speed f and shear-wave speed b
(Kennett & Gorbatov 2004).

Figure 3 Variation of shear-wave speed at depths of 200, 1300 and 2700 km for the SH model SAW24B16 of Megnin &

Romanowicz (2000) displayed as deviations from the PREM reference model (Dziewonski & Anderson 1981). The ellipses are

scaled in proportion to the radius of the section to provide an indication of the true scale of variation.
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In Figure 5, we show results extracted from the model

of Kennett & Gorbatov (2004) for 3D wave speed. This

model of bulk-sound speed (f) and shear-wave speed (b)

was constructed with 28628 cells and 18 layers through

the mantle, using a joint inversion of P and S arrival-

time data with common source – receiver pairs, with

light damping and a broad residual range designed to

capture strong features in the uppermost and lowermost

mantle. A linearised inversion is first performed for P

and S separately, and then a joint inversion for f and b
is undertaken with 3D ray tracing.

For the main shield regions, such as western

Australia, there is a strong shear-wave speed anomaly

(up to 6% or more) down to about 250 km accompanied

by a somewhat weaker bulk-sound speed signature

(Figure 5 top panel). In contrast, the major orogenic

belts from southern Europe to Iran (and also western

North America) show rather slow S-wave speeds,

accompanied by fast bulk-sound speeds. A similar

behaviour is evident for the Red Sea and East African

rifts. The anti-correlation of bulk-sound and shear-wave

speed is pronounced, a large component can be thermal

because of the very strong reduction of the shear

modulus as the solidus is reached, but volatiles may

also be significant. In eastern Asia, we see some portions

of subducted slab (e.g., the Ryukyu arc) standing out

very clearly by their high shear-wave speeds from the

lower background; these also have some expression in

bulk-sound speed.

Only in a few places are there clear indications of

slab-like behaviour extending below 1300 km depth,

most notably in southern Asia and beneath the Amer-

icas. These two features have been linked to subduction

in the past 80 million years at the northern edge of the

Tethys Ocean and of the now-extinct Farallon Plate

beneath the Americas. In Figure 5 (middle panel) we see

striking fast shear anomalies extending from Iran to

Indonesia that are almost absent in the bulk-sound

image. Away from the major features, the two wave

speeds show comparable levels of variability on inter-

mediate scales, with a weak anti-correlation in the

patterns that is compatible with minor thermal fluctua-

tions. The relatively narrow, slab-like structures in

southern Asia and the Americas become less coherent

with depth and appear in places to link with drip-like

features in the lowermost mantle. Cross-sections of

these structures can tend to be misleading because of

the influence of oblique cuts. Indeed, it is difficult to

follow the behaviour in 3D because of the various

factors that can influence the amplitudes of the imaged

wave-speed variations.

The character of the heterogeneity patterns in the

mantle changes with depth, notably below 2000 km. In

the interval around 2100 km (Figure 5 bottom panel) the

bulk-sound speed variations are subdued. However,

there is significant variation in S-wave speed with

striking anomalies, especially in Asia, with a very

different pattern from that seen at 1100 km depth.

The character of the heterogeneity regime in the

mantle undergoes further change as the core – mantle

boundary is approached. The amplitude of bulk-sound

variation, which is very low as we have seen near

2100 km, increases with depth towards the core – mantle

boundary with a pattern of variation that increasingly

becomes uncorrelated with shear-wave speed. The

amplitude of the shear heterogeneity also increases

rapidly with depth. Just above the core – mantle bound-

ary, in the D00 zone, a wide range of different pieces of

information indicates the presence of extensive but

variable heterogeneity including variable seismic ani-

sotropy and narrow zones with very low seismic-wave

speeds. A striking feature of the bulk-sound speed and

shear-wave speed distributions at the base of the

mantle is the discordance in the patterns of variation

Figure 4 Variation of the P-wave

speed a, S-wave speed b and bulk-

sound speed f with depth in the

mantle for the reference model

ak135, together with the 18 layer

parametrisation used in the

global tomography studies illu-

strated in Figures 5 – 7.
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(Masters et al. 2000). Such behaviour is not compatible

with a simple thermal origin and suggests the presence

of widespread chemical heterogeneity at the base of the

mantle. Tkal�cić & Romanowicz (2002) using differential

times for core – reflected seismic phases PcP-P, ScS-S

have shown that, regionally, there is strong evidence for

compositional (chemical) heterogeneities from strong

lateral gradients in wave speeds.

Figure 6 displays a cross-section through the global

bulk-sound and shear-wave speed model that passes

Figure 5 Variation of bulk-sound speed df/f and shear-wave speed db/b relative to the ak135 reference model from the model

of Kennett & Gorbatov (2004): (top) 100 – 200 km depth layer; (middle) 1000 – 1200 km depth layer; (bottom) 2000 – 2200 km depth

layer.
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through a range of different mantle features. We see the

concentration of heterogeneity near the surface but

also the presence of notable fast wave-speed zones

penetrating into the mantle. The section cuts through

the northern part of South America and passes ob-

liquely through the high-shear-wave-speed zone which

Figure 6 Cross-section through the variation of bulk-sound speed df/f and shear-wave speed db/b relative to the ak135

reference model from the model of Kennett & Gorbatov (2004). The section crosses the mantle feature beneath South America

associated with the Farallon slab, the Andaman slab and the Afar hotspot.

Figure 7 Representations of the 3D variations of shear-wave speed in the mantle through great-circle sections and their

relation to a surface at constant depth, taken from the model of Kennett & Gorbatov (2004). (a) Section through Australia and

the Sumatran subduction zone linking to the ‘Tethyan’ features at a depth of 1300 km (cf. Figure 5). (b) Section through the

Tonga subduction crossing Australia in an approximately east – west direction linking to structure at 1500 km. In each

image, the strong high wave speed in the lithosphere associated with the ancient Precambrian core of Australia is clearly

evident.
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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 (585 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

Rab ¼ d ln a=d ln b ð4Þ

has little diagnostic value for the influence of com-

position, whereas the equivalent ratio for bulk-sound

speed

Rab ¼ d lnf=d ln b ð5Þ

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 D0 and D00,

where D00 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 D00 from the rest

of the lowermost mantle (Lay & Helmberger 1983). The

seismic observations, as well as a number of other

studies, indicate that D00 acts as a thermal boundary

layer (Stacey & Loper 1984). Inferences were also made

that D00 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 D00 on various

scales. According to these studies, D00 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 D00, 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 D00 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 D00 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 D00, 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 D00 is stronger (by a factor of 2 to 3)

than the apparent level revealed in tomographic

models (Ritsema et al. 1998; Brèger et al. 2000). There

could be a significant amount of heterogeneity in D00

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: Tkal�cić &

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 D00 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 (Tkal�cić

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; Tkal�cić &

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 D00 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 D00 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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