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S U M M A R Y
The mantle component of the Australian Seismological Reference Model (AuSREM) has
been constructed from Australian-specific sources, primarily exploiting the wealth of seismic
sources at regional distances around Australia recorded at portable and permanent stations on
the continent. AuSREM is designed to bring together the existing information on Australia,
from both body wave and surface wave studies and provide a synthesis in the form of a 3-D
model that can provide the basis for future refinement. The model is grid based with a 0.5◦

sampling in latitude and longitude, and is designed to be fully interpolable, so that properties
can be extracted at any point.

For the upper mantle the primary source of information comes from seismic surface wave
tomography, supplemented by analysis of body wave arrivals and regional tomography which
provide useful constraints on the relation between P- and S-wave speeds in the mantle litho-
sphere. A representative model has been developed to capture the features of mantle structure
drawing on a range of studies. The mantle structure is represented by grid values at 25 km
intervals in depth from 75 to 300 km. Shallower structure is linked to the AuSREM crust
through the recent Moho depth model of Kennett et al., which exploits all available sources
of seismological information. Below 300 km depth and in the surrounding area AuSREM is
linked to the S40RTS model of Ritsema et al.

Key words: Mantle processes; Body waves; Surface waves and free oscillations; Seismic
tomography; Australia.

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

There have been a wide range of studies of the upper mantle be-
neath Australia exploiting the large amplitude surface waves and
multiple S waves in the later parts of seismograms from events
in the earthquake belts around Australia. These studies have ex-
ploited recordings at portable broad-band seismic stations and
the limited number of high-quality permanent stations (see, e.g.
Debayle & Kennett 2003). Now full continental coverage is avail-
able, the large-scale features of wave speed structure are well delin-
eated, and agree well with results from body wave studies at much
higher frequency.

The mantle component of the Australian Seismological Refer-
ence Model (AuSREM) is built from a suite of estimates of mantle
structure based on different styles of analysis and inversion, and
incorporates constraints from both surface and body wave studies,
as well as delay time tomography. The aim is to provide a represen-
tation of the 3-D structure in the mantle beneath Australia and its
environs that captures the major features of the structure in a form

that can be used in a range of applications, and provide a starting
point for more detailed work.

A general description of the AuSREM project is given by Ken-
nett & Salmon (2012), and a detailed discussion of the construction
of the crustal component is to be found in Salmon et al. (2012).
The first phase of the work was the generation of a new model
for Moho depth exploiting the full range of relevant seismologi-
cal information (Kennett et al. 2011), and this Moho distribution
provides the link between the crustal and mantle components of
AuSREM. The reference model is built on the full range of crustal
and mantle studies using Australian-specific information, the aim
is to provide a model which captures the major features of litho-
spheric structure as revealed by both seismic body wave and surface
wave studies, and hence is suitable for geodynamic interpretation.
Potential applications of AuSREM include the delineation of major
structural features and improved earthquake source characteriza-
tion, both within Australia and at the immediate plate boundaries
by using better representations of crustal and mantle structure in
source inversion and event location.

C© The Authors 2012. Published by Oxford University Press on behalf of The Royal Astronomical Society. 871
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872 B. L. N. Kennett et al.

Figure 1. Simplified representation of the main tectonic features of Australia and its surroundings. The outline of the major cratons are marked by chain-dotted
lines. The Tasman line in red is based on the reinterpretation by Direen & Crawford (2003). Key to marked features: AF, Albany-Fraser belt; Ar, Arunta Block;
Am, Amadeus Basin; Ca, Canning Basin; Cp, Capricorn Orogen; Cu, Curnamona Craton; Er, Eromanga Basin; Eu, Eucla Basin; Ga, Gawler Craton; Ge,
Georgetown inlier; Ha, Hamersley Basin; Ki, Kimberley Block; La, Lachlan Orogen; Mc, MacArthur Basin; MI, Mt Isa Block; Mu, Musgrave Block; NE,
New England Orogen; Of, Officer Basin; PC, Pine Creek Inlier; Pi, Pilbara Craton; Pj, Pinjarra Orogen; T, Tennant Creek Block; Yi, Yilgarn Craton; NWS,
Northwest Shelf; GBR, Great Barrier Reef; LHR, Lord Howe Rise; SD, Simpson Desert; GSD, Great Sandy Desert.

1.1 Tectonic setting

The exposed geology of the Australian continent is composed of an
assemblage of crustal blocks that can be broadly grouped into the
Precambrian western and central cratonic zones and the Phanerozoic
eastern province (Fig. 1). Cratonic fusion was complete by around
1900 Ma, and the Precambrian core was left after the break up of
Rodinia around 800 Ma. The east of Australia was an accretionary
margin through the Palaeozoic with a sequence of subduction com-
plexes on the margin of Gondwana progressively building to the
east. Australia parted company with East Antarctica by around 80
Ma, and later the opening of the Tasman Sea from 80 to 60 Ma
separated the Lord Howe Rise from eastern Australia to leave a
submerged continental ribbon. Neogene volcanism along the east-
ern margin has left chains of volcanic edifices on land and in the
Tasman sea, with eruptions as recent as 4000 BCE at Mt Gambier
(38◦S, 141◦E).

The tectonic assemblage has left its imprint on the mantle. Thick
lithosphere with high seismic wave speed lies beneath the centre
and west of the continent, and much thinner lithosphere is present
in the east and into the Tasman Sea (see e.g. Fishwick et al. 2008).

2 DATA S O U RC E S

Major earthquake belts are associated with the subduction zones to
the north and east of Australia from Indonesia to Vanuatu and the

Tonga-Kermadec system, through New Zealand and into the Mac-
quarie ridge. Less frequent seismicity occurs on the mid-ocean ridge
between Australia and Antarctica. These earthquakes along the Aus-
tralian Plate margins provide events that lie at suitable distances
from stations on the continent to be used as probes for upper- mantle
structure. The frequency of regional events is high, and so good cov-
erage can be achieved in a few months. This has enabled campaigns
of deployments of portable broad-band stations to supplement the
limited number of high-fidelity permanent stations. The systematic
use of portable stations was pioneered with the SKIPPY experiment
(van der Hilst et al. 1994), where a group of stations were progres-
sively moved across the continent in a sequence of deployments.
Since 2005 number of new permanent stations have been installed
by Geoscience Australia as part of an enhanced tsunami warm-
ing system, and these provide a useful supplement to the available
data.

The combination of a long duration of recording at the per-
manent stations, and the broad spatial coverage from the portable
stations provides an excellent resource for studies of the litho-
sphere. A wide range of techniques exploiting different as-
pects of seismograms, have been employed to extract informa-
tion on the 3-D structure in the crust and mantle. These stud-
ies have used both the large amplitude surface wave compo-
nents, but also higher frequency body waves in a variety of
ways.
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AuSREM: mantle component 873

Figure 2. Configuration of seismic stations in Australia, permanent stations are shown in black and the portable broad-band stations in blue, together with
seismic events with Ms ≥ 5 for the year 2001, to illustrate the potential coverage.

In addition to the broad-band studies, much denser deployments
of shorter period stations have been made in southeastern Australia
since 1999. These stations have mainly been employed in tomo-
graphic studies of the crust and uppermost mantle. Initially studies
were made from the individual deployments, but the data from the
whole sequence of station arrays has now been brought together in
the WOMBAT project (Rawlinson et al. 2011).

The combination of the permanent and portable stations in Aus-
tralia and its neighbours (Fig. 2), with the wealth of regional earth-
quakes provides a configuration in which good sampling of the
continent can be achieved. The absence of a regular supply of earth-
quakes to the west means that there is limited east–west control on
the western margin of Australia. In contrast the area of the northern
Tasman Sea on the eastern margin has excellent multidirectional
coverage.

2.1 Prior studies

Much of what we know about the upper-mantle structure under
Australia has come from the exploitation of the multiple reflected
shear waves and surface waves from regional earthquakes. These
phases form the most prominent part of seismograms in the period
range from 20 to 200 s. A variety of techniques have been em-
ployed to extract information on 3-D structure. One approach is to
extract path-specific velocity models using either direct inversion

of a portion of the seismogram (e.g. Simons et al. 2002), or sec-
ondary variables that improve the linearity of the inversion (e.g.
Debayle & Kennett 2003; Fishwick et al. 2005) . These path-based
models can then be combined in a linear inversion for 3-D shear
wave speed structure. An alternative approach via the construction
of phase speed maps for multiple modes and frequencies allows the
incorporation of finite-frequency sampling (Yoshizawa & Kennett
2004). The most sophisticated approach is a fully non-linear inver-
sion of the waveforms using 3-D models from the outset (Ficht-
ner et al. 2009, 2010). This computationally intensive approach
has been based on the spectral element technique for modelling
the wave propagation and adjoint methods to extract the necessary
derivatives, which naturally include all finite-frequency effects.

The result of this range of different approaches is that structural
variations have been imaged on scales down to 250 km horizontally
and 30 km vertically. Significant substructure appears within the
zones of both higher and lowered wave speeds (Figs 3 and 4). The
major features of all the recent models are concordant, and this
provides the basis for constructing a representative model.

We also have information from studies of body waves at much
higher frequencies from the same regional sources. Kaiho &
Kennett (2000) undertook a study of refracted waves through the
upper mantle. They built record sections for a suite of corridors
across the continent, and then used this information to extract 3-D
structure under northern Australia for both P- and S-wave speeds.
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874 B. L. N. Kennett et al.

Figure 3. Shear wave speed for the three base SV models at 100 km depth: (a) from Fishwick et al. (2008), (b) an update of the Yoshizawa & Kennett (2004)
model and (c) from Fichtner et al. (2010) from full 3-D waveform inversion.

Figure 4. Shear wave speed for the three base SV models at 200 km depth: (a) from Fishwick et al. (2008), (b) an update of the Yoshizawa & Kennett (2004)
model and (c) from Fichtner et al. (2010) from full 3-D waveform inversion.

This work provides valuable information on the relation between
P- and S-wave speeds and its likely geographical variation. Sub-
sequently tomographic inversion for the refracted phases has been
conducted for both P- and S-wave speeds, in the context of studying
the attenuation structure beneath the Australian region (Kennett &
Abdulah 2011).

In addition we can make use of tomographic inversions carried
out using principally teleseismic arrivals for both P and S waves (e.g.
Gorbatov & Kennett 2003). Such studies provide good horizontal
resolution, but the limited range of angles of incidence means that
there is a tendency for some smearing of structure in the vertical
direction.

3 L I T H O S P H E R I C M O D E L

There are two different approaches that can be employed to develop
a reference model. The first is to use a specific inversion based
on one style of information using as comprehensive a coverage
as possible. For instance, Schivardi & Morelli (2011) inverted for
mantle structure using group velocity information for the European
region exploiting the improved crustal model developed by Molinari
& Morelli (2011). In this way a model is secured that is firmly linked
to a particular data set, but which may well not be as effective when

used for other purposes. The second approach is to build on a
compilation of structural information from a variety of sources to
extract a model that includes elements from many different sources.
This second style of model has been commonly used in crustal
studies (e.g. Molinari & Morelli 2011; Salmon et al. 2013), and
has the merit of building on all available sources of information.
However, the resulting model may well not fit any specific data set
as well as a model constructed for the purpose.

Rather than undertake a new inversion, we build on the informa-
tion available from previous studies to build a representative model
for the mantle component of AuSREM. The general consistency
between the different models from surface wave studies and the re-
sults from body waves means that the major features of the structure
are well defined, and this forms the basis of our construction of the
AuSREM mantle model. There are differences in smaller scale fea-
tures and we anticipate that subsequent work will require revision
in detail, but the present model should be a suitable starting point
for, for example, inversion for 3-D structure. Our primary source of
information is for shear wave speed, but we construct P-wave speed,
density and attenuation models using information from body wave
studies and petrological models.

The AuSREM mantle model is specified in terms of absolute
velocities and densities since this is what is needed for many ap-
plications. The primary model nodes are at 0.5◦ spacing in latitude

 by guest on February 26, 2013
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/
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and longitude and 25 km spacing in depth from 75 to 300 km. A
50-km slice cuts the Moho in a few places across the continent
(Kennett et al. 2011). Crustal influences on estimates of mantle
structure are rather strong at this depth, but should be moderated
by the way we have combined models with various approaches to
the representation of crustal structure and consequently different
crustal influences. To provide control at 50 km depth, we have com-
bined the mantle SV model with a smoothed version of the S-wave
model from the crust (Salmon et al. 2012).

We start from three shear wave speed models for the mantle in
the Australian region based on very different approaches to the
analysis of seismograms from regional earthquakes. We illustrate
these models at depths of 100 km and 200 km in Figs 3 and
4. We have used these shear wave speed models as the primary
information because they provide full continental coverage. The
path coverage associated with each of the models is displayed in
the Supporting Information (Fig. S1). The disposition of available
earthquakes means that path coverage drops off to the west of the
Australian continent. The three models illustrated in Figs 3 and
4 use different approaches to the exploitation of seismic wave-
forms as well as different data sets. Nonetheless the broad out-
lines of the wave speed structure are similar, and are in close
concordance for the longer spatial wavelengths (Fichtner et al.
2012).

The first model is taken from Fishwick & Rawlinson (2012),
building on the previous work of Fishwick et al. (2008), but with
the inclusion of significantly more data. Path-specific 1-D models
are constructed using inversion for the fundamental Rayleigh mode
and first few higher modes via the secondary variable approach of
Cara & Lévêque (1987). The 1-D models are then combined in
a linear inversion with regularization to produce a series of depth
slices at 25 km intervals. In this approach there is a strong influence
from the fundamental Rayleigh mode and so sensitivity tends to
diminish at depths below 250 km. The latest model exploits data
from permanent and portable stations across both the Australian
continent and the surrounding regions, resulting in over 13 000 paths
included within the tomographic inversion. Excellent path coverage
and azimuthal distribution is observed in the centre and east of
Australia, while the inclusion of Geoscience Australia stations has
significantly improved coverage in the west (Fishwick & Rawlinson
2012).

The second model is based on a three-stage approach (Yoshizawa
& Kennett 2004) with the inclusion of additional paths and al-
lowance for radial anisotropy. A fully non-linear waveform in-
version is undertaken using the Neighbourhood Algorithm (Sam-
bridge 1999). The criterion for matching the long-period multiple
S waves and surface waves is based on a combination of envelope
and phase fit in multiple time–frequency windows (Yoshizawa &
Kennett 2002; Yoshizawa & Ekström 2010). Path-specific models
from the non-linear inversion are then interpreted as summaries
of multimode dispersion. The reliability of estimated dispersion
is evaluated by the relative modal strength and waveform fit in a
time–frequency domain. A cluster analysis is then employed for
eliminating outlying measurements (Yoshizawa & Ekström 2010),
and eventually over 8000 paths for the fundamental mode and about
2000 paths for the higher modes are collected. For each mode a set
of phase-speed maps are constructed as a function of frequency, in-
corporating possible off-great circle propagation and the influence
zone around the propagation path which varies with frequency. Lo-
cal dispersion curves are extracted and an inversion is made for a
local 1-D model. Finally a 3-D model is assembled from the ensem-
ble of local models.

The third model is taken from the work of Fichtner et al. (2010)
where inversion for a radially anisotropic model is made using a
linearized inversion with 3-D waveform modelling at each step,
constructed using the spectral element method and an adjoint con-
struction for the necessary derivatives for the frequency–time do-
main waveform fit criterion. A smooth 3-D starting model was based
on the work of Fishwick et al. (2005) for wave speeds and used the
attenuation model presented in Kennett & Abdulah (2011). This is
the most sophisticated and computationally intensive of the three
methods and requires good calibration of the instrumental responses
for the seismograms employed. More paths are brought in as the
inversion proceeds so that the corresponding traces are sufficiently
well represented that they can contribute to 3-D model improvement
at the next iteration. Nevertheless the number of controlling paths
(about 800) is less than in the other models, and azimuth control
is limited on the western edge of the continent. Through fits to the
multiple S phases (higher modes) the spectral element approach can
provide information to considerable depth. Anomalies at 200 km
and below tend to be somewhat larger than for the other methods,
but the more limited sampling can induce quite strong local gradi-
ents, even though finite-frequency effects are naturally included in
the full 3-D inversion.

In addition to the differences in inversion methodology, the three
models illustrated in Figs 3 and 4 use different approaches to ac-
counting for the crust, from path averages to a specially designed
composite element for the spectral element method (Fichtner & Igel
2008). Nonetheless the broad outlines of the structure are similar,
and the resemblances increase when appropriate spatial filtering is
applied to extract the longer spatial wavelengths (Fichtner et al.
2012). In constructing the AuSREM mantle model we seek to pro-
duce a representation where the major features are robust. We have
therefore employed linear combinations of the shear wave speed
models to emphasize such features. Smaller scale features will tend
to be suppressed even though they may be required, or introduced,
by a particular data set and inversion scheme.

We have independent confirmation of the spatial configurations
of fast and slower seismic wave speeds from delay time tomography,
which exploits teleseismic arrivals as well as those from regional
events. In the absence of significant local events the majority of
propagation paths travel rather steeply through the upper part of
the mantle, and the attainable resolution is dictated by station cov-
erage. In Fig. 5 we show the results of P and S tomography using
the approach described by Gorbatov & Kennett (2003). The results
are displayed as deviations from the ak135 model of Kennett et al.
(1995). To allow for the stretching in the tomographic model in-
duced by the narrow cone of sampling of the incident waves at the
stations we present the images at 110 and 220 km for comparison
with surface wave models at 100 and 200 km. This 10 per cent cor-
rection gives a slight improvement in the correspondence between
the two sets of results in the areas where we have adequate sampling.
Localized station information, as in the the recent WOMBAT ar-
rays in southeastern Australia for P waves, can bring in details that
cannot be captured by the longer wavelengths employed in surface
wave tomography (e.g. Fishwick & Rawlinson 2012).

Additional valuable information on P-wave speed behaviour
comes from the study of refracted body waves undertaken by Kaiho
& Kennett (2000). They concentrated on a suite of corridors across
the continent using events to the north and east of Australia, and
were able to build corridor-specific velocity models from analy-
sis of the waveform, especially the nature of triplications arising
from the upper-mantle discontinuities. The wave speeds from the
various corridors were then brought together in a 3-D synthesis as
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Figure 5. P- and S-wave tomography from body waves arrivals using the approach of Gorbatov & Kennett (2003). Slices are shown at 110 and 220 km to
compare with Figs 3 and 4, allowing for the vertical stretching in the tomographic image. The images are displayed as perturbations from the ak135 model of
Kennett et al. (1995).

illustrated in Fig. 6. In addition we have assembled a set of traveltime
information for well-characterized paths traversing the Australian
lithosphere for both P and S waves, building on the results of Kaiho
& Kennett (2000) with later supplements (see Figs S2 and S3). In
particular, coverage of P waves is enhanced by studies of particu-
larly well-located earthquakes undertaken by Geoscience Australia
(S. Spiliopolous, personal communication, 2005).

P-wave speed variations from ak135 are significantly smaller than
for S. We use the information from the studies presented in Figs 5,
6, S2 and S3 together with results from the tomographic study of
Kennett & Abdulah (2011) to generate a suitable scaling relation
between the wave speed distributions. We have used a single relation
for simplicity, in the absence of full control on the geographic
variations in the P-wave speed distribution.

3.1 Shear wave speed

We have constructed a representative radially anisotropic model for
the shear wave speeds in the Australian mantle by using a weighted
combination of the SV wave models and their SH wave counterparts,

designed to also represent the body wave constraints. Our objective
is to capture the main features of the lithosphere, and so by combin-
ing multiple models we reduce the dependence on the specific mode
of inversion and the data coverage. As we have noted earlier, the
longer spatial wavelength components of the three different studies
are in good agreement as to the patterns of behaviour in the mantle,
with fast S-wave speeds in the west and centre of the continent and
lower wave speeds in the east and into the Tasman Sea. Differences
in the size of the variations can be associated with the nature of the
regularization employed, and the influence of finite frequency. The
construction of the composite model tends to suppress small-scale
heterogeneities that are not well resolved. We recognize that such
a composite model need not provide as close a fit to a particular
data set as provided by the model constructed directly from this
data set Yet, by virtue of having multiple sets of path coverage and
different analysis techniques, the composite model tends to mini-
mize the influence of minor features that may be data set specific.
Thus, the reference model should provide a good starting point for
future inversions, because it emphasizes the robust features of the
structure beneath the continent and its environs.
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Figure 6. P- and S-wave speed perturbations from the ak135 model, and deviations in the P- to S-wave speed ratio determined from studies of refracted body
waves (Kaiho & Kennett 2000).

There is considerable evidence for azimuthal anisotropy in the
propagation of fundamental mode Rayleigh waves across the Aus-
tralian continent (e.g. Debayle et al. 2005; Fishwick et al. 2008)
with a change in dominant fast wave speed direction from east–
west at 100 km depth to nearly north–south at 200 km depth. Such
studies suggest that less than 15 per cent of the total variation in SV
wave speed could be attributable to azimuthal variation. We have
decided against trying to include such azimuthal effects in the ref-
erence model. To do so in a fully consistent way would require a
rather complex anisotropic model that would be very difficult to use
for general purposes. We have, however, incorporated polarization
anisotropy with separate SV and SH wave models, equivalent to
transverse isotropy with a vertical symmetry axis.

The reference model is based on the suite of models displayed
in Figs 3 and 4 taken in conjunction with the body wave results.
The latest shear wave speed models from waveform inversion in-
corporate more of the Geoscience Australia permanent stations and
portable stations deployed since the earlier studies (Yoshizawa &
Kennett 2004; Fishwick et al. 2008). These updates significantly
improve the path coverage, especially in the west, see Fig. S1.
The models are used without spatial filtering, and we construct
a weighted sum. We have given modest emphasis to the stud-
ies with the highest path density, while recognizing the bene-
fits arising from improved representations of finite-frequency and
3-D effects. A number of candidate models were prepared and the
selection of the reference was made based on preferred character
across the range of depths, and compatibility with body wave con-
straints where they are available. Any process of selecting weights
between different models will have some subjective component,
but our aim has been to produce a representative model that is
generally smooth and captures the main long wavelength features,
yet presents detail where the diverse models and data sources
concur.

The final weighting for the SV wave speed reference model βV
ref

at depths from 75 to 300 km is

βV
ref (z) = 0.38βV

F (z) + 0.37βV
Y (z) + 0.25βV

W(z), (1)

where βF is the updated Fishwick model, βY is the updated
Yoshizawa model and βW comes from the full-waveform inversion
of Fichtner et al. (2010).

The SV model is well constrained and we can have considerable
confidence in the main features (Fig. 7). The principal differences
in the constituent models arise in variability in the shallower parts
of the mantle near the western margin of Australia, where path
sampling is both less and also less well distributed azimuthally (see
Fig. S1). The AuSREM mantle representation is designed to cover
the full range of seismic frequencies and so the choice of model
combinations has been guided by consistency with body wave re-
sults (as in Figs 5, 6, S2 and S3). We recognize that there will
be modifications needed in the future in the light of new informa-
tion. Indeed a major role for a reference model is to assist in the
development of such new studies.

We have less control on the SH wave distribution, and in this case
we have to recognize that there are some discrepancies between the
base models. Nevertheless, we feel that the SH model illustrated in
Fig. 8 is suitably representative of the main features of the wave
speed in 3-D. This SH reference model βH

ref has been constructed
with the weighting

βH
ref (z) = 0.6βH

Y (z) + 0.4βH
W(z), (2)

which places greater emphasis on the model with broader path
coverage particularly in the west, but allows detail to be introduced
from the full waveform-inversion study.

The SH model displayed in Fig. 8 uses direct information from
the prior models, but tends to have shorter wavelength features than
the SV model. In consequence the distribution of the SH/SV wave
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Figure 7. Slices through the AuSREM mantle model for SV-wave speed at: 100 km, 150 km, 200 km and 250 km depth.

speed ratio between the models shown in Figs 8 and 7 is rather
patchy. In the Appendix we present an alternative construction for
an SH model utilizing a smooth SH/SV ratio.

3.2 P-wave speed

The main information we have on the P-wave speed distribution
comes from refracted waves and body wave tomography. The vari-
ations in P-wave speed in the cratonic lithosphere of Australia are
typically between a half and one third of the corresponding S vari-
ations from the ak135 model. This provides a useful starting point,
but we have been able to incorporate lateral variability in the Vp/Vs

ratio to allow for differences between the zones beneath the cratons
and the Phanerozoic fold belts. We also have some hints of age
dependence between the Archæan and Proterozoic domains.

Building on the results of Kaiho & Kennett (2000), we have
represented the variations in the Vp/Vs ratio by scaling the relative
deviations δln β in SV wave speed from the ak135 model to produce
corresponding P-wave speed deviations δln α:

δ ln α = δ ln β/[1.875 + (δ ln β − 0.01) × 20.0], δ ln β > 0.01,

= δ ln β/[1.875 + (δ ln β − 0.01) × 2.50], δ ln β < 0.01.

(3)

Then the absolute P-wave speed is constructed from

α = α0(1 + δ ln α), (4)

where α0 is the value for the ak135 model. This simple scheme goes
a long way towards capturing the strong effects on P-wave speed in
areas of reduced S-wave speed, and the somewhat muted variations
in P-wave speed in the higher S-wave speed zones.

The resulting P-wave speed distribution is shown in Fig. 9 for the
same set of depth slices employed for the SV and SH waves (Figs 7
and 8). At 100 km depth the lowered wave speeds in the Tasman
Sea are prominent. The contrast with the continent diminishes with
depth.

3.3 Density

We have less direct information on the density in the mantle, apart
from the study of Aitken (2010) in which gravity inversion with
seismic constraints was used to produce a model of the Moho across
Australia. Airy compensation from a depth close to 60 km is largely
compatible with the surface gravity results and so we do not need
to invoke significant density variations in the upper mantle.

However, if we adopt a simple wave speed–density scaling we will
require large densities for the thick cratons, that are incompatible
with their buoyant nature in the mantle. Guided by density estimates
for different compositions from highly refractory harzburgite to
more fertile configurations (S. Klemme, personal communication,
2011), we have constructed an empirical shear wave speed–density
relation that compensates for the high cratonic wave speeds in the
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