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A new radially anisotropic shear wave speed model for the Australasian region is constructed from
multi-mode phase dispersion of Love and Rayleigh waves. An automated waveform fitting technique
based on a global optimization with the Neighbourhood Algorithm allows the exploitation of large num-
bers of three-component broad-band seismograms to extract path-specific dispersion curves covering the
entire continent. A 3-D shear wave model is constructed including radial anisotropy from a set of multi-
mode phase speed maps for both Love and Rayleigh waves. These maps are derived from an iterative
inversion scheme incorporating the effects of ray-path bending due to lateral heterogeneity, as well as
the finite frequency of the surface waves for each mode. The new S wave speed model exhibits major tec-
tonic features of this region that are in good agreement with earlier shear wave models derived primarily
from Rayleigh waves. The lateral variations of depth and thickness of the lithosphere–asthenosphere
transition (LAT) are estimated from the isotropic (Voigt average) S wave speed model and its vertical gra-
dient, which reveals correlations between the lateral variations of the LAT and radial anisotropy. The
thickness of the LAT is very large beneath the Archean cratons in western Australia, whereas that in south
Australia is thinner. The radial anisotropy model shows faster SH wave speed than SV beneath eastern
Australia and the Coral Sea at the lithospheric depth. The faster SH anomaly in the lithosphere is also seen
in the suture zone between the three cratonic blocks of Australia. One of the most conspicuous features of
fast SH anisotropy is found in the asthenosphere beneath the central Australia, suggesting anisotropy
induced by shear flow in the asthenosphere beneath the fast drifting Australian continent.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction There are only a few exceptions that constructed radially
The 3-D shear wave structure of the Australian upper mantle has
been investigated by a number of researchers in the last two dec-
ades, building on a series of seismic experiments undertaken
throughout Australia since the pioneering transportable seismic
array project SKIPPY (van der Hilst et al., 1994). A number of Austra-
lian upper mantle models have been proposed using a variety of
methods, with different styles of approximations (e.g., Debayle
and Kennett, 2000a,b; Simons et al., 2002; Yoshizawa and Kennett,
2004; Fishwick et al., 2005, 2008; Fichtner et al., 2010; Fishwick
and Rawlinson, 2012). These models have revealed the robust
large-scale features of the continental lithosphere of Australia; i.e.,
faster wave speeds in the Archean and Proterozoic cratons in the
West, North and South Australia (Fig. 1) and slower wave speeds
in the eastern Phanerozoic margin. Most of these works have, how-
ever, been based primarily on the observations of Rayleigh waves on
the vertical component of motion, and hence the shear wave models
are primarily based on SV wave information.
anisotropic models of Australia, incorporating Love waves (e.g.,
Debayle and Kennett, 2000a, 2010). Debayle and Kennett (2000a)
proposed the first three-dimensional radial anisotropy model of
the Australasian upper mantle from the simultaneous inversion
of Love and Rayleigh waves. This early model identified the
large-scale features of both isotropic S wave speed as well as radial
anisotropy, although the horizontal resolution is limited since only
small numbers of paths (about 800 for both Love and Rayleigh
waves) were available in their mapping. More recently, Fichtner
et al. (2010) obtained a 3-D radial anisotropy model working with
full waveform tomography using three component seismograms.
Their method is highly sophisticated in that complex wave propa-
gation phenomena in 3-D structure can be taken into account in
their modeling, though the method is computationally demanding
and requires high quality three-component seismic waveform
data, which tend to limit the numbers of paths (about 3000) that
can be used in their tomographic mapping.

The anisotropic heterogeneity in the Australian region has also
been investigated through global-scale studies (e.g., Gung et al.,
2003; Debayle et al., 2005). Gung et al. (2003) revealed the
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Fig. 1. A tectonic map of Australia and surrounding region. Orange solid lines represent boundaries of major cratonic blocks (North, South and West Australia Cratons) and
green solid line Tasman Line. 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. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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existence of faster SH wave speed anomalies than SV waves
beneath the continental areas. These faster anomalies of the hori-
zontally polarized shear wave compared with the vertically polar-
ized one were argued to represent the effects of strong shear
beneath the continental lithosphere. Debayle et al. (2005) reported
anomalously strong azimuthal anisotropy beneath Australian
lithosphere in comparison with other continental regions, by
employing a global surface wave tomography incorporating
azimuthal anisotropy. Such observations are likely to reflect the
lattice preferred orientation caused by the strong shear beneath
the fast moving Australian continent, migrating northward with
a speed of about 7 cm per year. The seismological evidence of
anomalous anisotropy beneath Australia can be a key to unveiling
the effects of basal drag beneath the thick continental lithosphere
and tectonic history of the long-lived Archean/Proterozoic cratons
that comprise the major portions of the present-day continental
plate of Australia, though the global-scale models provide us with
only a large-scale view of the continental upper mantle. There is,
therefore, still plenty of room for the construction of a new high-
resolution regional-scale 3-D model of the Australian upper mantle
including radial anisotropy, encompassing the entire continent
with enhanced ray coverage.

In this study, we use a large data set covering the whole
Australian continent to obtain a high resolution regional 3-D radial
anisotropy model of the Australasian region. We employ a three-
stage inversion scheme of surface wave tomography (Kennett and
Yoshizawa, 2002; Yoshizawa and Kennett, 2004) to retrieve a new
three-dimensional shear wave model from multi-mode phase
speeds of both Love and Rayleigh waves incorporating the effects
of finite frequency and off-great-circle propagation. An earlier ver-
sion of this model presented in this paper has been used as one of
three models employed in the construction of the latest reference
upper mantle model of Australia (AuSREM – Mantle Component)
by Kennett et al. (2013).

The main objective of this paper is to retrieve the three-dimen-
sional distribution of radially anisotropic shear wave speeds
beneath the Australasian region with improved path coverage for
both Love and Rayleigh waves, and to estimate the plausible depth
range of the lithosphere–asthenosphere transition beneath the
continent, which will be a key to the better understanding of plate
tectonics and mantle dynamics underneath the long-lived and fast
moving continent of Australia.
2. Data and method for multi-mode phase speed measurements

Dispersion curves of multi-mode surface waves are extracted
from a fully nonlinear waveform fitting scheme (Yoshizawa and
Kennett, 2002b; Yoshizawa and Ekström, 2010), based on the
exploration of model parameter space using the Neighbourhood
Algorithm (Sambridge, 1999). The original method developed by
Yoshizawa and Kennett (2002b) has recently been improved by
employing several empirical criteria to implement automatic data
selection and outlier detection as described by Yoshizawa and
Ekström (2010). In this section, we briefly explain the process of
nonlinear waveform fitting for estimating multi-mode dispersion
curves along a specific path, as well as the data set of observed
phase speeds used in this study.
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2.1. Method of multi-mode phase speed measurements

The first step of our three-stage surface wave tomography
(Yoshizawa and Kennett, 2004) is to collect a large number of
path-specific phase dispersion curves through waveform fitting
by matching synthetic and observed seismograms. At this stage,
we employ a path-specific 1-D shear wave speed model as a repre-
sentation of the multi-mode phase dispersion. Multiple time
windows for both fundamental and higher modes are used to
better fit the observed and synthetic seismograms exploiting mul-
tiple band-pass filters. The filter spreads cover the total frequency
range from 5 to 50 mHz for the stations affiliated to FDSN (The
International Federation of Digital Seismograph Networks), and
from 10 to 50 mHz for temporary regional seismic networks
deployed throughout Australia by the seismology group of Austra-
lian National University.

The synthetic waveforms are calculated based on the WKBJ the-
ory for surface waves (e.g., Dahlen and Tromp, 1998). The disper-
sion curves generally are robust and stable, as compared to the
rather non-unique path-specific 1-D models, and are only weakly
affected by the choice of the reference 1-D models or their param-
eterization (Yoshizawa and Kennett, 2002b).

The waveform fitting process is fully automated and the quality
of the collected phase dispersion curves is evaluated quantitatively
by using several empirical criteria: (1) The reliability parameter as
a function of frequency that represents the degree of waveform fit
and relative power of each mode in a chosen time window based
on a spectrogram in time–frequency domain; (2) Outlier detection
and removal through a statistical analysis based on Grubbs’ test for
a group of similar paths in which both the events and stations are
located within a certain circular range with the radius R; in this
study, we employed a radius defined by R ¼ L sin D, where L is
2.5� and D is the epicentral distance. Details of the data selection
criteria are fully described by Yoshizawa and Ekström (2010).
Fig. 2. The distribution of seismic events, stations and paths used in this study for
(a) fundamental mode Rayleigh wave at 71.4 s period and (b) 2nd higher-mode
Love wave at 100 s period. Yellow triangles indicate the transportable broad-band
stations deployed by ANU, blue triangles the stations affiliated to FDSN, and red
circles the employed seismic events. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
2.2. Data set

We used three-component broad-band seismograms of the
FDSN stations from 1990 to 2007 provided by IRIS Data Manage-
ment Center, as well as those of the portable seismic stations in
Australia in the period from 1993 to 2004. Seismic events with
moment magnitude between 5.0 and 7.5 are used in the waveform
analysis. Each of the original seismograms is first deconvolved with
the corresponding instrument responses, and is analyzed with the
nonlinear waveform fitting scheme described in the previous
section.

The events and stations used in this study, as well as the attained
ray path coverage for the fundamental mode Rayleigh waves and
the second higher mode Love waves are displayed in Fig. 2. The
numbers of phase speed data for each mode of both Love and
Rayleigh waves are plotted in Fig. 3 as a function of frequency.
We have gathered more than 8000 paths for the fundamental mode
Rayleigh waves for the majority of our target frequency range (less
than 30 mHz), while the number of paths for higher modes are lim-
ited to about 2000 to 3000 for Rayleigh waves. The number of Love
wave measurements are about two thirds of those for Rayleigh
waves. We have constructed phase speed maps for all the modes
and frequencies for which more than 480 paths are available. These
phase speed models are then used to constrain the final 3-D shear
wave model as explained in the following section.
3. Multimode phase speed maps

Path-specific phase speeds described in the previous section are
used as secondary data to invert for the multi-mode phase speed
models. At this second step of the three-stage surface wave tomog-
raphy, we first assume finite-width rays along the great circle
paths by taking account of the effects of finite-frequency around
the great circle. These initial phase speed maps are then updated
by incorporating the effects of off-great-circle propagation as well
as the finite-frequency effects around the propagation paths based
on the influence zone defined by Yoshizawa and Kennett (2002a).



Fig. 3. Number of measurements for Rayleigh and Love waves up to the 4th higher mode as a function of frequency, after the quality control of the automated phase speed
measurements. Blank symbols indicate unused data in the subsequent phase speed mapping.

Fig. 4. Examples of phase speed maps for fundamental-mode Love and Rayleigh waves at 62.5 s and 142.9 s period.
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Fig. 5. Examples of phase speed maps of Love and Rayleigh waves for 2nd, 3rd and 4th higher modes.
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These updated phase speed maps for each mode and frequency are
used to constrain the final 3-D shear wave model.

The detailed procedure of our mapping technique is fully
described by Yoshizawa and Kennett (2004). The approach has
been applied to a variety of regional-scale tomographic mapping
both in continental regions (e.g., Yoshizawa and Kennett, 2004;
Yoshizawa and Ekström, 2010) and in oceanic regions (e.g., Isse
et al., 2006b; Bourova et al., 2010). Phase speed models are
expanded in a set of B-spline functions with a rectangular grid.
The grid (or knot) interval used in this study varies depending on
the number of paths for each mode and frequency; we used 2.0�
for models with more than 5000 paths, 3.0� for over 3000 paths
and 4.0� for over 480 paths.
Examples of the updated phase speed maps for the fundamental
mode and the second higher mode are displayed in Figs. 4 and 5,
respectively. The large scale features of fast anomalies in the cra-
tonic blocks as well as slow wave speeds in the Tasman sea are
clearly mapped in these models.

Some examples of checkerboard resolution tests are shown in
Fig. 6 for the fundamental mode Rayleigh waves at 71.4 s, and in
Fig. 7 for the second higher mode Rayleigh and Love waves at
100 s. The retrieved checkerboard patterns in Fig. 6 represent the
achievable resolution of our phase speed models with a large
number of paths for the fundamental mode, whereas those in
Fig. 7 gives us an insight into the typical resolution of higher mode
models with limited path coverage and with longer wavelength.



Fig. 6. Results of checkerboard tests for the fundamental-mode Rayleigh wave at 71.4 s period with (a) 8.0� cells, (b) 6.0� cells, (c) 5.0� cells and (d) 4.0� cells.
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Since the Rayleigh waves on the vertical component provide us
with larger numbers of better waveform fits, resulting in a large
phase speed data set with better spatial coverage, the Rayleigh
wave models normally achieve a better recovery of the original
checkerboard patterns. Still, the Love wave models also indicate
satisfactory recovery of the major portion of the heterogeneous
pattern, allowing us to construct the radially anisotropic heteroge-
neous model of this region with the optimum horizontal resolution
of about 300 km locally.

4. Radially anisotropic shear wave speed model of Australia

The multi-mode phase speed maps obtained in the previous
sections are used to construct the final 3-D model incorporating
radial anisotropy. In this final step, we have employed an iterative
nonlinear least-squares inversion scheme by Tarantola and Valette
(1982). The SV and SH wave speeds at each location are obtained
by the inversion of local multi-mode phase speed data extracted
from the phase speed maps, with a correction for the local crustal
structure using the 3SMAC model (Nataf and Ricard, 1996). The
details of the method have been described in Yoshizawa et al.
(2010), but, in this study, we have employed a different parameter-
ization for radial anisotropy as described in detail below.
4.1. Model parameterization

For the reconstruction of velocity profiles with radial anisotropy
(or transverse isotropy), we may use either set of 6 independent
model parameters (e.g., Takeuchi and Saito, 1972),
(A) ½q;aH;/; bV ; n;g� or (B) ½q;aH;aV ; bV ; bH;g�, where aH and aV

represent PH (horizontally polarized P) and PV (vertically polarized
P) wave speeds, bV and bH represent SV (vertically polarized S) and
SH (horizontally polarized S) wave speeds. g is a dimensionless
anisotropic parameter, / ¼ ðaV=aHÞ2 and n ¼ ðbH=bV Þ

2. Either
approach for model parameterization can be theoretically valid,
though their resolving power for the anisotropic properties of shear
wave speeds are not identical. In this study, we have used the
second sets of parameterization (B) with SV and SH wave speeds,
bV and bH , which are used as independent parameters for inversion,
since the Love wave sensitivity kernels in this case exhibit better
sensitivities to SH wave speeds with less effects from SV wave
speeds (see the first section of electronic supplement). Also, this
set of parameters provide us with smaller misfit with our dispersion
data. The remaining four parameters are also taken into account
through a conventional scaling relationship to shear wave parame-
ters (e.g., Gung et al., 2003,Panning and Romanowicz, 2006) based
on the work by Montagner and Anderson (1989), although the



Fig. 7. Results of checkerboard tests for the 2nd higher-mode Rayleigh and Love waves at 100 s period with (a,c) 10.0� cells, (b,d) 8.0� cells.
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scaling factors are of secondary importance in the mapping of
anisotropic shear wave structure.

In our inversion for velocity structure, the amplitude of the
shear wave perturbation and the smoothness of the velocity model
are primarily controlled by two a priori parameters; standard devi-
ations r and a correlation length L, which are used to form the
model covariance matrix used in the inversion (e.g., Yoshizawa
and Kennett, 2004). In this study, these a priori parameters are
set to be r ¼ 0:05 km/s and L ¼ 8 km in the depth range between
Moho and 400 km, and L ¼ 15 km between 400 and 670 km. Below
670 km depth, r is linearly reduced to 0.025, while L is linearly
increased to 30 km at 1500 km depth. Crustal velocity is also
allowed to be perturbed with r ¼ 0:025 km/s and L ¼ 5 km, so
that rapid variation is allowed in the crust and uppermost mantle,
while the deep structure varies smoothly.

4.2. Vertical resolution tests

Examples of vertical resolution tests are displayed in Fig. 8. We
create five synthetic models (dashed lines in Fig. 8) including a 5%
faster anomaly in a narrow depth range with a varying peak depth
from 80 to 300 km, which are used to calculate synthetic disper-
sion curves for both Love and Rayleigh waves including up to 4th
higher modes. The scaling for P wave speeds, density and g
parameters are also incorporated in the calculation of synthetic
dispersion data. These synthetic data are then inverted for a radi-
ally anisotropic shear wave speed profile (solid lines in Fig. 8).

Despite the effects of vertical smearing due to the long-wave-
length of surface waves, the input anomaly is recovered well for
all the target depths. The retrieved shear wave models with deeper
anomalies tend to be smeared more strongly over a wider depth
range, and the retrieved wave speed perturbation tends to be
underestimated, though we could still achieve a satisfactory recov-
ery of the overall features of input models in the whole upper man-
tle above the mantle transition zone.

The relative strength of radial anisotropy, which is calculated
from the retrieved SV and SH wave speed profiles, is also recovered
well in the five synthetic models at our target depth range, with
uncertainties of the order of 1–2% or less. This supports our subse-
quent discussion on the radial anisotropy both in the lithosphere
and asthenosphere underneath the Australian continent.

4.3. 3-D shear wave speed model and radial anisotropy

In this study, we consider the isotropic S wave speed model biso,
which is calculated as the Voigt average of the retrieved SV and SH
wave speed models (e.g., Panning and Romanowicz, 2006);
b2

iso ¼ ð2=3Þ b2
V þ ð1=3Þ b2

H . The final 3-D isotropic S wave speed



Fig. 8. Examples of vertical resolution tests for the retrieval of anisotropic 1-D shear wave speed models. Synthetic dispersion curves are calculated from the ‘‘true’’ SV and SH
models in the top panels, which include a 5% fast anomaly in a narrow depth range (dashed red or blue lines). All the inversions for SV and SH wave speeds are initiated from
the starting models (black solid or dashed lines), and retrieved models are plotted with solid red or blue lines. The radial anisotropy parameter n in the bottom panels is
calculated from the SV and SH wave speed profiles. Note that the starting and true n models are the same. (For interpretation of the references to colour in this figure caption,
the reader is referred to the web version of this article.)
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model as well as radial anisotropy model, n ¼ ðbH=bV Þ
2, in the

Australasian region are displayed in Figs. 9 and 10, respectively.
The isotropic S wave speed model is plotted as a perturbation from
the regional average 1-D profile shown in Fig. 11, while the radial
anisotropy n is plotted as a variation from isotropy (n ¼ 1). The
average profiles of the retrieved SV wave speed are fairly close to
that of the anisotropic PREM model (gray dashed line in Fig. 11).
This is because our Australasian model includes both oceanic and
continental regions, and thus the net average profile become closer
to the global average. The SH wave speed in the top 150 km is,
however, somewhat slower, and the average radial anisotropy n
is a few per cent smaller than that of PREM in the top 150 km,
but about 1–2% larger below this depth. This is likely to reflect
regional tectonics of this region that affects the anisotropic proper-
ties of the retrieved model. Note that we employed a modified ver-
sion of anisotropic PREM by smoothing the 220 km discontinuity,
and hence the anisotropic depth range is slightly extended to the
top 250–300 km.

Major features of our Australian model, such as the fast wave
speed in cratonic region in the central and western Australia and
the slow anomaly in the Phanerozoic eastern Australia and in the
Tasman sea, are consistent with earlier tomographic models of
Australia. Very clear correlations of the fast wave speed anomaly
with the surface extent of the West and North Australian Cratons
are apparent in the isotropic S wave speed models, though such
a fast anomaly is not very clear for the South Australian Craton.
The anomaly with relatively slower wave speed in central Australia
at 75 km depth has been discussed in detail by Fishwick and
Reading (2008) and Kennett and Iaffaldano (2013) in conjunction
with the prolonged history of deformation, and a highly unusual
crustal and lithospheric structures of this region.

In the maps of radial anisotropy (Fig. 10), particularly at around
75 km depth, we can see anomalously strong areas with faster SH
wave speed in central Australia along the Mesoproterozoic suture
zone among three major cratonic blocks of North, South and West
Australian Cratons (Fig. 1), while the anisotropy in the cratons
tends to be weaker than its surroundings at shallow depth above
150 km. In these shallower depth, strong fast SH anisotropy can
also be found in the east of the Tasman Line in eastern Australia
and the Coral Sea. We can also see large-scale anomalous anisot-
ropy with faster SH wave speed in central and northern Australia
below 150 km. This feature will be discussed in the subsequent
section in combination with the estimated depth of lithosphere–
asthenosphere transition.



Fig. 9. 3-D isotropic S wave speed models in the Australasian region in the depth range from 75 to 300 km, calculated as the Voigt average of retrieved SV and SH wave speed
models. The regional average isotropic S wave speed profile in Fig. 11 (a) at each depth is used as a reference of each map. Plate boundaries are taken from Bird, 2003.
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5. Estimating the lithosphere–asthenosphere transition (LAT)

The depth and thickness of the lithosphere–asthenosphere tran-
sition are estimated from the combination of a local shear wave
speed profile and its vertical gradient. In this study, we employ iso-
tropic S wave speed profiles (or the Voigt average of observed SV
and SH wave speeds), for the estimation of the depth and thickness
of the LAT.
5.1. Definition of LAT

We consider the LAT not as a single interface, but as a transition
zone over a finite depth range, defined by the upper and lower
bounds as illustrated in Fig. 12. The depth of the upper bound of
LAT, zU , is estimated from the negative peak of the shear wave
speed gradient, while that of the lower bound, zL, is taken
from the slowest shear wave speed in the low velocity zone



Fig. 10. Same as Fig. 9 but for the anisotropic parameter n ¼ ðbH=bV Þ
2 plotted as a difference from isotropy (n ¼ 1:0). n is calculated from the retrieved SH and SV wave speed

models.
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(or the inflection point in the shear wave speed profile). The thick-
ness of the LAT is simply estimated from the difference between
the upper and lower bounds, dz ¼ zL � zU . We also estimate the
average velocity gradient in LAT, using the absolute shear velocity
at the upper bound, VU

S , and that at the lower bound, VL
S. The aver-

age velocity drop between the upper and lower bounds of LAT can
then be given as ½dV=dz�LAT ¼ ðV

L
S � VU

S Þ=dz.
This definition is easily computable and usually appropriate in

the estimation of the upper and lower limits of LAT as well as its
thickness and average velocity gradient from our local shear wave
speed profile across the continental area (Fig. 13). Some locations
do not allow the calculation of upper or lower bounds due to a
blurred inflection point in our smoothed wave speed profile or
multiple negative peaks in velocity gradients, but they can be hor-
izontally interpolated in the mapping process without any signifi-
cant influence on the prominent features in the final LAT maps.

In the practical application for our shear wave speed model, we
have searched for the upper bound of LAT zU (i.e., the depth of the
negative peak in the velocity gradient) in the depth range between
zU

min and zU
max, and the lower bound of LAT zL (i.e., the depth of the

slowest wave speed) between zL
min and zL

max. In this study, zU
max

and zL
max are set to be 200 and 300 km, respectively. zU

min is taken



Fig. 11. (a) The velocity profiles of average SV (red solid line) and SH (blue solid line) wave speed of Australian region, the isotropic (Voigt average) S wave speed (orange
long-dashed line) used as a reference model in Figs. 9 and 15, and the SH and SV wave speeds of anisotropic PREM (dashed lines) with a smoothed boundary at 220 km depth.
(b) The average profile of radial anisotropy n (green solid lines) calculated from the SV and SH wave speed in (a), and n of anisotropic PREM (dashed line). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. An example of (a) a shear wave speed profile and (b) its vertical gradient used to estimate the depth of (1) upper and (2) lower bounds of the lithosphere–
asthenosphere transition (LAT). (3) The thickness of the LAT, estimated from the difference between (1) and (2). (4) The average velocity gradient in the LAT, calculated from
the differences between absolute velocities at upper and lower bounds divided by the thickness.
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Fig. 13. The depth and thickness of the lithosphere–asthenosphere transition (LAT) across Australia estimated from the vertical velocity gradient of the isotropic S wave
speed model. (a) Upper bound, (b) lower bound, and (c) thickness of the LAT. (d) Absolute isotropic S wave speed at upper bound and (e) that at lower bound of LAT, and (f)
velocity gradient (or velocity drop) between the upper and lower bounds of LAT.

Fig. 14. Synthetic experiments for the retrieval of the upper and lower bounds of the LAT. Brown arrows indicate the upper bounds in the synthetic models, varying from
(left) 140 km to (right) 180 km depth, and purple arrows the lower bounds fixed to 200 km depth. Brown and purple circles represent the estimated upper and lower bounds
of LAT, respectively, derived from the retrieved isotropic S wave model (green dashed line), which is calculated as the Voigt average of the retrieved SV and SH wave speed
models (not shown). The estimated depths of upper and lower bounds as well as the thickness of LAT are summarized below each plot. The starting SV and SH models for the
inversions of synthetic data are shown as the red and blue dashed lines, respectively. The solid red and blue lines are the true SV and SH wave speeds used to calculate the
isotropic S wave speeds in the green solid line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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from the larger value of either 35 km or Moho depth +5 km,
depending on location, and zL

min ¼ zU
min þ 10 km.

It should be noted that SV wave speed profiles can also be used
to estimate LAT without any significant differences (see the second
section of electronic supplement). In contrast, SH wave speed pro-
files do not provide us with a meaningful estimate of LAT with our
simple definition, since they often do not involve a very clear low
velocity zone beneath the fast wave speed anomalies of the conti-
nental lithosphere. This is consistent with the earlier work on con-
tinental radial anisotropy by Gung et al. (2003), which suggests
that shear flow in the asthenosphere tends to affect the apparent
thickness of the continental lithosphere in SH models.

5.2. LAT recovery tests

Fig. 14 displays the results of synthetic experiments for the
retrieval of the upper and lower bounds of the lithosphere–
asthenosphere transition with different LAT thickness. The method
employed for the synthetic tests is basically the same as for the
vertical resolution tests in Fig. 8. For these LAT recovery tests, we
create synthetic LAT models by modulating the uppermost mantle
of anisotropic PREM incorporating the average feature of our
Australian shear wave model; i.e., imposing 7% faster SV wave
speed bV and SH wave speed is calculated from somewhat weak-
ened radial anisotropy with bH ¼

ffiffiffiffi
n0

p
bV , where

n0 ¼ 1:0þ ðn0 � 1:0Þ � 0:7 (i.e., 70% of original radial anisotropy
Fig. 15. Isotropic S wave speed model of the Australian continent at 125 km depth and its
gradient of the isotropic S wave speed profile are also shown in the right-hand side. The r
in the map represent the cratonic boundaries. The upper bound of LAT (red dashed line) a
WAC: West Australian Craton, NAC: North Australian Craton, SAC: South Australian Cra
figure legend, the reader is referred to the web version of this article.)
n0 in PREM). In the 5 synthetic models shown in Fig. 14, the lower
bound of the input LAT is fixed at 200 km depth, while the upper
bounds are varied from 140 km to 180 km, so that the apparent
thickness of the LAT of input model is varied from 20 to 60 km.
The synthetic dispersion curves for Love and Rayleigh waves
including up to the fourth higher modes are calculated from these
synthetic velocity models, which are then inverted for the SV and
SH wave speed profiles as in the similar way to the inversions for
the observed data. We used the isotropic (Voigt average) S wave
speed profile to estimate the upper and lower bounds of LAT.

For a smooth LAT (Fig. 14(a)–(d)) with a thickness of 40 km or
greater, both the upper and lower bounds are recovered well and
the estimated thickness is close to the true value within the errors
of about 10–15 km. The thickness estimates tend to be worse for a
sharper boundary with a thickness less than 40 km, since surface
waves are intrinsically insensitive to the sharpness of the boundary
(Bartzsch et al., 2011). In all cases of synthetic models, the upper
bounds are recovered fairly well, suggesting that the definition of
the vertical gradient peak provide us with a meaningful depth esti-
mate regarding the transition from lithosphere to asthenosphere.
The retrieved thickness of LAT becomes larger for a smoother LAT
model, while it gets smaller for a sharper LAT model, indicating that
the relative variations of the estimated LAT thickness can be used to
infer the regional variations of the LAT sharpness, as long as the LAT
thickness is greater than 40 km. Still, care needs to be taken when
there is a sharp LAT thinner than 40 km for which the estimated
N–S and E–W cross sections across the center of Australia. Cross sections for vertical
eference isotropic S wave speed profile is shown in Fig. 11 (a). Thick red dashed lines
nd the lower bound of LAT (brown dashed line) are plotted in all the cross sections.
ton, Mu: Musgrave Province. (For interpretation of the references to colour in this
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values of thickness may not be reliable due to the intrinsic lack of
sensitivity of surface waves to such a sharp boundary.

It should be noted that the higher modes used in this study are
extremely helpful in mapping the base of the thick continental lith-
osphere (over 200 km in depth), for which just the fundamental
mode surface waves start to lose their sensitivity. In fact, when
we employ only the fundamental mode in the similar synthetic
experiment (results are not shown here), we are not able to
retrieve the thickness of LAT properly, even for the case of smooth
LAT, as suggested by Bartzsch et al. (2011).

5.3. Continental LAT and radial anisotropy

Maps and cross sections of isotropic S wave speed and radial
anisotropy of the continental lithosphere of Australia are displayed
in Figs. 15 and 16. We also plot cross sections for vertical gradient
of isotropic S wave speed (Fig. 15), which are used to estimate the
upper and lower bounds of LAT, represented by dashed lines in all
cross sections across the center of Australia.

The upper bound of the LAT (Fig. 13(a)) appears flat across the
Archean and Proterozoic regions of the continent, confined in
somewhat narrow depth range between 120–150 km. On the con-
trary, the lower bound of the LAT (Fig. 13(b)) clearly displays large
regional variations, ranging from 160 to 250 km, indicating the
conspicuously thick lithosphere beneath the Archean cratons of
Yilgarn in western Australia, as well as in the center of northern
Australia. The thickness of the LAT (Fig. 13(c)) thus becomes larger
in the West Australian Craton, while that in South Australian
Fig. 16. Same as Fig. 15, but for the anisotropic parameter n ¼
Craton and the Mesoproterozoic suture zone tend to show a rela-
tively thinner LAT.

In cross sections (c), (d) and (f) of Fig. 15, we can trace the thick
cratonic lithosphere beneath West and North Australian Cratons,
accompanied by the thick transition zone from lithosphere to
asthenosphere. On the other hand, the LAT is somewhat thinner
in the Mesoproterozoic suture zone in central Australia and South
Australian Craton (e.g., cross sections (b), (c), (e) and (f) in Fig. 15).

The radial anisotropy map at 125 km in Fig. 16 exhibits strong
anisotropy with faster SH wave speed in eastern Australia, which
is apparently separated by the Tasman Line. Moderate size of faster
SH wave speed anomaly is also seen near the triple junction among
the three cratonic blocks, which merged together about 1.3 Ga
(Myers et al., 1996). In the cross sections of radial anisotropy, we
can also identify faster SH wave speed anomalies in the astheno-
sphere beneath the LAT. The moderate anisotropy in the litho-
sphere is apparently confined in the Mesoproterozoic suture zone
between the major cratons, while the anisotropy in the Archean
and Proterozoic cratons, particularly around 100 km depth, is rela-
tively weak (Figs. 10 and 16).

Strong radial anisotropy with faster SH is also found in the
asthenosphere, particularly in the region with relatively thinner
LAT beneath central and northern Australia, which is likely to
reflect the horizontal shear flow beneath the fast moving Australian
lithosphere as suggested by global studies (e.g., Gung et al., 2003;
Debayle et al., 2005). The flow pattern beneath the lithosphere
may affect the effective thickness of the LAT beneath central and
northern Australia.
ðbH=bV Þ
2 plotted as a difference from isotropy (n ¼ 1:0).
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In the cratonic blocks, particularly beneath the Pilbara and
Yilgarn Cratons in western Australia and the center of North
Australian Cratons, the apparent LAT thickness exceeds 80 km
(Figs. 13 and 15). However, the Gawler Craton in south Australia
shows distinctly thinner lithosphere and LAT with rather subtle
differences from the suture zone in central Australia. Furthermore,
the isotropic shear wave speed at upper and lower bounds of LAT
beneath this region is apparently slower than the other cratonic
region (Fig. 13 (d) and (e)). These differences may indicate the
effects of basal erosion during the continental breakup of Australia
and Antarctica.
6. Discussion and conclusions

We have constructed a new 3-D radially anisotropic shear wave
speed model of Australia, and estimated the lateral variations of
the lithosphere–asthenosphere transition from this model. The
thickness of LAT and anomalous radial anisotropy indicate intrigu-
ing geographical correlations, which may reflect the tectonic his-
tory as well as mantle dynamics of this region.

A receiver-function study by Ford et al. (2010) suggests that
converted signals generated at the base of the lithosphere can be
clearly observed in the eastern half of the Australian continent,
but not in the northern and western Australia. This observation
is consistent with the estimated thickness as well as the average
velocity gradient of LAT in this study; i.e., smoother transition (or
thick LAT) is found beneath cratons in northern and western
Australia, but sharper (thinner LAT with large velocity gradient)
in eastern and southern Australia.

Recent petrological evidence indicates anomalous features of
the Musgrave Province, which has been under ultrahigh tempera-
ture conditions during 1220–1120 Ma (Smithies et al., 2011) after
the amalgamation of three cratonic blocks, which can be explained
by the asthenospheric upwelling beneath this area. The Musgrave
Province has also undergone several cycles of deformation
(Kennett and Iaffaldano, 2013), and thus the anomalous anisotropy
found in this area may manifest the prolonged history of formation
and deformation of the lithospheric mantle of this local area.

Based on geodynamic modeling in 3D spherical-shell geometry,
Yoshida (2012) has shown that the longevity of the cratonic litho-
sphere depends more strongly on the viscosity contrasts between
the cratonic lithosphere and its surroundings, than the high viscos-
ity of the cratonic lithosphere itself. This viscosity contrast requires
weak continental margins (e.g., orogenic belts) to protect the cra-
tonic lithosphere from being entrained by surrounding convective
forces. The similar result has also been reported by Lenardic et al.
(2000) based on 2-D geodynamic modeling. Such a buffering effect
may provide a clue for explaining why the Archean cratons in wes-
tern Australia still keep their rigid continental keels, while their
eastern margin (i.e., Musgrave Province) has undergone complex
deformation.

The importance of the water contents of olivine on the longevity
of the cratonic lithosphere has been pointed out by Peslier et al.
(2010), through the analysis of the peridotite xenoliths from the
lithosphere–asthenosphere region of the Kaapvaal Craton in South
Africa. They suggest that the dry boundary layer at the base of the
cratonic lithosphere plays an important role to resist entrainment
by the surrounding asthenospheric flow. However, the delamina-
tion of such dry cratonic roots may occur if the water content or
geotherm is changed by, e.g., a hot upwelling plume. This may
explain the differences in the seismic structure of the cratonic lith-
osphere between west and south Australia; the former keeps its
(dry) cratonic root while the latter is likely to have lost it, possibly
due to thermal erosion during the breakup of the Australian conti-
nent from Antarctica.
Our estimate of the upper and lower bounds of the LAT has been
based simply on the 1-D shear wave speed profile. However, our
estimate seems to be consistent with the layered cratonic structure
found in North America (Yuan and Romanowicz, 2010), which is
derived from the depth variations of azimuthal anisotropic proper-
ties. Such a layered structure of cratonic lithosphere may be a
universal character of cratons, whose full resolution will require
further interdisciplinary investigations.

The high resolution anisotropic shear wave model in this paper
provides us with insights into the detailed tectonic features of
Australia, which cannot readily be obtained from Rayleigh wave
information alone. Further progress can be envisaged by the
exploitation of the regional seismic networks across the continent;
e.g., using inter-station or array-style analysis (e.g., Isse et al.,
2006a,Yoshizawa et al., 2010,Bakirci et al., 2012), which will be
of help in enhancing the model resolution. The recent deployment
of continental-scale portable seismic networks (e.g., USArray in
North America and NECESSARRAY in Northeast China) can be of
use in the construction of high-resolution models of continental
regions. This will enable us to pursue comparative studies on the
cratonic lithosphere that can be the basis for unveiling the pro-
longed tectonic history of continents, including their formation,
breakup and amalgamation, and the longevity of the cratons sur-
vived through the Wilson cycles.
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