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The Australian continental upper mantle:
Structure and deformation inferred from surface waves

E. Debayle! and B. L. N. Kennett

Research School of Earth Sciences, Australian National University, Canberra

Abstract. We present a new three-dimensional model for the SV wave hetero-
geneities and azimuthal anisotropy in the upper mantle of the Australasian region.
The model is constrained by the waveforms of 2194 Rayleigh waves seismograms
with a dense ray coverage that ensure a lateral resolution of the order of few hundred
of kilometers. The use of higher modes allows the resolution of the structure down
to depths of at least 400 km. In the upper 200 km of the model, seismic velocities
are lower on the eastern Phanerozoic margin of the continent compared to the
Precambrian central and western cratons, in agreement with previous results for
Australia. The boundary between Phanerozoic and Precambrian Australia is not
clear, especially in the south, where a broad positive seismic anomaly underlays the
Lachlan Fold Belt. The high-velocity lid beneath the continent shows significant
variations in thickness. Locally, it may extend down to a depth of 300 km in the
mantle, but for most of Precambrian Australia the lithospheric thickness oscillates
around 200 km, while it is thinner on the eastern Phanerozoic margin. We found
significant SV wave azimuthal anisotropy in the upper 250 km of the mantle, with
a drastic change in the organization of anisotropy between the upper 150 km of the
model and the deeper part, as revealed in a preliminary inversion. In the upper
150 km of the mantle, azimuthal anisotropy appears more likely to be related to
past deformation frozen in the lithosphere, and in central Australia we found clear
evidence that deformation is preserved since the Alice Springs orogeny. Below 150
km, a smoother pattern of anisotropy is observed, more likely to be related to
present-day deformation due to the northward motion of the Australian plate. Our
current data set allows constraint of the anisotropic directions at different depths
with an unprecedented lateral resolution. The observation of significant changes of
anisotropic directions with depth in the Australian continental mantle suggests that

care should be taken in the interpretation of anisotropy from SKS observations.

1. Introduction

Our knowledge of the structure of the upper mantle
has improved markedly since the 1970s as the result of
improvements in seismological techniques. The early
studies of global surface waves [Dziewonski, 1971; Okal,
1977; Lévéque, 1980] were based on an a priori divi-
sion of the Earth into tectonic provinces and suggested
strong correlation between surface tectonics and seismic
heterogeneity in the upper 300-400 km of the mantle.
The correlation was reinforced by the first tomographic
models at the beginning of the 1980s [e.g., Woodhouse
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and Dziewonski, 1984)]. In the past 20 years, both the
available computational power and the volume of data
have increased dramatically, allowing the development
of new techniques for imaging the structure as well as
a better coverage of the Earth’s surface with seismic
observations. Higher modes have been included in the
analysis of surface wave seismograms [e.g., Nolet, 1975;
Cara, 1978; Lerner Lam and Jordan, 1983; Cara and
Lévéque, 1987; Nolet, 1990; Zielhuis and Nolet, 1994b;
Stutzmann and Montagner, 1993; van Heist and Wood-
house, 1997; van der Lee and Nolet, 1997a], allowing an
increase in the resolution for the transition zone of the
upper mantle. With the larger volume of data available,
the lateral resolution in global tomographic models has
increased to reach 1000 km for the most recent studies
[Zhang and Tanimoto, 1993; Trampert and Woodhouse,
1996]. Upper mantle anisotropy has been observed in
many parts of the world, mainly from observations of
shear wave splitting [e.g., Silver and Chan, 1991; Vin-
nik et al., 1992; Tong et al., 1994] and the inversion
of surface wave data [Nataf et al., 1984; Tanimoto and
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Anderson, 1984; Montagner and Tanimoto, 1990, 1991].
This upper mantle anisotropy is commonly attributed
to the lattice preferred orientation (LPO) of anisotropic
minerals, especially olivine, which displays a strong in-
trinsic anisotropy and is abundant in the upper man-
tle. Oriented olivine models are usually compatible with
seismic observations, and much evidence for olivine ori-
entation in upper mantle fabrics has been observed [e.g.,
Pelsenick and Nicolas, 1978; Christensen and Salisbury,
1979].

We have now a seismic picture of the upper man-
tle refined by many regional and global studies, which
can be broadly described as follows: For oceanic areas,
the pattern of seismic heterogeneities and anisotropy is
largely dominated by the cooling of the oceanic plates
as they move away from the ridge axis. The lithosphere
is generally well characterized by a high-velocity lid
whose thickness increases from 30 to 75-100 km with the
age of the seafloor [e.g., Forsyth, 1975; Nishimura and
Forsyth, 1989]. The lithosphere is underlain by a low-
velocity layer, the asthenosphere, where partial melt-
ing is likely to occur. Polarization anisotropy inferred
from the discrepancy in dispersion between Love and
Rayleigh waves is generally found in the first 300 km of
the upper mantle [Cara and Lévéque, 1988; Nishimura
and Forsyth, 1989; Lévéque et al., 1998]. Azimuthal
anisotropy has been observed in the Pacific, Indian, and
Atlantic Oceans [Forsyth, 1975; Nishimura and Forsyth,
1989, Montagner, 1986b; Roult et al., 1987; Montagner
and Jobert, 1988; Lévéque et al., 1998, Silveira et al.,
1998] and at a global scale [Tanimoto and Anderson,
1984; Montagner and Tanimoto, 1990, 1991]. Such az-
imuthal anisotropy generally displays strong correlation
at asthenospheric depth with the absolute motion of
oceanic plates. This has been used as a strong argument
to invoke a significant contribution of asthenospheric
deformation induced by current plate motion to oceanic
anisotropy. In the lithosphere, surface wave data favor a
frozen anisotropy reflecting the way in which the litho-
sphere has been emplaced [e.g., Nishimura and Forsyth,
1989; Lévéque et al., 1998].

The continental upper mantle has a more complex
seismic structure, which reflects its long history. Gener-
ally, high seismic velocities are found beneath the oldest
Precambrian cratons, while the more recent Phanero-
zoic regions display lower velocities [Zielhuis and Nolet,
1994a; Zielhuis and van der Hilst, 1996; van der Lee and
Nolet, 1997b], but the depth extent of these continen-
tal high-velocity anomalies is still controversial. Jordan
[1975] used observations of ScS travel times and free
oscillations to propose that a thick layer of anomalous
mantle underlays old continental cratons down to 400
km depth. This would be consistent with most of the
global upper mantle tomographic models where high
velocities beneath cratons apparently extend to 350 km
[e.g., Woodhouse and Dziewonski, 1984]. However, sig-
nificant vertical smearing of such anomalies may be
present. Recently, Ricard et al. [1996] have shown that
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the dispersion of fundamental mode Love and Rayleigh
waves in the period range 70-200 s is well represented by
the a priori 3SMAC model of Nataf and Ricard [1996]
in which the lithosphere is never thicker than 300 km.

If the lithosphere thickens gradually with age, a thick-
ness of 250 km has been predicted for Archeean cratons
[Fleitout and Yuen, 1984]. The existence of thicker
continental roots would require the presence of com-
positional heterogeneities in the mantle. Whatever the
process invoked, the formation of a thick continental
root needs a long period of time, during which the “tec-
tosphere” of Jordan [1975] has to translate coherently
with plate motion. If thick continental roots move with
the plates, shearing between the tectosphere and the
underlying mantle is expected deep in the mantle, at
the base of the tectosphere with a consequent potential
for anisotropy. A major component of anisotropy would
be expected in the continental lithosphere, owing to the
presence of highly anisotropic minerals, which are likely
to have been intensely deformed during a long tectonic
history.

In this paper, we investigate azimuthal anisotropy
and lateral heterogeneities beneath the Australasian re-
gion. We focus on the upper mantle structure beneath
Australia, a continent which has experienced a long
tectonic history since the Archean. The continent is
the result of the assemblage of numerous fragments of
continental crust by plate tectonic processes, which are
expected to have left a lasting imprint on the litho-
spheric mantle. Two thirds of the Australian crust is
Precambrian, while the remaining third has been ac-
creted during the Paleozoic [e.g., Myers et al., 1996].
Precambrian Australia comprises three main tectonic
units: the northern, western, and southern cratons.
The western craton has been accreted from two main
Archean blocks, the Pilbara and Yilgarn cratons, well
exposed in western Australia (Figure 1). The north-
ern and southern Australian cratons are probably the
results of the assemblage of Proterozoic and Archsean
crustal fragments. There is, for example, evidence of
Archeaan basements within the Pine Creek fragment in
northern Australia and the Gawler craton in southern
Australia. The three main tectonic units were probably
cratonized by 1830 Ma and assembled in a single piece
between 1300 and 1100 Ma, as an early component of
the Rodinian supercontinent [Myers et al., 1996]. The
successive accretion of continental terranes on the east-
ern margin of the Proterozoic cratons during Paleozoic
times has had the effect of shaping the Australian con-
tinent to its current form.

In order to resolve anisotropic structure at the scale
of the continental blocks which have formed Australia,
lateral resolution of the order of few hundred kilometers
is required. Within Australia such resolution cannot be
achieved with current sparse shear wave splitting stud-
ies, although Clitheroe and van der Hilst [1998] have
assembled results from both portable and permanent
stations. The directions of azimuthal anisotropy be-
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Figure 1. Main geological outcrops of Australia; YB, Yilgarn Block; PB, Pilbara Block; GC,
Gawler craton; ARB, Arunta Block; MB, Musgrave Block; BH, Broken Hill Block; MII, Mount
Isa Inlier; GI, Georgetown Inlier; PCI, Pine Creek Inlier; KIB, Kimberley Basin; ABS, Amadeus
Basin; MAB, McArthur Basin; LFB, Lachlan Fold Belt.

neath continents have been derived from the azimuthal
variation of Love and Rayleigh waves on a global scale
[Tanimoto and Anderson, 1984; Montagner and Tan-
imoto, 1990, 1991] but the lateral resolution in these
studies 1s still not sufficient to draw relevant conclu-
sions at lithospheric depths at a regional scale. Ga-
herty and Jordan [1995] have used both surface wave
and body wave observations along one corridor crossing
the Australian continent and found significant polariza-
tion anisotropy within the lithosphere in the upper 250
km of the Earth but not beneath.

The deployment of portable seismometers over the
Australian continent during the Skippy experiment [van
der Hilst et al., 1994] allows the use of surface wave
data to investigate anisotropic structure with a much
finer resolution. Debayle [1999] has presented prelimi-
nary results for azimuthal anisotropy in the Australian
upper mantle from waveform analysis of the fundamen-
tal and higher modes of 668 Rayleigh waves seismo-
grams. This preliminary inversion revealed a simple
pattern of anisotropy at 150 km depth, with a domi-
nant north-south component close to the present-day
absolute plate motion. In this paper, we present a
full three-dimensional (3-D) tomographic model which
1s constrained by a much larger data set recorded by the
permanent Incorporated Research Institutions for Seis-
mology (IRIS) and Geoscope stations in the Australian
region, supplemented by records from the deployment of
portable instruments across Australia during the Skippy
experiment and subsequently in the Kimberley region,
Western Australia (Kimba experiment). The 3-D shear
wave speed model is constructed from the waveform
analysis of 2194 Rayleigh wave seismograms using the

same procedure as used by Debayle [1999]. The use of
higher modes from intermediate and deep events allows
the structure to be constrained down to at least 400
km depth. The density of path coverage and azimuthal
distribution of paths is excellent in central and eastern
Australia. As a result, changes in azimuthal anisotropy
can be resolved with horizontal wavelengths of few hun-
dred of kilometers, matching the scale of the blocks
which coalesced to form the Australian continent. The
present study is thus able to provide information to
supplement both previous azimuthal anisotropy maps
obtained from surface wave data with a much poorer
lateral resolution [e.g., Montagner and Tanimoto, 1991;
Lévéque et al., 1998] and teleseismic shear wave ob-
servations, which have provided sparse measurements
of fast S wave directions with an excellent lateral but
a poor vertical resolution [e.g., Clitheroe and van der
Hilst, 1998; Vinnik et al., 1992]. The results also com-
plement the earlier work of Zielhuis and van der Hilst
[1996] and van der Hilst et al. [1998] for the Australian
region by providing a new 3-D upper mantle model for
SV velocity obtained from a larger data set with a dif-
ferent inversion method.

2. Inversion Procedure

Our object is to produce a 3-D model of shear wave
speed together with the distribution of azimuthal aniso-
tropy. The approach we have used is similar to the
work of Nolet [1990], by having two distinct stages with
different style of inversion but different algorithms are
used in each step.

The first part of the inversion consists of an analy-
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sis of individual seismograms. With the aid of a source
model we find a radially stratified model associated with
the path from source to receiver for which synthetic seis-
mograms match the observations. The 1-D upper man-
tle model is constructed using the technique developed
by Cara and Lévéque [1987] (hereinafter referred as CL)
applied to the surface wave segment of the seismogram
comprising the fundamental Rayleigh mode and several
overtones. The seismograms have been processed using
the automated procedure developed by Debayle [1999]
based on the CL technique.

The 1-D models for each path represent an average
of the slowness structure encountered along the path,
and so a 3-D model can be built from a linear inversion
procedure. Lévéque et al. [1998] have shown how this
approach can be extended to extract information on
azimuthal anisotropy for those regions where there are
sufficient crossing paths. The 3-D tomographic model
for both the isotropic component of the SV wave speed
heterogeneity and the variation in azimuthal anisotropy
has been constructed using the continouous regionaliza-
tion algorithm of Montagner [1986a).

The approach adopted in this paper differs from the
“partitioned waveform inversion” scheme used by Ziel-
huis and van der Hilst [1996] and van der Hilst et al
[1998] in previous studies on the Australian region: first,
through the use of CL method for the waveform inver-
sion step, and second, in the way in which the inversion
for 3-D structure is undertaken. Rather than using a
block model we have used a continous representation of
the wave speed structure. We have also interpreted the
average models as a path average of shear wave slowness
rather than shear wave velocity because this leads to a
more direct relation to phase slowness (see Appendix
A).

3. Waveform Fitting

One of the most difficult aspects of waveform inver-
sion is the highly nonlinear dependence of the recorded
signal upon the model parameters. In the CL technique
this nonlinearity is reduced through the definition of
“secondary observables” constructed from the seismo-
grams prior to inversion. As in the work by Lerner Lam
and Jordan [1983], cross correlation with modal syn-
thetics is used to reinforce the contribution of a given
mode to the signal. The secondary observahles are then
based on the envelope of these cross-correlogram func-
tions filtered at different frequencies. The concept is
close to the isolation filter technique of Gee and Jordan
[1992]. This waveform inversion technique is described
in detail by Cara and Lévéque [1987] and Lévéque et
al. [1991]. The CL procedure minimizes the depen-
dence of the model obtained from the inversion on the
starting model, and this enabled Debayle [1999] to de-
velop an automated process in which all the various
observed seismograms are matched starting with a sin-
gle initial upper mantle model with a path-dependent
crustal model superimposed.
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3.1. Data Set

We use the Rayleigh wave portion of seismograms
from regional events recorded on permanent and portable
broadband recorders. The events occur mainly in the
major earthquake belt to the north and east of Aus-
tralia, from Indonesia through to Fiji and New Zealand,
and to a lesser extent from the mid-ocean ridge, between
Australia and Antarctica (Figure 2). The permanent
stations are those of the TRIS and Geoscope network
in the Australasian area. These stations are supple-
mented by field deployments of portable recorders over
the Australian continent, started in 1993 by the Re-
search School of Earth Sciences, Australian National
University. Most of the paths crossing the Australian
continent correspond to events recorded by networks of
up to 12 portable recorders, deployed in the field for up
to 6 months at a time, during the Skippy experiment
[van der Hilst et al., 1994] and a more recent field de-
ployment in the Kimberley region from July to October
1997 (Kimba). The field instruments are Guralp CMG-
3ESP seismometers with a flat velocity response over a
frequency band below 30 Hz. Four seismometers have
a flat response to 0.016 Hz (62.5 s period) (type 1),
while for the remaining eight the flat response extends
to 0.033 Hz (30 s period) (type 2). In order to enhance
lower-frequency signals, the data are deconvolved us-
ing the true instrument response and then reconvolved
with a new transfer function having a broader band-
with at long periods. The new transfer functions have
been designed to enhance the signal up to 240 s pe-
riod for instrument of type 1 (Figure 3a), and up to
120 s period for instruments of type 2 (Figure 3c). For
longer periods, where the dynamic range of the acquisi-
tion system may be insufficient, the signal is suppressed.
The waveform inversion is then performed to minimize
the difference between the reprocessed records and the
synthetics convolved with the appropriate modified in-
strument response.

3.2. Assumptions in Analysis

The representation of the seismograms in terms of a
1-D averaged model is based on a set of approximations
of the character of surface wave propagation in laterally
varying media. The frequency range used for the analy-
sis is chosen so that these approximations are justified.

The principal assumption is that the observations
can be represented in terms of a multimode surface
wave train in which the modes propagate independently
without interaction. This approximation is valid for a
medium in which the seismic parameters vary smoothly
with no strong velocity gradients [Woodhouse, 1974]. In
this case the propagation characteristics of each mode
are governed by the vertical structure beneath each
point of the propagation path. The incremental phase
for the mode along the path is then simply the integral
of the phase slowness along the path, while the path
itself is determined by the lateral variations in phase
velocity. For longer-period waves it is a reasonable ad-
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Figure 2. Location of events (open circles) and stations (diamonds) used in this study. Small
diamonds indicate portable stations deployed on the field. Large diamonds correspond to the
permanent stations from the IRIS and Geoscope networks. The names of the permanent stations
are indicated on the display. Geological outcrops are in background.

ditional approximation to neglect the deviations of the
path from the great circle between source and receiver
since the propagation paths are not very long (normally
< 4000 km). Ray tracing in the models obtained from
tomographic inversion indicates that while deviations
from great circle paths are small at 40 s period for fun-
damental mode Rayleigh waves, they rapidly become
signiﬁcant as the frequency increases and by 20 s period
are also noticeable for higher modes. In addition, the
most significant deviation from the great circle appears
to be associated with the transition from the Australian
continent to the Tasman and Coral Seas for north-south
paths grazing the continent edge. Such paths are not
recorded at any of the sites we have used.

When we are able to use the path average and great
circle approximations, the computation of the synthetic
seismogram can be simplified by using a 1-D radially
stratified structure for the path. The inversion is per-
formed for a 1-D upper mantle structure, which matches
the waveform of the observed seismogram, assuming
that the crustal structure and the source excitation are
known. The 1-D models derived from the inversion can
then be regarded as an average of the local properties
along the great circle path [Nolet, 1990; Debayle, 1996].
As a result, we can undertake a second linear inversion
to recover the 3-D structure from the set of averages
along the paths.

The great circle approximation provides a simple the-
oretical framework for the efficient analysis of large
volume of data using current work stations. How-
ever, in the Australian region we have to recognize
that the sources and receivers generally lie on differ-
ent structures, resulting in paths sampling different tec-
tonic provinces with major transitions such as ocean-
continent boundaries. Kennett [1995] has explored the
validity of the assumptions used for propagation at
regional-continental scales where path lengths would
typically be between 1000 and 4000 km and concludes
that the great circle approximation should normally be
suitable for periods between 30 and 100 s. The up-
per limit is due to the strong lateral heterogeneities
present in the upper part of the mantle. The lower
limit depends on the path-averaged approximation and
on the far-field assumptions made in the computation
of source excitation. Kennett [1995] also notes that the
apparent source contribution is not confined to the im-
mediate neighborhood of the epicenter. Thus, although
the source excitation computation can be improved by
using a local structure adapted to the source region, the
difference between the structures used for the epicenter
region and for the propagation path should not be too
large, and a difference in crustal thickness that does not
exceed 10 km is recommended.

In this study, the seismograms have been analyzed



25,428 DEBAYLE AND KENNETT: UPPER MANTLE ANISOTROPY BENEATH AUSTRALIA
a
10V sy T e -
8k — New.instrument.l.om
of — -SO05BHZom T
4l |
2L -
10'8- -
8k 3
5k S
4 4
L y 4
//
2+ Y 4
/
/
1015 L 1 i oo I L L L
2 3T 4 5 6789 2 $U4 5 6789 2
10 10
Frequency in Hz
b
R s e — e R —
sSDO5 BHZ
- APR 16 (106) 1995 —
13:23:52.7
- P \’/\\ / \\ -
~ -~ ~
R B N N4 \ // N S \\/’\\ R 4 N
—_— — — /
L \ o/ A\ N
v
— Type 1 instrument ——
[
-—Y T T 7
SDO5
— APR 16 (106) 1995 —|

B L L | L ' L 1

New instrument

L

13:23:52.700

o ) 1 ' L s 1 L L L 1

10

Time in s

Figure 3. Instrumental response defined for this study (solid line) superimposed in the original
Guralp instrument responses (dashed line) for (a) type 1 and (c¢) type 2 instruments. The new
filter enhances the records up to 4.16 mHz (240 s) for type 1 instruments and up to 8.33 mHz

(120 s) for type 2 instruments, while at larger period the signal is suppressed.

(b and d) Two

seismograms as recorded with the original Giralp instrument (dashed line) and reprocessed with
the new instrument (solid line). The seismograms are low-pass filtered at 100 s on Figure 3b and
80 s on Fig. 3d to show the effect of the new filter in the bandwidth where it enhances the signal.

using a single upper mantle model for all paths which
is a smoothed version of the Preliminary Reference
Earth Model (PREM) model [Dziewonski and Ander-
son, 1981], with a crustal model adapted to the path.
For each source-receiver pair an averaged crustal model
is constructed by taking the crustal part of the 3SMAC

model [Nataf and Ricard, 1996] averaged along the great
circle path. The source excitation is computed for a
point double couple following Cara [1979], with source
parameters taken from the centroid moment tensor so-
lutions determined by Harvard University and pub-
lished by the National Earthquake Information Service
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Figure 3. (continued)

(NEIS). The structure used to compute the source exci-
tation for each earthquake is determined by the 3SMAC
model in the epicenter region.

For the present data set the largest differences be-
tween the crustal structures near the source and path
average occur for earthquakes located on the East In-
dian Ridge recorded on the northern part of the Aus-
tralian continent or in Papua New Guinea. For these
events the crust is generally 7 km thick beneath the East
Indian Ridge, and the average crustal thickness along
the path does generally not exceed 25 km because a sig-
nificant part of the propagation is oceanic. The number

of events subject to these differences is small, just 9 of
the 2194 analyzed, because of the low seismicity of the
East Indian Ridge compared to the subduction zones to
the north and east of the continent. It is thus likely that
crustal thickness differences much larger than 10 km are
confined to a small proportion of our data. In addition,
we have restricted the upper frequency limit to mini-
mize the influence of lateral heterogeneity and have not
used periods shorter than 40 s for both the fundamen-
tal and the higher modes. At low frequency, when the
quality of the signal was good, we have extended the
analysis to longer periods than 100 s, sometimes up to
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160 s. However we introduced two safeguards in the au-
tomated process: we do not analyze paths shorter than
1000 km and we invert a seismogram at a given period
only if the epicenter-station distance is larger than 3
times the wavelength for the period. These choices en-
sure that the station lies in the far field of the source and
that the frequency range is such that the great circle ap-
proximation should be valid. Of the 2194 seismograms
considered, 188 have been inverted up to 120 s and 275
up to 160 s. The remaining data are inverted in the
frequency range 40-100 s.

For the higher-mode component of the wave field we
also need to consider the issues of independent mode
propagation. Body waves phases are built up from the
summation of higher modes but are sensitive to model
perturbations close to their geometrical ray rather than
to the horizontally averaged model perturbation used
in the path-averaged approximation. For higher fre-
quencies the inclusion of mode coupling between surface
waves allows an improved representation of the propa-
gation of body waves [Li and Tanimoto, 1993; Marquer-
ing and Snieder, 1995], and the significance of such a
scheme in waveform inversion has been recently studied
by Marquering et al. [1996]. They use a large number
of modes (up to 20) to generate synthetic seismograms
and perform tests with and without mode coupling us-
ing the partitioned waveform inversion of Nolet [1990].
They conclude that the neglect of mode coupling does
not affect the upper part of the model, which is sam-
pled by the fundamental mode and the first few higher
modes. However, at larger depth between 400 and 500
km, significant artefacts can be introduced with limited
path coverage. Such effects can be exaggerated when
the fundamental mode and higher mode parts of the
seismogram are separated in the waveform inversion,
with the object of reducing the dominance of the fun-
damental mode.

In our implementation of the CL. method we under-
take a simultaneous fit to the fundamental mode and
the overtones, and a suitable choice of secondary ob-
servables allows information for each mode to be ex-
ploited. We have used up to four overtones to compute
the synthetic seismograms and perform the waveform
inversion. This should minimize the bias due to the ne-
glect of mode coupling, while keeping a good sensitivity
in the upper 400 km of the mantle: at 40 s period and
in the distance range considered (1000-6000 km), four
overtones are adequate to build the SSS wave, which
samples the upper 400 km of the mantle.

3.3. Selected Examples

Examples of automated waveform inversion for se-
lected paths sampling the main tectonic provinces of
Australia are presented in Figures 4, 5, 6, and 7.
The paths are shown in Figure 4, and the waveform
fit between the observed and computed seismograms is
presented prior to the inversion in Figure 5, and af-
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ter the CL inversion in Figure 6. Figure 7 shows
the path-averaged upper mantle shear velocity mod-
els determined from the waveform inversion superim-
posed in the initial model. A good waveform fit is
generally achieved for the fundamental mode and the
first few overtones (Figure 6) of the real seismograms,
even where there are significant differences in waveforms
prior to inversion (see paths 2, 11, or 12 in Figure 5, for
example). For central and western Australia (all paths
except 5, 6, 9, and 12) the path-averaged shear veloc-
ity models show a high-velocity lid generally around
200 km thick, underlain by a low-velocity layer (Fig-
ure 7). For these data the high-velocity lid is required
to fit the fundamental mode of the seismograms, as the
initial model predicts synthetics too slow compared to
the observed seismograms (Figure 5). Because higher
modes are sensitive to both shallow and deep structure,
the delay time between synthetics and real higher mode
waveforms cannot be simply related to mantle pertur-
bations. However, it remains small compared to the one
observed for the fundamental mode, and for most of our
data set in central and western Australia, a simultane-
ous fit of the fundamental and higher modes requires
the presence of a slight low-velocity zone below the lid.

Generally, the shear velocity models obtained for
neighbouring paths are similar, but differences do occur.
An extreme example is presented in Figure 7 for paths
7 and 8. For these two paths the average shear velocity
models present similar shapes, but the amplitudes of
the perturbations differ significantly in the uppermost
200 km with faster shear velocities for path 8. This can
mainly be attributed to the presence of the Banda arc.
Path & corresponds to an event located in the subduc-
tion zone at 69.7 km depth so the path samples the slab
for a significant proportion of its length. Path 7, related
to a shallower event (15 km), is located to the east and
misses the main effect of the slab. While very close, the
two paths sample heterogeneous structure, and this is
reflected in the recorded waveforms that look rather dif-
ferent as well as in the inverted shear velocity structure.
Other effects such as error in the location and depth of
the earthquake can also map in the inverted velocity
models and contribute to differences between neighbor-
ing paths. If there is no objective way to correct for
these errors, we can at least try to minimize their effect
by favoring a smooth model in the tomographic inver-
sion. Thus, if errors in the source function estimation
produce differences between neighboring paths, we ex-
pect these differences to be averaged in the tomographic
inversion and thus to contribute to the misfit.

Earlier studies revealed a contrast in wave speed be-
tween the eastern margin of the continent and its cen-
tral and western parts. This can be directly observed
on our path-averaged velocity models: a noticeable low-
velocity zone centered at around 140 km depth charac-
terizes path 12, which samples eastern Australia. Paths
5 and 6 show structures in the uppermost 200 km,



DEBAYLE AND KENNETT: UPPER MANTLE ANISOTROPY BENEATH AUSTRALIA

25,431

- —r \!54 —
5 o !’4{%
0’ QN = % S
| AN N
L ’ R
| R
&\
’ ~ ‘.v -
! L
‘. i
-20° ~ N
: 'z’j
40" ' _.
| = i
; [ ] B !
-60°
90° 120° 150° 180°

Figure 4. Epicenter-station paths for which the waveform fit and the path-averaged velocity

d

models are shown on Figures 5, 6, and 7. Epicenters are shown with circles; stations are shown
with diamonds. Geological outcrops are used as the background.

which are intermediate between the low velocities of the
eastern margin and the high velocities of central Aus-
tralia, probably indicating that they sample heteroge-
neous structures. Finally, path 9 samples the Indian
Ocean basins from the East Indian Ridge to the old
oceanic Warton basin. The velocity model for path 9
resembles the P7 model of Cara [1979] for the Pacific
Ocean. The character of the suite of velocity models
in Figure 7 suggests that the main differences between
structure in oceanic and continental regions are to be
found in the uppermost 200 km of the mantle.

3.4. Path Coverage

The application of our waveform inversion procedure
to the Skippy, Kimba, Geoscope, and IRIS data set has
resulted in the successful analysis of 2194 Rayleigh wave
seismograms corresponding to the path coverage of Fig-
ure 8. In the automated process, modes were included
in the inversion when they contributed more than 1%
of the energy in the seismogram at the requisite pe-
riod. For the 2194 paths the fundamental mode and
at least one overtone have been included for 1193 data
(Figure 8a). For 908 paths (Figure 8c) the overtones
were poorly excited, and only the fundamental mode
was inverted. These data correspond mainly to shal-
low earthquakes and include almost all the events from
the Southeast Indian Ridge. The inversion has been

restricted to the higher modes for a limited number
of paths (93 paths, Figure 8b) corresponding to deep
events for which the fundamental mode could be ne-
glected.

The simultaneous use of fundamental and higher mode
information for the 1193 paths of Figure 8a ensures good
resolution in the uppermost 400 km of the mantle for
most of the Australian continent. The 908 paths of Fig-
ure 8c provide additional coverage for the uppermost
250 km, while the 93 paths of Figure 8b help to con-
strain the deep structure. However, for higher latitudes
(below 40°S) our coverage consists mainly of fundamen-
tal mode data, and the structural estimate is likely to
suffer from a lack of resolution below 250 km depth.

4. The 3-D Model

4.1. Construction

The result of the waveform inversion is that for each
path we have a SV wave speed model as a function
of depth alone, which matches the observed waveforms
of the Rayleigh waves. We now combine the set of 1-
D velocity models into a single 3-D model for the lat-
eral variations in shear wave velocity and its azimuthal
anisotropy. For this purpose, we use the continuous re-
gionalization algorithm of Montagner [1986a]. This al-
gorithm was originally designed for the regionalization
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Waveform fit prior to inversion
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Figure 5. Examples of waveform fit prior to inversion for the 12 paths (data 1 to 12) labeled
on Figure 4. Synthetics are in dashed lines, real waveforms are shown with solid lines. Data
are ordered by epicentral distance; z is the depth and the station code is given on the lower left
corner.
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Waveform fit after inversion
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Figure 6. Same as Figure 5 but after inversion.
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Figure 7. Path-averaged SV velocity models for the 12 data of Figures 5, and 6. The starting
upper mantle model for all paths is shown with a dashed line. The model obtained after inversion
is shown with a solid line. For path 1 the smooth model is the result of the inversion, and the
other is the S wave model of Kennett et al. [1994] for northern Australia.
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Figure 8. (a) The 1193 paths for which the fundamen-
tal mode and at least one overtone have been used in
the automated inversion; (b) 93 paths for which only
the overtones have been used; and (c) 908 paths for
which only the fundamental mode was inverted.
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of phase or group velocities at different periods under
the assumption that surface waves propagate along the
great circle and the propagation time is simply the in-
tegral of the phase slowness along the path at period
T:

1 1 1
Ces(T) - Les/ CIOC(T) ClS, (1)
€es

where L® is the length of the epicenter-station path,
('*s is the observed phase velocity, and C'°° is the local
phase velocity at each point along the path. As noted
by Lévéque et al. [1998], the shear slowness of the 1-
D models obtained from the waveform inversion can be
regarded as the average of the shear slowness structure
along the great circle path between source and receiver
(see also Appendix A):

1 1 1
7~ ) T )

The regionalization algorithm of Montagner [1986a] can
therefore be directly applied to our data set to retrieve
the local shear slowness and hence shear wave speed.

Let us now examine how azimuthal anisotropy can be
retrieved in the regionalization step. The azimuthal de-
pendence of the local phase and group velocity for Love
and Rayleigh waves in a slightly anisotropic medium
is given by Smith and Dahlen [1973] as the sum of az-
imuthal and nonazimuthal terms. Montagner and Nataf
[1986] have shown that the azimuthal terms depend on
several combinations of the elastic parameters via a set
of partial derivatives proportional to the partial deriva-
tives of a transversely isotropic medium with a vertical
axis of symmetry. This allows us to retrieve anisotropy
as a function of depth in the mantle, from the observed
azimuthal variations of Love and Rayleigh wave veloci-
ties [see Montagner and Tanimoto, 1991]. However, the
waveform inversion that we use here does not provide
direct observations of the azimuthal variation of surface
waves velocities. Instead, it provides a path-averaged
model for each individual seismogram. Lévéque et al.
[1998] describe in detail the procedure needed to re-
trieve the distribution of heterogeneities and anisotropy
at depth from the path-averaged models obtained in the
waveform inversion. They show that in a long-period
approximation, the 1-D SV velocity models obtained
after the waveform fitting depend on the combination
of elastic parameters best resolved by Rayleigh waves,
which control the velocities of SV waves propagating
horizontally at azimuth 6. At each depth the path-
averaged SV wave velocity perturbation 63, can be ex-
pressed as

88, = 68, + A; cos 20 + Assin 26, (3)

where 83, is the isotropic perturbation of the SV ve-
locity, 6 is the azimuth, A; = (G./2pBy), and Az =
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(Gs/2pB,). G, and G; are the linear combination of
elastic parameters best resolved by Rayleigh waves as
defined by Montagner and Nataf [1986].

The inversion is performed using the continuous re-
gionalization algorithm of Montagner [1986a] for the
parameters §3,, A1, and A;. A smoothed model is ob-
tained by assuming a priori a Gaussian correlation be-
tween neighboring points, with a specified scale length
Leorr and a scale factor o(r). This can be represented
via an a priori covariance function with the form

_AZ
'PO(T'v r/) = o(r)o(r’)exp [2L2r7"] ' (4)
corr
where AZ?, is the distance between two geographic
points 7 and 7’. The a priori standard deviation &(r)
controls the amplitude of the perturbation allowed in
the inversion, while the horizontal correlation length
Leorr acts as a spatial filter that constrains the lateral
smoothness of the model. We choose a standard devi-
ation of 0.05 km/s for 3, and 0.003 km/s for A4; and
As. The choice of an appropriate correlation length de-
pends on the path coverage and on the period range
of inversion. Montagner [1986a] suggests the choice of
a value of Loy larger than the wavelength and snch
that the “effective” section of the paths with width
Leorr ensures a good coverage of the area under study.
The anisotropic terms A; and A- have a variation in
26 which can be resolved if each cell of width Lo 18
sampled by at least three paths with different azimuth.
After several trials we retained the correlation length
of 200 km for 8,, Ay, and A, used by Debayle [1999].
With the excellent distribution of paths from central
Australia to the Tonga-Kermadec trench (Figure 8), a
200 km correlation length is a compromise that favors a
smoothed model but should also minimize contamina-
tion by diffraction effects. In western Australia, where
the distribution of paths is poorer, we have to be more
cautious in our discussion of lateral heterogeneities and
azimuthal anisotropy.
The continuous regionalization algorithm provides an
a posteriori error estimate for the extracted model,
which is a very useful guide to the resolution attain-
able from the data. We have excluded those regions
from consideration where the a posteriori error equals
the a priori error and these are masked in the figures.

4.2. Results

We have undertaken inversions both with and with-
out azimuthal anisotropy. The lateral variations in SV
velocity for an isotropic inversion are represented at
six different depths, from 100 to 350 km in Plate 1.
The equivalent results for the inversion with azimuthal
anisotropy are shown in Plate 2 with the superimpo-
sition of a representation of the azimuthal anisotropy
pattern at each depth. As can be seen from a compari-
son of Plates 1 and 2, the pattern of heterogeneity is,
in general, not significantly altered by the extraction of
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the azimuthal anisotropy component. The main differ-
ence is an increase in the amplitude of the heterogeneity
in the isotropic inversion by 1.9% at a depth of 100 km,
reducing to 0.7% at 250 km depth. The largest changes
occur in those parts of the model where path coverage

(is weakest, e.g., in the west.

A posteriori error maps for lateral variations in SV ve-
locity obtained after the inversion including azimuthal
anisotropy are presented in Plate 3. The dark blue area
on the edge of the maps indicate an a posteriori error
close to the a priori error, which can be associated with
a total lack of resolution. Ligther blues correspond to
regions with smaller a posteriori error, where significant
resolution becomes available. These include the whole
continent down to 350 km depth with an improved reso-
lution for the region extending from central Australia to
the Tonga-Kermadec trench. Note that the a poteriori
error reflects the density of crossing paths but also the
sensitivity of our fundamental and higher mode dataset
to the structure at a given depth. On Plate 3 no signif-
icant deterioration of the a posteriori error is observed
from 200 to 350 km, indicating that our higher mode
data set provides homogeneous resolution in this depth
interval.

('ross sections through the SV velocity model (includ-
ing azimuthal anisotropy) are shown at eight different
latitudes from 5°S to 40°S on Plate 4 in a plot which
starts at 75 km depth. At depths shallower than 75 km,
the results may possibly be affected by the crustal struc-
ture that is kept fixed in the inversion. We performed
careful crustal corrections based on the 3SMAC model
which provides a consistent parametrization of shallow
structure across the entire region. Recent interpretation
of SKIPPY data using receiver functions [Shibutani et
al., 1996; Clitheroe et al., 2000] have revealed a few re-
gions where there are some departures from the crustal
model provided by 3SMAC but in general, 3SMAC pro-
vides a very good representation of the crust for both
the continental and oceanic areas and in addition for the
subuction zones. The receiver function models provide
point information only for the continent, which is not
easily interpolated, and also include the possibility of
a gradient zone at the crust-mantle boundary, whereas
3SMAC includes a simple discontinuity and this compli-
cates comparisons. Differences in crustal thickness lo-
cally reach 10 km in western Australia beneath the Pil-
bara craton, in central Australia beneath the Amadeus
Basin and in central Queensland. The averaged crustal
structure along the path is employed in the inversion
and the discrepancies will, in general, affect only a small
fraction of a path. However, for the shorter paths the
influence of the crustal model may be sufficient to af-
fect the fundamental Rayleigh wave mode at 40 s period
and to impose structure in the upper most mantle. As
a consequence, we do not display or discuss the shal-
lowest part of the model between the base of the crust
and 75 km depth.
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Plate 1. SV velocity distribution at different depths from an inversion for just isotropic structure:
(a) 100 km, (b) 150 km, (c) 200 km, (d) 250 km, (e) 300 km, and (f) 350 km. The perturbations
from the reference velocity at each depth in percent are displayed by color coding. The area in
gray on the border of each map corresponds to those regions where the a posteriori error is close
to the a priori error, indicating a lack of resolution.
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Plate 2. SV velocity distribution from an inversion including azimuthal anisotropy. Fast direc-
tions of horizontally propagating SV waves are represented by arrows and superimposed on the
SV heterogeneities.
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Plate 3. A posteriori error distribution at different depths from the inversion for 3-D structure
including azimuthal anisotropy: (a) 100 km, (b) 150 km, (c) 200 km, (d) 250 km, (e) 300 km,
and (f) 350 km.



25,440 DEBAYLE AND KENNETT: UPPER MANTLE ANISOTROPY BENEATH AUSTRALIA

-10.060 BV 10,00

0S8

15§

208

25 §

J0 8
110 130 130 140 150 160 10 180
200
1 T = =T T T 1 T 358
110 1200 130 14 150 &0 17 1B

] 1 | n L ] 1

I
1o o] 13 140 130 160 170 1ED

Plate 4. Vertical cross sections through the SV velocity model of Plate 2 at different latitudes
(indicated on the right). The cross sections start at 75 km depth and therefore exclude the
uppermost mantle, including the oceanic lithosphere. The SV perturbations are indicated with
a color scale in percent relative to a common reference model, derived from the average of the
SV velocity at each depth. The areas in gray correspond to those regions where the a posteriori
error is close to the a priori error indicating a lack of resolution.
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4.2.1. Seismic heterogeneity. The heterogene-
ity patterns in Plates 1 and 2 show a general agreement
with the previous results of Zielhuis and van der Hilst
[1996] and van der Hulst et al [1998] for the large-scale
features. There is a clear correlation between the main
variations in seismic wave speed in the uppermost 200
km of the mantle and surface tectonics. The contrast
in seismic wave speed between the eastern Phanerozoic
margin of the continent and the central and western
Precambrian cratons is confirmed. At 100 km depth
(Plate la), three regions with high velocities can be
recognized within the Precambrian cratons. In west-
ern Australia we resolve the average structure along the
dominant N-S to NE-SW paths and find high seismic ve-
locities beneath the Archeean Pilbara and Yilgarn cra-
tons. In South Australia, the Archaan Gawler craton
is associated with a positive anomaly extending to the
northwest beneath the Musgrave Block. This structure
vanishes to the north where the north Australian cra-
ton extends, from the Kimberley block in Western Aus-
tralia to the east of Mount Isa. The transition between
the Precambrian cratons and the eastern Phanerozoic
margin is complex, and south of 25°S, a circular pos-
itive anomaly appears east of the Broken Hill Block,
extending toward the Lachlan Fold Belt. These fea-
tures are also retrieved at 150 km depth (Plate 1b) but
with a smoother pattern of heterogeneities. In Aus-
tralia the amplitude of the high-velocity anomaly be-
neath the Gawler Block is slightly attenuated, but the
Lachlan Fold Belt, the Musgrave Block, the Mount Isa
Block and the western Archeaan cratons remain the four
centers of high-velocity anomalies.

At a depth of 200 km the amplitude of seismic con-
trasts decreases. High velocities remains in northern
Australia and around the four centers of high veloci-
ties observed at 150 km depth. At 250 km and 300
km depth a broad region of low velocities is present
in central Australia, west of 135°E. The high velocities
beneath the western Yilgarn and Pilbara cratons are
not well constrained in this poorly sampled part of our
model and may as well result from horizontal smearing
along the dominant paths. On the eastern margin of
the continent, where the path coverage is more dense,
the New England Fold Belt displays high seismic wave
speed below 200 km depth, in agreement with Zielhuis
and van der Hilst [1996]. However, at shallower depths,
no clear high-velocity signature is retrieved in this area.

Finally, a striking feature of Plates 1 and 2 is the
set of fast wave speed structures associated with the
slabs located on the border of our maps, especially be-
neath the Philippine, Papua New Guinea, and Tonga
Kermadec trenches. These have been isolated because
of the good range of crossing paths. Although surface
wave inversion does not have the high resolution attain-
able with delay time analysis, we can follow the slabs on
the vertical cross sections (Plate 4) to 500 km depth for
the Banda arc at a latitude of 5°S and around 128°E.
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The Tonga-Kermadec slab can also be followed down to
at least 400 km on the cross sections from 20°S to 35°S
between 170°E and 190°E. The resolution of the slab
anomalies gives us confidence in the potential of our
technique to retrieve short-wavelength heterogeneities
down to depths as large as 400 km.

4.2.2. Azimuthal anisotropy. On Plate 2 the
background color scale represents the variation in seis-
mic wavespeed (as in Plate 1), but azimuthal anisotropy
is now represented with bars showing the directions of
maximum G computed from the A; and A, parame-
ters of equation (3). This is the local direction of fast
horizontal propagation of SV waves in full, but weak,
anisotropy [Lévéque et al., 1998]. The length of the
bars is proportional to the percentage of peak to peak
azimuthal anisotropy. The amplitude of the azimuthal
anisotropy decreases with depth, especially below 200
km, the maximum value of peak to peak azimuthal
anisotropy reaching 2.82% at 100 km, 1.90% at 150
km, 1.61% at 200 km, 1.25% at 250 km, 0.87% at 300
km, and 1.01% at 350 km depth. The main change
in anisotropic directions occurs between the uppermost
150 km of the model (Plate 2a), where a complex pat-
tern of anisotropy with abrupt changes is observed, and
the deeper structure, where azimuthal anisotropy is or-
ganized in a much smoother pattern.

At 100 km depth the fast axes appear to have north-
south directions beneath the Archaan Pilbara and Yil-
garn cratons but may be poorly constrained by the cur-
rent path coverage in western Australia (Figure 8). The
azimuthal coverage is much better farther east and in
South Australia, the Archaean Gawler craton and the
Musgrave Block display fast directions oriented NW-
SE. The north Australian craton reveals a complex
anisotropic structure with NE-SW directions beneath
the Kimberley Block, changing to NW-SE between the
Kimberley and Mount Isa Blocks, and to a dominant
east-west direction on the southern margin of the cra-
ton near the Arunta Block. South of 20°S, the eastern
margin of the continent is dominated by east-west di-
rections. Anisotropy is strong beneath southeast Aus-
tralia with a dominant east-west component in agree-
ment with the results of Girardin and Farra, [1998] for
Canberra station (CAN). In the Pacific Ocean the NW-
SE directions observed in the Tasman Sea south of 35°S
may be biased by the limited azimuthal distribution of
paths in this area. North of 20°S, eastern Australia
is characterized by NW-SE directions extending in the
Coral Sea and turning north-south at the proximity of
the New Hebrides trench. A complex, weak anisotropy
characterizes the Fiji region.

At 150 km depth the pattern of anisotropy becomes
simpler. In central Australia the fast propagation direc-
tions are organized with a dominant north-south trend,
while farther east, the orientations of the fast direc-
tions seems to follow the edge of the Precambrian cra-
ton with NE-SW directions on the southeast of Mount
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Isa and NW-SE directions on the northeast. We note
that anisotropy is stronger on the eastern margin of the
continent, compared to central and western Australia.
East-west directions are still present beneath southeast
Australia but anisotropy vanishes beneath the Tasman
Sea. The Coral Sea is associated with north-south di-
rections.

At 200 km depth a smoother pattern of anisotropy is
observed. The dominant north-south direction beneath
most of Australia turns to NE-SW beneath Mount Isa.
This pattern is retrieved at 250 km with a smaller am-
plitude, and finally, below 250 km depth, anisotropy
has almost disappeared everywhere, except in South
Australia and Queensland, where a small north-south
component remains.

4.3. Testing the Model

To get a better idea of the reliability of the struc-
tures appearing in our model, we have performed a
number of different types of tests. We first try a syn-
thetic experiment to retrieve the distribution of S wave
velocity at a depth of 50 km by the 3SMAC model of
Nataf and Ricard [1996]. The synthetics are computed
for each path in the 3SMAC model and the inversion
is performed using the same a priori constraints as in
the real case, allowing anisotropy to be present in the
model. The input model (Plate 5) presents reason-
able features: A sharp increase in velocity is located
on the Australian continent around 140°E, at the as-
sumed transition between the eastern Phanerozoic and
the central Proterozoic provinces in the 3SSMAC model;
farther west, another transition occurs near 125°E, rep-
resenting the assumed boundary between Proterozoic
and Archeean cratons. Short-wavelength anomalies are
also present in the input model, at -17°S and 137°E in
a region well sampled by our paths and at -22°S and
118°E where the density of paths is much weaker. The
result is a smoothed image of 3SSMAC (Plate 5), but lat-
eral heterogeneities are well retrieved east of 125°E with
both the short-wavelength anomaly and the sharp con-
trast in seismic velocity present in the inverted model.
West of 125°E, recovery of the model is not as good
because the path coverage is sparser. A slight tendency
to smear the anomalies is observed, and the positive
anomaly associated with the Archaean craton is shifted
toward the Perth region, where few crossing paths are
available. Anisotropy is displayed with red bars and is
entirely due to the trade-off between the isotropic and
the anisotropic part of the model, since no anisotropy
is present in the input model. Anisotropy remains very
weak everywhere on the map, except near the short-
wavelength anomaly in central Australia, where a max-
imum of 0.5% is observed.

Several other tests have been performed by Debayle
[1999], and very similar conclusions are obtained with
this new data set. We tried to allow short-wavelength

DEBAYLE AND KENNETT: UPPER MANTLE ANISOTROPY BENEATH AUSTRALIA

heterogeneities by decreasing Leorr to 100 km for the
ST wave speed. With this value of L.y the level of
anisotropy does not decrease and the fast SV directions
are unchanged.

We conclude that a small amount of anisotropy is
likely to occur in the uppermost 200-250 km of the
mantle. In this depth interval, anisotropy can be re-
moved only by accepting a substantial increase in the
amplitude of seismic heterogeneities together with a re-
duction in the level of data fit. In addition, a model
with a small amount of anisotropy looks to be in better
agreement with other surface waves investigation be-
neath Australia [e.g., Gaherty and Jordan, 1995; Tong
et al., 1994]. Below 250 km, the presence of systematic
anisotropy 1is more difficult to demonstrate. The ampli-
tude of observed anisotropy decreases, and imposing an
isotropic model does not result in a significant increase
in the amplitude of SV perturbations.

For the uppermost 250 km of the model, our dense
data set and the synthetic tests suggest that some trade-
off between anisotropy and seismic wave speed varia-
tions may be present in our maps but is likely to remain
small compared with the observed anisotropy. In addi-
tion, the observed pattern of anisotropic directions is
stable with respect to changes in the degree of smooth-
ing imposed on our model. For example, the drastic
changes in anisotropic directions observed at 100 km
depth are still present when using a correlation length
of 500 km for the anisotropic part of the model, an ex-
treme degree of smoothing with our path coverage. We
also note that an error of the order of 20°in the observed
anisotropic directions would not change the main fea-
tures of our model (i.e., the abrupt change in anisotropic
directions at shallow depths and the smoother pattern
at 150 km depth and deeper). We conclude that even if
small biases affect our results, the main features of our
maps that are discussed in section 5 are robust.

5. Discussion and Conclusions
5.1. Wave Speed Variation

Our tomographic model shows agreement with previ-
ous results obtained for the same region on large scales.
For example, the existence of low velocities beneath the
eastern margin of Australia compared to the central
and western cratons, a feature of the mantle initially
revealed by Cleary et al. [1972], has been confirmed
by regional travel time inversion in southern Australia
[Sambridge, 1990] and more recent surface waves stud-
ies, either global [e.g., Montagner and Tanimoto, 1991;
Trampert and Woodhouse, 1996] or regional and based
on the analysis of the Skippy data [Zielhuis and van der
Hilst, 1996; van der Hilst et al., 1998; Passier et al.,
1997]. Our model presents a lateral resolution similar
to the one achieved by van der Hilst et al. [1998] but is
constrained by a larger and more homogeneous data set.
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In Western Australia we benefit from the data recorded
by the new IRIS station on Cocos island which pro-
vides useful east-west crossing paths to those recorded
at NWAO and from the data recorded in the Kimba
experiment. The improvement is apparent on the ve-
locity maps, which display less smearing on the western
margin of the continent. The automated process has
allowed us to include a large amount of data from the
permanent RIS and Geoscope stations, providing an
excellent distribution of paths in the Pacific Ocean. In
this region Pillet et al. [1999] obtained phase velocity
maps at periods between 8 and 100 s with a lateral reso-
lution not better than 500 km. At depths shallower than
200 km, our more detailed results do not display major
discrepancies with the phase velocity maps of Pillet et
al. [1999] at periods > 60 s. There is an agreement
at long wavelengths for a low velocity region spanning
the North and South Fiji basins. Trenches generally
display higher seismic velocities. However, differences
occur and in the Coral see, near 152 °E, the corridor
of high seismic velocities present in our model is not
retrieved by Pillet et al. [1999].

A striking feature of Plate 2a is the fact that at 100
km depth the high-velocity anomalies roughly underline
the North, South and West cratons as defined by Myers
et al. [1996] or, in a very similar way, by Shaw et al.
[1995] on the basis of gravity and magnetic data. Dif-
ferences occur, for example, at the eastern boundary of
the North Australian craton, but the main crustal ele-
ments seems to be underlined by a distinct lithospheric
signature. An interesting feature is the fast wave speed
anomaly, which extends down to 200 km depth beneath
the western margin of the Amadeus Basin and Mus-
grave Block (-25°S, 128°E). To the south, the boundary
between the South Australian craton and the Phanero-
zoic provinces would be close to 140°E. The transition
seems, however, complex with an anomalous region of
high velocities beneath the Lachlan Fold Belt and the
Murray Basin, east of the Broken Hill Block. The model
of van der Hilst et al. [1998] indicates the presence of
a high wave speed in this region, but there is a notice-
able difference in the configuration of the wave speed
variation. In our results this circular positive anomaly
extends deep into the mantle, down to at least 200 km
depth, in a region where the crustal thickness provided
by the 3SMAC model is close to the one inferred from
receiver analysis [Clitheroe et al., 2000]. It is therefore
unlikely that the influence of crustal structure is respon-
sible for the anomaly. In addition, the existence of this
circular positive anomaly agree well with the 1-D veloc-
ity model derived from interstation dispersion measure-
ments in southeastern Australia made by Passier et al.
[1997]. They found a positive perturbation in S wave ve-
locity between stations SB07 and SB06, both located on
our positive anomaly. The negative perturbation that
they found between stations SB09 and ZB12 is located
in the low-velocity layer of our model, on the northeast
of the circular anomaly. The only small difference oc-
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curs near the southern coast of Australia, where Passier
et al. [1997)] found a slightly negative perturbation be-
tween stations YB0O7 and YBO03, while the perturbation
is still slightly positive in our model. Slight smearing
of the anomaly toward the south where the path cov-
erage is less dense in our model may explain this small
difference. We also note that the edge of this circular
feature is clearly outlined by the gravity and magnetic
data [Murray et al., 1997; Tarlowski et al., 1996; see
also Wellman, 1998], which suggests that what we see
here is mantle structure linked to crustal features. The
entire area is blanketed with thick sediment so there is
no basement exposure available.

Vertical cross sections in our model (Plate 4) cross the
Australian continent from 15°S to 35°S, suggesting sig-
nificant variations in the lid thickness. Such variations
have been observed in previous tomographic studies of
Australia, and van der Hilst et al. [1998] argue for a
lithosphere thickness that would reach at least 350 km
in some parts of the continent. On Plate 4, a lid that
is between 200 and 300 km thick may be present in the
extreme north of the continent at a latitude of 15°S,
with a deeper structure east of 140°E. However, south
of 20°S, a low-velocity zone is observed below around
200 km for most of the Australian mantle. In addi-
tion, beneath Australia we observe locally high-velocity
anomalies extending from the surface to 500 km depth
(e.g., around 140°E on the vertical cross section at -
25°S). This kind of structure may well result from the
superposition of two distinct relatively thick positive
anomalies separated by a thin low-velocity layer that
cannot be resolved with the Rayleigh wave data with
periods of at least 40 s used in this study. In the case
of the thick positive anomaly at 25°S this hypothesis
is supported by the observation that at 20°S and 30°S,
shallow and deep positive anomalies are separated by a
low-velocity layer located between around 200 and 300
km. This kind of artefact may be frequent in surface
wave inversion for mantle structure where the current
period range of analysis makes it difficult to resolve ver-
tical structures with dimensions < 100 km. The exis-
tence of a slight low-velocity zone for SV velocity at
around 200 km for most of the Precambrian mantle be-
neath Australia is supported by the path-averaged ve-
locity models in Figure 7 (paths 1, 2, 3, 4, 7, 8, 10, and
11). The average model for northern Australia built by
Kennett et al. [1994] from body waves analysis has a
low-velocity layer associated with low @ [Gudmundsson
et al., 1994] below 210 km. The widespread presence of
such a feature beneath the cratonic regions is supported
by the body wave analysis of Katho and Kennett, [2000]
using the Skippy and Kimba data. We note also the
good agreement between the S wave model of Kennett
et al. [1994] and our shear velocity structure for path
1, which samples the northern part of Australia (Fig-
ure 7, model 1). The slightly thicker lid observed on
the section at 15°S (Plate 4) may reflect the differences
between the local structure beneath the path and the
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average model for northern Australia obtained by Ken-
nett et al. [1994].

The base of the high-velocity lid remains difficult
to define accurately from seismic anomalies. From
the path averaged models of Figure 7 and using the
strongest negative gradient as indicator, we would place
the base of the lid somewhere between 150 and around
200 km for most of Precambrian Australia. However,
the cross sections in the tomographic model (Plate 4)
and the map at 200 km in Plate 2c¢ suggest that for a
significant part of the continent, the thickness of the
high-velocity lid reaches or exceeds 200 km. A slight
low-velocity layer is probably present just below the
lid. The existence of deep anomalies below 400 km with
apparent connections to the surface is locally observed
but may result from the superposition of distinct pos-
itive anomalies. South of Mount Isa (at around 140°E
and 25 °S), however, the vanishing of the low-velocity
layer is likely to be associated with an anomalous thick
lid that may reach 300 km, as suggested in previous
studies.

The main differences from the model presented by
van der Hilst et al. [1998] and more recently by Simons
et al. [1999] occur below 200 km and so may be related
to the treatment of higher mode information and the
way in which the averaged models are interpreted. In
the CL approach to waveform inversion the fundamental
and higher modes are treated together, and the highest
frequency that we have used is 0.025 Hz (40 s period).
In contrast, the PWT approach used by Zielhuis and van
der Hilst, [1996] and van der Hilst et al., [1998] sepa-
rates the fundamental and higher mode segments of the
seismograms by group velocity filtering and then uses
different frequency bands for the inversion of the seg-
ments. Frequencies up to 0.05 Hz have been considered
for the higher modes, which approach the limits of the
simple approximations underlying the technique. The
size of wave speed variations across the region suggests
that mode coupling may need to be taken into consider-
ation for the higher modes at short periods. Since both
styles of inversion are expected to have similar nomi-
nal resolution, the differences suggest that we should
be wary of interpreting features on scales < 300 km in
these models.

5.2. Anisotropy

The comparison of our azimuthal anisotropy maps
with other results is not straightforward, since no pre-
vious surface waves work is available with a comparable
lateral resolution, except the results of the preliminary
inversion reported by Debayle [1999]. As observed by
Debayle [1999], a complex pattern of anisotropy is ob-
served at shallow depths, turning to a smoother pattern
at a depth of 150 km. This is supported by recent global
azimuthal anisotropy maps (J. Trampert, personal com-
munication, 1999), and in a general way, the smooth
anisotropy obtained at depths larger than 150 km agree
with previous global [e.g., Montagner and Tanimoto,

DEBAYLE AND KENNETT: UPPER MANTLE ANISOTROPY BENEATH AUSTRALIA

1991] and regional [Lévéque et al., 1998] studies. Some
SKS observations are available for the Precambrian cra-
tons of Australia [Clitheroe and van der Hilst, 1998],
but most of the splitting has been attributed to the
crust. On the eastern margin of the continent, where a
deeper origin is plausible, the observed directions may
result from the superposition of two anisotropic layers
with different fast axis azimuth [Girardin and Farra,
1998]. At the permanent CAN station our results are in
qualitative agreement with the two layered anisotropic
model of Girardin and Farra [1998]. Our directions are
also consistent with SKS splitting observations at the
NWAO and CTAO stations [Vinnik et al., 1992]. The
general agreement with previous work allows us to be
confident in a more detailed analysis of our maps.

The most striking feature of Plate 2 is a drastic
change from a complex anisotropy in the uppermost 150
km of the model to a smoother pattern at larger depth
with an alignment of fast axis close to the current direc-
tion of plate motion. This suggests an assoclation of the
shallow anisotropy with past deformations “frozen” in
the lithosphere, while the deeper part would correspond
to present deformation due to the northward motion of
the Australian plate.

Our understanding of the relationship between crys-
tallographic orientation and mantle deformation comes
from theoretical studies and observations of mantle
peridotites [Nicolas and Potrier, 1976; McKenzie, 1979;
Christensen, 1984; Nicolas and Christensen, 1987; Ribe
and Yu, 1991; Mainprice and Silver, 1993]. In a gen-
eral way, the fast a axis of olivine crystals is expected
to be parallel to the direction of maximum extension.
However, for large strain and at sufficiently high tem-
perature and pressure (1500 K and 300 MPa), simple
shear should orient the a axis closer to the flow di-
rection [Zhang and Karato, 1995]. At the bottom of
the plate we expect the relative movement of the litho-
sphere over the underlying mantle to produce simple
shear. Whether anisotropy is parallel to the flow or
closer to the maximum extension direction is not critical
as we only resolve the horizontal projection of seismic
anisotropy, which in both cases is along the azimuth of
the flow. At lithospheric depths we expect the a axis
of olivine crystals to be close to the extension direction.
In a collisional regime the extension direction is in the
plane perpendicular to the collision direction and can
be either vertical or horizontal. For a vertical a axis we
would expect no significant azimuthal anisotropy, and
for departure from the vertical, azimuthal anisotropy
should orient with the axis of greatest horizontal elon-
gation, perpendicular to the collision directions. For
strike-slip boundaries, azimuthal anisotropy is expected
to be in the extension direction, close to the azimuth of
the fault for large strains. The relations between ob-
served azimuthal anisotropy and the tectonic processes
responsible for mantle deformation are therefore very
similar to those discussed by Silver and Chan [1991] for
vertically travelling core shear phases.



DEBAYLE AND KENNETT: UPPER MANTLE ANISOTROPY BENEATH AUSTRALIA

a) initial

SVs(%) Vs, o= 4.5 kmis

=
13 150" 180°
b} final {z=100 km)
3 i L
i el - | 2%
4T : 4.7 .
§ itk ot . i FTili 1]
L I N : ¥ -: : : : : : : ; r..: :i\-
I IR (R - (] R s L
MY PR . Ao N & -
R ® #|® & LI o i o w W W
- - = - = - - *
i = 3 = .r Sl l:/ ' I- -
. = = i = W @ 4 o @& "
40 a i a
a _ & TR R .
| L ) i = T
W, & e [ W |
Im = : -10.00
120° 1508 180

Plate 5. Synthetic experiment on the trade-off between velocity and anisotropy. (a) The input
model for the shear wave velocity at a depth of 50 km for the isotropic 3SMAC model of Nataf
and Ricard [1996]. (b) The azimuthal anisotropy arising from the trade-off between heterogeneity
and azimuthal anisotropy

25.445



25,446

Since Archzan times, a large number of tectonic
events affected the diverse components of Australia.
Most of the important faults have acted in compres-
sion, extension, or strike slip many times, and in the-
ory, it would probably be possible to find a tectonic
event that explains any pattern of anisotropy in many
parts of Australia. Our investigation is, however, sim-
plified by the fact that the mobility of olivine crystals
at temperatures below 1100-1200 K is very low but is
sharply enhanced at higher temperatures [e.g., Estey
and Douglas, 1986]. Thus we expect the last thermal
event that heated the lithosphere above the threshold
value to erase old anisotropy and to control the observed
pattern.

The main evidence that would support the presence
of frozen anisotropy in the lithosphere comes from the
east-west trend observed at 100 km depth in central
Australia beneath the Arunta Block and the north of
the Amadeus Basin (Plate 2a). The last significant tec-
tonic event that affected central Australia is a north-
south compression during the late Devonian to middle
Carboniferous (350-320 Ma) Alice Springs orogeny. The
main lithospheric shortening was accommodated along
the Redbank Thrust Zone, an east-west lithospheric
scale shear zone located north of the Amadeus Basin
and extending to depth of at least 50 km [Shaw et al.,
1992]. The east-west direction of fast SV wave propa-
gation in central Australia at depths shallower than 150
km follows closely the Redbank Thrust Zone located at
a latitude close to 24°S and eastward of 130°E. More
generally, the east-west fast directions observed in cen-
tral Australia would be in agreement with a north-south
compression between two rigid blocks, the North Aus-
tralian and the South Australian cratons [Shaw et al.,
1996].

Frozen anisotropy in the lithosphere would also be
supported by the observation that the three Precam-
brian crustal blocks (North, South, and West Australian
cratons) have a distinct anisotropic signature. The
West Australian craton has experienced a north-south
to NE-SW extension contemporaneous with the Alice
Springs orogeny. This is in general agreement with our
anisotropic directions, but the poor azimuthal coverage
available in western Australia makes further discussion
futile. The NE-SW anisotropy beneath the Kimber-
ley follows the geological trend [Wellman, 1998], but
it 1s less clear for some other parts of the North Aus-
tralian craton. We would for example expect north-
south directions beneath the Mount Isa and George-
town Inliers [Wellman, 1998]. In South Australia, the
NW-SE anisotropy is also in disagreement with the ge-
ological trends on the western part of the Gawler cra-
ton. Anisotropy on the eastern margin of the continent
has a complex pattern and seems to follow the edge
of the North Australian craton north of 25°S. Alter-
natively, the east-west direction on the southern mar-
gin of the North Australian craton may be related to
the lateral extrusion of material following the north-
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south compression during the Alice Springs orogeny [J.
Braun, personal communication, 1999]. South of 25°S,
the roughly east-west directions are more difficult to ex-
plain as they do not fit with a simple model of terrane
accretion on the margin of a craton. However, our di-
rections beneath Canberra are in good agreement with
those obtained at lithospheric depth by Girardin and
Farra [1998] from analysis of shear wave splitting for
teleseisms.

As reported by Debayle [1999], the depth of 150 km
represents an abrupt change in the anisotropy distribu-
tion. A smooth pattern is observed (Plate 2b), with a
dominant north-south direction in central and western
Australia. The large data set involved in the current
inversion allows us to refine the direction of anisotropy
in some parts of the map at 150 km, especially on the
eastern margin of the continent, east of 140°E, where
the fast directions seem to follow the edge of the craton
(Plate 2b), a less pronounced feature in the preliminary
inversion. The present map at 150 km depth remains,
however, very close to the result of the preliminary in-
version, yielding the same conclusion: The smooth pat-
tern observed at 150 km depth is clearly not compatible
with short-wavelength lithospheric deformations and re-
quires the existence of large-scale processes in the man-
tle. The agreement between our anisotropic directions
in central and western Australia and the northward
movement of the Australian plate suggests the most
likely candidate is shearing of the mantle by the plate
motion. Shearing compatible with present-day defor-
mation is thus observed in the Australian Precambrian
mantle at depths as shallow as 150 km (Plate 2b). This
apparent change in the nature of seismic anisotropy
does, however, not seem to be associated with a clear
change in the S velocity structure even though a change
in anisotropy has often been associated with a change
in seismic velocities [e.g., Karato, 1992; Gaherty and
Jordan, 1995].

The wave speed variations as displayed in Plates 1,
2, and 4 show no noticeable change in character near
150 km depth where the anisotropy changes. It would
appear that present-day deformation is occuring within
the region of high seismic wave speeds. Similar con-
clusions have previously been reached by Vinnik et al.
[1992, 1995] from SKS observations. They noted that
according to the current accepted geotherm [see, e.g.,
Davies and Richards, 1992] the temperature within the
Precambrian cratons is likely to reach the threshold
value of 1100-1200 K, at which the mobility of olivine
is sharply enhanced just above 150 km depth. They
conclude that below 150 km depth, past deformation is
not likely to be preserved as it would be erased by more
recent deformation. Qur results support this scenario.

The high seismic wave speeds outlining the “lid”
would correspond to a “seismic” definition of the litho-
sphere likely to be related to processes in the mantle
of thermal or compositional origin (e.g., via depletion
of the cratonic keel). The depth at which present-day
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deformation occurs within the upper mantle would de-
fine a “mechanical” lithosphere, the part of the mantle
which has coherent horizontal motion. Present defor-
mation in the base of the high-velocity lid may thus
occur when the conditions in the mantle at a given
depth favor the orientation of olivine crystals. This
in turn implies a correlation between the lid thickness
and the depth at which present-day deformation is ob-
served. We note that in the thickest part of the root,
where the mantle is cooler, a larger resistance to man-
tle flow is opposed. This can be seen near Mount Isa
and the Lachlan Fold Belt, where a NE-SW deflection
of the anisotropy is observed between 150 and 200 km
depth (Plate 2b, ¢). The tentative observation that the
deep positive anomaly beneath Mount Isa and the Lach-
lan Fold Belt are progressively shifted toward the south
from 200 to 300 km suggests that significant shearing
occurs, deforming the deep part of the root by a few
hundred kilometers in few hundred million years. Fi-
nally, east of 140°E, the anisotropy directions are not
simply related to the northern motion of the Australian
plate at 150 km depth. A possible scenario is to invoke
channelling of the asthenospheric flow around the edge
of the craton to explain the NE-SW directions east of
140°E. A similar model has already been proposed for
central Europe [Bormann et al., 1996] and is plausible
in North America [Barruol et al., 1997; Fouch et al.,
1997].

Present-day deformation appears to occur between
150 and 250 km depth beneath Precambrian Australia.
The upper limit seems to be related to the mobility of
olivine crystals in the Precambrian mantle. The lower
limit may be associated with the vanishing of significant
deformation or with a change in the mode of deforma-
tion, e.g., from dislocation creep to diffusion creep, as
suggested by Karato [1992]. Below 250 km we found no
clear evidence of azimuthal anisotropy. Our observa-
tions are thus complementary to the results of Gaherty
and Jordan [1995], who found significant anisotropy lo-
cated in the upper 250 km of the mantle in a trans-
versely isotropic model for a single NW-SE corridor ac-
cross Australia. It seems, however, that the azimuthal
anisotropy cannot be simply interpreted as frozen in
the lithosphere, since plate motion deformation is in-
ferred in the mantle below 150 km depth. This agrees
with the results of Tong et al. [1994], and Lévéque et
al. [1998] and with the previous study of Girardin and
Farra [1998] for eastern Australia.

Finally, we note that our results for Precambrian
Australia are consistent with models for other shield
regions. A shght low-velocity layer for S waves at a
depth of around 200 km has been found beneath the
Canadian Shield [Brune and Dorman, 1963], the Baltic
Shield [Calcagnile, 1991], and southern Africa [Qiu et
al., 1996]. In southern Africa the average lithospheric
structure has been determined from teleseismic receiver
functions, travel time measurements, and waveform in-
version of surface waves. Qiu et al. [1996] proposed
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a high-velocity lid 120 km thick underlain by a low-
velocity zone. However, a revised S wave model has
been suggested for the same region that satisfies both
regional seismic waveform data and the fundamental
mode Rayleigh wave phase velocity data for the region
[Priestley, 1999]. This model includes a high-velocity
lid that extends to 160 km for the Archaean core. In
addition, anisotropy parallel to the flow was found be-
neath the Kaapvaal craton of southern Africa by Vinnik
et al. [1995]. They conclude that present-day defor-
mation should occur below 150 km in the mantle and
perhaps until 400 km depth. Our results would support
their suggestion that the deep continental root defined
by the seismic anomalies may be deformed by plate mo-
tion.

The observation that at least two layers with signif-
icant anisotropy but different directions are observed
in the Australian continental mantle suggests that care
should be taken in the interpretation of anisotropy di-
rections from observations of SKS splitting. There
is a critical need to develop techniques for mapping
anisotropy as a function of depth. Work is in progress
for the Australian region on the polarization anisotropy
inferred from the discrepancy in dispersion between
Love and Rayleigh waves as a means of investigating
the depth extent of anisotropy using an independent
data set.

Appendix A: Path-Averaged
SV Velocity Models

In this appendix we demonstrate that the averaging
of phase slowness along the path implies that the 1-D
model recovered from the waveform inversion will rep-
resent an average of the shear slowness along the path.

Equation (1) can be applied to perturbations in phase
slowness and becomes

1 1 1
A[CfS:IIF/A[C—Z]&] ds,

es

(A1)

where the index ¢ denotes period.

The relation between a perturbation of the phase
slowness A[1/C}] (for period i) and a perturbation of
SV slowness A[1/8,;] (at depth j) is weakly nonlinear
and can be approximated with the following first-order
relation: ) .

A [3]] _Zi:HﬁA [C] (A2)
where H;; is the operator which contains the partial
derivatives of the phase slowness with respect to shear
slowness which can be found from the results given by,
e.g., Takeuchi and Saito [1972]. Substituting (Al) in
(A2) ylelds

1 1 1
A[—S—s]jzﬁ/;HﬂA [—Cm]ids (A3)

€s
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and also from (A2)
1 1
A [ loc] :ZHjiA l:Cloc:I.’
v j i 1

where (i°¢ is the local value of the shear velocity at each
point (6, #) along the path at a depth j. We can there-
fore express the effective shear slowness for the path at
depth j as a path integral of the shear slowness in the
local models at this depth

1 1 1
es es / loc ds
v L v

es

(A4)

(A5)

Thus the 1-D SV models 3;3 obtained from the wave-
form inversion can be regarded as corresponding to the
integral of the local shear slowness along the path.
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