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Lithosphere
derived from the cross-correlation of the ambient seismic wavefield at different
stations has recently become an important tool in seismology. We here present a continent wide study of the
Australian crust based on the exploitation of continuous data from extensive portable broad-band
deployments across Australia and the permanent stations. Permanent stations play a valuable role in
linking the information from different portable deployments. Over 2000 Rayleigh wave components of the
Green's functions are extracted from the inter-station cross-correlations and provide a reasonably uniform
sampling of the continent. Rayleigh wave group velocities are extracted for the period range from 5 s to
12.5 s. The group dispersion from the various paths are inverted to produce group wavespeed maps based on
a 2°×2° grid using a nonlinear-iterative 2-D tomographic scheme with updating of propagation paths using
the fast marching method. The group wavespeed maps display prominent features with lowered
wavespeeds. For the shortest periods these features are mostly associated with the regions of thick
sedimentary sequences, such as the Amadeus and Officer basins in central Australia. At the longer periods
reduced wavespeeds are most likely due to elevated temperatures and link well to estimates of crustal heat
flow. The major cratonic blocks show faster group wavespeeds, and the Archaean cratons of Western
Australia are particularly fast with some indication of internal structure linked to terrane boundaries. The
transition from the Precambrian core of the continent, in the centre and west, to the Phanerozoic fold belts in
the east is not marked by any single well-defined anomaly in the crust, even though distinctive contrasts
have been mapped in the mantle lithosphere from surface wave tomography.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The Australian continent is comprised of a number of different
tectonic blocks with Archaean and Proterozoic blocks in the western
and central parts and relatively younger (Phanerozoic) units in the
east. The Archaean Cratons are some of the Earth's oldest regions and
carry information from the very early geological history of the Earth
when the supercontinents were present and tectonic processes were
possibly different than today (Betts et al., 2002).The separation of
Australia and Antarctica, once joined as a part of the supercontinent
Gondwana, began around 160 Ma along the southern margin of the
Australian continent and the separation was complete by around
95 Ma±5 Ma.

Another important feature of the continental structure is the
geological contrast between the Precambrian units in the west and
centre to the Phanerozoic units in the east (Fig. 1a). The boundary
between the Precambrian and the Phanerozoic is termed the Tasman
Line but there is generally limited outcrop, and so various definitions
have been proposed based on indirect geophysical evidence such as
magnetic and gravity lineations (Direen and Crawford, 2003).
Australia, ACT 2609, Canberra,
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Early seismic investigations of the structure of Australian Con-
tinent used explosion data (Cleary, 1967) and earthquake data from
short period instruments, e.g., Thomas (1969). These studies were
able to provide some evidence of a contrast in the structure beneath
the Precambrianwest and central Australia and the younger provinces
of east Australia. With the introduction of broad-band instrumenta-
tion, a number of temporary seismic experiments have been carried
out in Australia to provide more detailed images of structure. An early
result was the definition of strong contrasts in shear wavespeed
between eastern Australia and the old shield regions (Zielhuis and van
der Hilst, 1996).

The nature of crustal structure has been surveyed by Clitheroe et al.
(2000) based on receiver functions analysis. This work also included a
characterisation of the Moho discontinuity as either thin, broad or
intermediate. Collins et al. (2003) summarised crustal thickness
measurements, including those derived from early active source
seismic refraction and reflection experiments conducted across
Australia. In general, both classes of studies find a sharp Moho
discontinuity beneath the oldest Archaean regions and thicker crust
and a less distinct, or broader Moho beneath younger regions such as
south-east Australia. More detailed studies in the west using receiver
function analysis (Reading et al., 2003; Reading and Kennett, 2003)
have enabled variations in crustal S wavespeed within the Archaean
cratons of Western Australia to be examined at the scale of major
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Fig. 1. a) Tectonic blocks of Australia. b) Distribution of stations used in this study.
Triangles denote the temporary broad-band stations and hexagons show the
permanent broad-band stations. c) Great circle paths for the Green's functions used
in this study.
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terrane groups. The most recent work (Reading et al., 2007) has led to
insights into the formation of ancient lithosphere.

Surface wave tomography has been extensively used to examine
the lithospheric mantle. The study of Simons et al. (1999) showed that
the Tasman Line marking the edge of the Proterozoic shield does not
have a simple relationship with the contrasts in wavespeed structure
in the mantle. Further work continued to improve upon the resolution
and methods employed in previous studies and is summarised by
Kennett (2003). The review by Debayle and Kennett (2003) describes
the extraction of information on anisotropy from surface wave
observations in Australia. With the increasing coverage from the
datasets as a suite of portable instrument deployments covered the
continent, new techniques have been employed in surface wave based
imaging. Yoshizawa and Kennett (2004) introduced a 3-stage
approach for the inversion that allows the inclusion of finite frequency
effects and Fishwick et al. (2005), Fishwick and Reading (2008) made
use of multiple starting models to provide improved constraints on
the reliability of the shear wavespeed results.

The present study focuses on the structure in the crust across the
Australian continent using information derived from the correlation of
ambient noise between different pairs of portable and permanent
seismic stations. We exploit estimates of the Rayleigh wave compo-
nent of the interstation Green's functions as the main probe for
imaging the structure of the Australian crust. All of the available
broad-band data recorded in the period from 1992 through 2006 was
analysed to produce Green's function results from which Rayleigh
wave group velocity estimates were derived. Tomographic inversion,
with full propagation path updates, are used to construct 2-D images
for group wavespeed appropriate to upper and middle crustal depths
(5–20 km). Our results reveal a complex seismic velocity structure
through the crust that had not been previously studied at the
continental scale because of the limited number of local earthquakes
and the paucity of permanent seismic stations.

2. Data

Only a limited number of high-quality permanent seismic stations
span the Australian continent and so temporary experiments using
portable broad-band equipment have been a major source of
information on the structure of the Australian continent. The Research
School of Earth Sciences, The Australian National University has
conducted an extensive campaign of portable experiments since 1992,
covering most of the continent with deployments of 5 months or
more, many in areas with difficult environmental conditions. In the
earlier experiments typically 10 stations were deployed at a time, but
since 1999 about 20 stations have been used in each deployment. The
distribution of the portable stations and available permanent stations
is displayed in Fig. 1b. The gaps in western Australia reflect desert
areas with limited access.

This study combines the broad-band data from the various
portable instrument deployments. The ambient noise cross-correla-
tion technique relies on having simultaneous recordings of the noise
field at two separate seismic stations so that the Green's function
between them can be extracted. Because the different deployments
of portable instruments occurred at different times, we are not able
to exploit all of the possible paths that might be envisaged from
Fig. 1b. However, we are able to exploit permanent stations from the
IRIS, GEOSCOPE, and Geoscience Australia networks to act as tie
points between different deployments, since the majority of these
stations have data availability extending over a period during which
several portable deployments were made. All of the available vertical
component broad-band data from the portable and permanent
stations were used in the construction of Green's function. The
shortest duration employed was 15 days, and in some cases it was
possible to exploit several years of data. In all 2299 individual cross-
correlation stacks were constructed for the interstation Green's
functions. The set of interstation paths provides a quasi-uniform
coverage within the continent (Fig. 1c). The margins of the continent
are less well sampled, and there is slightly better sampling in the
south of the continent compared with the north, which reverses the
familiar pattern for the exploitation of data from the regional
earthquakes around Australia.
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3. Ambient noise cross-correlations

The idea of extracting information from a system by using random
signals has its roots in electrical engineering and the fluctuation–
dissipation theorem of quantum physics. Lee (1960) showed that it is
possible to estimate the response of a linear system by cross-
correlating the input and the output signals, when the system is
excited with white noise. In geophysical work Claerbout (1968)
demonstrated that the autocorrelation of the transmission response of
the Earth corresponds to the superposition of the reflection response
and its acausal counterpart. This approach was then applied in
helioseismology to estimate the impulse response for the Sun by
Duvall et al. (1993). Weaver and Lobkis (2001) used thermally
induced random waves measured at two different points on a granite
block, and then cross-correlated to find the elastic impulse response
(Green's function) between these points. Following this work, Shapiro
and Campillo (2004) adapted this idea to seismic waves andwere able
construct the Rayleigh wave component of the Green's function
between two broad-band stations by cross-correlating the ambient
seismic noise recorded at the two stations. Sabra et al. (2005) and
Shapiro et al. (2005) conducted tomographic imaging of the
Californian region by exploiting the dispersive properties of the
Green's functions extracted from ambient-noise correlations. Since
these pioneering studies the ambient-noise technique has been
applied to several regions across the globe, e.g., Southern Korea
(Kang and Shin, 2006), the Iberian peninsula (Villaseñor et al., 2007),
the south-eastern part of the Tibetan plateau (Yao et al., 2006), Iceland
(Gudmundsson et al., 2007) and the western part of the USA
(Moschetti et al., 2007; Lin et al., 2008).
Fig. 2. The extracted Green's functions of Rayleigh waves from cross-correlations between te
Australia) across Australia with given minimum and maximum interstation distances. Signa
The present study extends the approach to cover most of the
Australian continent. We use continuous broad-band data from the
vertical components of over 120 temporary and permanent seismic
stations operated across Australia in the period between 1992 and 2006.

The cross-correlation technique can be summarised as follows. For
two stations A, B the cross-correlation integral can be written as,

G xA; xB; tð Þ= ∫ ∞
−∞v xA; τð Þv2 xB;t+ τð Þdτ; ð1Þ

where v(xA, t) and v(xB, t) represent the continuously recorded seismic
velocity field at the stations A and B. Snieder (2004) showed that the
result of the cross-correlation operation (1) is the time derivative of the
sum of the Green's function between the two stations and its time
reversed image. Thus a frequency dependent amplitude correction has
to be applied to (1) to construct the true Green's function. Differentia-
tion in time also creates a phase shift between the result of the cross-
correlation and the true Green's function. Since we only measure group
wavespeed from the envelope of the estimated Green's function, this
phase discrepancy is ignored and (1) is used in the actual calculations.
Our data processing methodology is very similar to that of Bensen et al.
(2007) but we have not introduced any modifications to the spectrum
by, e.g., one-bit normalisation, spectral whitening or bandpass filtering.

To extract Green's function from the vertical component of the
ground-velocity records, we have used the following scheme:

• Prepare daily SAC files for each of the stations.
• Remove the spurious records due to instrumental problems.
• Divide each of the full day records into 4 h segments, and then
compute the cross-correlations for the corresponding station pairs
with a 1 h overlap.
mporary broad-band stations and a permanent broad-band station (CTAO-northeastern
ls are normalised to unity.
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• Average the cross-correlation segments to create a daily estimate.
• Stack all of the averaged cross-correlations for the individual days to
improve the signal to noise ratio of the final Green's function.

In this procedure, we do not attempt to exclude seismic events but
use long-term averaging to enhance the coherent contributions to the
Green's function. In Fig. 2, an example of a record section as a function
of distance from the permanent station CTAO in northern Queensland
is presented, which is created from the cross-correlation of data from
all available temporary stations that operated with the records at
CTAO. It has proved possible to obtain high quality rendering of the
Rayleigh wave component out to distances of over 3000 km from
CTAO. Some degree of multi-pathing of the Rayleigh waves is visible in
the unfiltered records shown in Fig. 2. For uniform spatial excitation of
the noise field the positive and negative components of the estimated
Green's functionwould be of equal amplitude. However, the dominant
source of noise for CTAO comes from microseisms from the Tasman
Sea to the west, rather than the continental area to the east. This
asymmetry of noise sources leads to the preponderance of contribu-
tions to the positive time response.

3.1. Group wavespeed from Green's functions

The frequency content of the extracted Green's function has a
strong dependence on the interstation distance. With increasing
offset, higher frequencies tend to diminish because of the attenuative
properties of the Earth and so Rayleigh waves tend to dominate the
extracted Green's function. However, Roux et al. (2005) showed that it
is possible to obtain P wave component of the Green's function for
closely-spaced receivers with interstation distance less than 11 km. In
our analysis, the minimum interstation distance was over 100 km,
therefore the Rayleigh wave component of the Green's functions was
observed. To find a common frequency range for the group wavespeed
measurements from varying interstation distances, we use the period
interval from 5 s to 12.5 s, where most of the extracted Green's
functions carry structural information. For longer periods (N12.5 s),
the number of measurable Green's functions decreases significantly. In
Appendix B, we show the results from a test case with longer period
Green's functions. This example shows that with the current data
geometry, it is not possible to get a reasonable tomographic image for
the Australian continent for these periods.
Fig. 3. The effect of bandpass filtering on the Green's function between stations FORT
andMG01with a separation of 11.83°. Centre period a) 5 s, b) 6.6 s, c) 8.3 s, and d) 12.5 s.
The group wavespeed measurements are carried out by following
the scheme of Dziewonski et al. (1969), where a number of narrow
band Gaussian filters are applied to the surface wave and the arrival
time for each period is measured by picking the maximum of the
envelope of the signal (see Fig. 3).

4. Tomographic inversion

We apply a nonlinear 2-D tomographic inversion technique for
estimating the group wavespeed variations derived from the disper-
sionmeasurements from the Green's functions. The propagation paths
between the stations are updated at successive iterations so that the
influence of the path length can be taken into account.

The fast marching method (FMM) (Sethian and Popovici, 1999;
Rawlinson and Sambridge, 2004a,b) is a grid based eikonal solver used
in the first step of the inversion for setting the forward problem. The
FMM is based on wavefront construction and has certain advantages
over conventional ray tracing basedmethods. FMM offers stable, robust
solutions for wave propagation even in highly heterogeneous media,
whereas conventional ray tracing methods may fail to converge to the
true two-point path, even in the presence of relatively simple structures
(Rawlinson and Sambridge, 2004a; de Kool et al., 2006).

The second step of the inversion procedure is based on a local
linearisation of the problem about the current model to seek the
perturbation of the model parameters to match the group wavespeed
measurements. We use the subspace method (Kennett et al., 1988) to
reduce the computational cost of this step. The objective function for
the tomographic inversion problem can be written as

Φ mð Þ= g mð Þ−dobsð ÞTW−1
d g mð Þ−dobsð Þ+ � m−m0ð ÞTW−1

m m−m0ð Þ+ ηmTDTDm; ð2Þ

where g(m) are the predicted group traveltimes from the model,
dobs are the observed group traveltimes, Wd is the data weighting
matrix, m0 is the reference model, Wm is the model parameter
covariance matrix, D is flatness/smoothness matrix, ε is the damping
parameter, and η is the smoothing parameter.

Following Rawlinson and Sambridge (2003) we find the minimum
of the objective function with the subspace method, which is an
iterative-nonlinear solver. The subspace method works by projecting
the quadratic approximation of Φ onto an n-dimensional subspace of
the model space. The perturbation is given by

δm=−A AT GTW−1
d G+ �W−1

m + ηDTD
� �

A
� �−1

AT γ̂ ; ð3Þ

where A=[a j] is the M×n projection matrix, G is the Fréchet
derivatives matrix, γ̂ is the gradient vector (γ=∂Φ/∂m and γ=W-
mγ̂). The search directions are given by aj where the first search
direction a1 corresponds to steepest ascent. We have used a 6-
dimensional subspace in the inversions presented in this paper.

Once the model perturbation is estimated, we update the current
model and then retrace the propagation paths using the FMM scheme.
The combination of the FMM for calculation of the forward problem
and the subspace method for inversion provides stable and robust
tomographic imaging.

4.1. Resolution and parameter tests

To investigate the potential resolution of the tomographic results,we
have used a synthetic checkerboard test with the actual path
distribution. For the 2-D group velocity problem we specify an
alternating pattern of low and high velocity perturbations and then
try to recover this pattern with the available path coverage. Two sets of
tests were conducted for perturbations with horizontal scales of 2°×2°
and 1°×1° with a maximum velocity perturbation of 1 km/s, with
addition of Gaussian noise to eachof the pathswith a standard deviation
of 0.8 s. The inversion was then carried out with the subspace method.



Fig. 4. Checkerboard tests: a) input model for 2°×2° anomalies with a maximum velocity perturbation of 1 km/s; b) estimated velocity model for 2°×2° anomalies with the
maximum available raypath coverage; c) input model for 1°×1° anomalies with a maximum velocity perturbation of 1 km/s; and d) Estimated velocity model for 2°×2° anomalies
with the maximum available raypath coverage.
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Although, checkerboard tests provide useful information for
assessing the reliability of the tomographic inversion, some care has
to be taken in interpreting the success of the recovery of the synthetic
structure as an indicator for the results for the real structure. Lévêque
et al. (1993) have shown that a simple checkerboard test only depicts
the resolution for a certain class of anomaly, since it is possible to
recover small scale structure using particular path coverage that may
not able to resolve larger scale anomalies.

From the checkerboard results (Fig. 4), we can infer that the general
recovery is good for both of the cell sizes. However, at the edges and in
mid-west Australia, we see limited recovery of structure in some
patches, and further horizontal smearing is evident due to the gaps in
the recorder coverage and the distinct time periods for the different
temporary deployments. The smearing effects are most visible for the
1°×1° cell size. We employ a 2°×2° grid in the inversion to
accommodate these effects. Nevertheless, the distributions of available
paths from the cross-correlation analysis provide a reasonable imaging
of horizontal gradients in groupwavespeed through theAustralian crust.

4.2. Tomographic model

The 2-D maps of the group wavespeed of the Rayleigh waves
derived from the tomographic inversion of the group velocity
estimates from the ambient noise correlations are displayed in
Fig. 5. The rather large variations in group wavespeed require a fully
nonlinear inversion with update of propagation paths. There are
substantial deviations from the great circle paths especially around
the regions with lowered wavespeed.

The trade-off between the data and satisfying the regularization
constraints were explored by inverting with different sets of damping
and smoothing values from a range of 0 to 50,000. Although wide
range of parameters was investigated, the final images did not show
major differences.

The tomographic images presented in Fig. 5 correspond to different
frequency components of the surfacewave propagation and so sample
the Australian crust at different depths. The synthetic test detailed in
the Appendix A (Fig. 7) suggest that the images for periods of 5 s and
6.6 s will be dominated by the 2-D structure of the thick sediments of
Australian continent, particularly for the regions of lowered group
velocities. On the other hand, the images from 8.3 s to 12.5 s will
largely have the signature of the structure from midcrustal depths
(10–20 km). For the relative high frequencies being considered, the
features seen will correspond directly to the structure beneath the
mapped points.

There is a good spatial correspondence between the features of the
group wavespeed anomaly map and aspects of the major geological



Fig. 5. Results of group velocity tomography for the Australia continent using Rayleigh wave data extracted from ambient noise for different period ranges. a) 5 s. b) 6.6 s. c) 8.3 s.
d) 12.5 s.

121E. Saygin, B.L.N. Kennett / Tectonophysics 481 (2010) 116–125
provinces of Australia shown in Fig. 6a. The estimated group
wavespeeds vary from 1.8 km/s in the east to 3.6 km/s in the west
with an average velocity of 3.2 km/s. The lowered wavespeeds have a
strong correlation with the thick sedimentary cover and petroleum
deposits.

The images in Fig. 5 have been constructed without any a priori
geological input, but reproduce many known features of the surface
geology with considerable fidelity. As expected the lowered group
velocities for the shortest period (5.5 s) shown in Fig. 5a correlate very
well with the known sedimentary basins and petroleum deposits (see
Fig. 1a). In particular the bifurcation of the western lowered group
velocities in central Australia corresponds to the wrap of sediments
around the Musgrave Block. This feature cannot be reproduced
without including path updates in the inversion. The sharp boundary
(Fitzroy Trough) between the Canning Basin and the King Leopold belt
at the southwestern edge of the Kimberley Block is also very clear as a
termination of the high group wavespeeds.

In addition to the prominent zones of lowered group wavespeed
we see variability within the zones with the faster group speeds. In the
Yilgarn Craton of Western Australia the patterns resemble the
variations inferred by Reading et al. (2007) from receiver function
analysis, with a link to terrane boundaries. It is interesting to note that
the strong contrast in the age of crustal material between central and
eastern Australia does not have a direct expression in any of the
images in Fig. 5; this point is taken up below. We do see prominent
areas of low wavespeed beneath the surface cover including an
embayment into central Australia extending as far as the Amadeus
Basin.

5. Discussion

The group velocities in the period range we have studied are
strongly influenced by the presence of sediments and by the physical
properties at upper- tomidcrustal depths.We have therefore used two
different but closely linked approaches to interpret the feature of the
tomographic images for different depths.

From the modelling of the Rayleigh wave derivatives in the
Appendix A (Fig. 7), the high frequency surface waves are particularly
sensitive to near surface structure. The sediments will be thus have
the greatest influence on the images at the shortest period, and this is
indeed seen. There is a strong correlation of some of the major low
velocity anomalies of the images with sediment thickness. In Fig. 6b, a
map of sediment thickness for Australia is presented using a 2°×2°
grid (Laske and Masters, 1997).

For the longer periods, the sampling area is in midcrustal depths
(10–20 km), where seismic velocity is higher. Low group velocity is



Fig. 6. a) Tectonic provinces of Australia with matching anomalies (1–6) of tomographic images from 5 s, 6.6 s, 8.3 s and 12.5 s. b) Sediment thickness map (Laske and Masters, 1997)
with matching low velocity anomalies (A–D) of tomographic images from 5 s and 6.6 s.c) Estimated crustal temperature map at 5 km depth (Somerville et al., 1994) with matching
low velocity anomalies (I–IV) of tomographic images from 8.3 s and 12.5 s. d) Shear wavespeed tomographic model at 75 km with variations respect to the global reference model
ak135 of Kennett et al. (1995) and Fishwick and Reading (2008).
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associated with reduced wavespeeds in this depth interval. Tempera-
ture effects have a much strong influence than typical compositional
variations; elevated temperatures will markedly reduce seismic
velocities (Spencer and Nur, 1976; Duffy and Anderson, 1989;
Christensen and Mooney, 1995). In Fig. 6c we show the map of the
crustal temperatures at 5 km depth, estimated from the boreholes
(Somerville et al., 1994). Some of the features in the tomographic
images of the longer periods (Fig. 5c,d) which do not directly correlate
Fig. 7. Group velocity derivative for P wavespeed (red), S wavespeed (blue), and density der
model is for the a cratonic structure with a crustal thickness of 30 km with a thick surface s
with the surface geology and the surface sediments information can
be explained by incorporating the effect of increased temperature on
the seismic wavespeeds.

Western Australia is the oldest and most stable part of the
continent. The Archaean cratons have the fastest group wavespeed
structure, which also complies with the previous findings of surface
wave studies e.g., Zielhuis and van der Hilst (1996), Fishwick et al.
(2005), Fishwick and Reading, (2008) for greater depths. However,
ivative (black) for the range of periods used in the noise correlation analysis. The basic
edimentary layer (3 km).



Fig. 8. The constructedGreen's functions fromTasmal experimentwith spectralwhitening.
Waveforms are filtered with 0.05 Hz narrow band filter and normalised to unity.
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the tomographic images of this study do not show a clear separation
between the boundaries of the Pilbara Craton in the north and the
Yilgarn Craton in the south, where the extracted group velocities are
higher than the other parts of the continent (Figs. 5–6a [2,3] and Fig.
1a). Additional stations have recently been deployed across this
transition so that improvements in resolution can be expected in the
future. The limited path coverage at the western margin of the
continent means that we do not have structural control for this region.

The tomographic images for central Australia display some striking
features. Between the Western Australian and the North Australian
Craton, a low velocity regionwith velocities around 2.5 km/s indicates
the existence of thick sediments. The two branch structure of the low
velocity anomaly correlates with location of the Amadeus Basin in the
north and Officer Basin in the south (Figs. 5a,b–6a (Claerbout, 1968)
[4] and Fig. 6b [B,C]). The Musgrave Block is located between these
two basins and shows a clear signature on the tomographic images. In
the north, the location of Kimberley Block is well recovered from east
(Figs. 5a,b–6a (Bensen et al., 2007) [1] and Fig. 6b [A]). Although
Kimberley Block is covered with ancient sediments with little
basement exposed, Graham et al. (1999) suggested the existence of
an Archaean lithospheric–mantle keel from the analysis of isotopic
data. This idea is supported by the fast wavespeeds from the
tomographic images for longer periods. This result is consistent with
the high velocity anomaly for this region in the upper part of the
mantle lithosphere in the surface wave tomography of Fishwick et al.
(2005), Fishwick and Reading (2008) (Fig. 6d).

East of the North Australian Craton, theMt. Isa Block comprises one
of the largest Proterozoic areas in the continent (Betts et al., 2002).
This block shows up with a high group wavespeed in the tomographic
images (Figs. 5a–6a (Cleary, 1967) [6]), with a rather sharp southern
boundary that is frequency dependent. To the east of the Mt. Isa Block,
lies the Proterozoic Georgetown Inlier that has also fast group
wavespeeds around 3.2 km/s (Figs. 5a–6a (Clitheroe et al., 2000)
[6]). Simons et al. (1999) concluded that this block was underlain by a
rather thin high wavespeed zone in the mantle lithosphere with a
pronounced low velocity zone underneath this block. The dip in group
wavespeeds between the Mt. Isa and Georgetown Blocks is consistent
with the results from a 2007 seismic reflection survey between the
two blocks. It would appear that the two Proterozoic blocks are
separated by a zone of Palaeozoic material with perhaps a kilometer of
surface sediments.

In eastern Australia, considerable interest has been focussed on
the Tasman Line, marking the eastern edge of the Precambrian
shield areas of central and west Australia. The concept originated with
(Hill, 1951), but the limited surface outcrop has meant that various
correlations have been used to define different Tasman Line. Direen
and Crawford (2003) have compiled various types of geophysical
evidence and definitions of Tasman Line. Fishwick et al. (2005),
Fishwick and Reading (2008) and Kennett et al. (2004) have
presented the shear wave velocity structure for the Australian
mantle lithosphere, which shows a significant contrast between the
east, and the centre and west of the continent for depths below
75 km. In the tomographic images for the group wavespeed, the
shorter periods show multiple short velocity zones with velocities
lower than 2.0 km/s, which also coincide with the sediment thickness
map (Figs. 5a,b–6b [D]). However, the orientation of the anomalies
does not present a singlewell defined boundary between Precambrian
and Phanerozoic Australia. On the eastern fringe of the continent,
there is another low velocity region but we have to be careful in the
attribution of this structure, since the ray path distribution is rather
limited.

For longer periods, some of the low velocity anomalies show
strong correlation with the estimated crustal temperature at depth
even though the surface sediments do not extend to these depths
(Figs. 5c,d–6c [I–IV]). Several of these zones correspond to petroleum
provinces and the heat input is likely to have contributed to
hydrocarbon maturation. In eastern central Australia there is a
coincidence of sediments and high temperatures beneath (which
are being exploited in geothermal exploration).

In the southeast of Australia there is clear zone of reduced group
wavespeeds corresponding to the Bass Strait between Tasmania and
mainland Australia and its surroundings. This region has multiple small
sedimentary basins;withmajor oil production in the east,wherewe see
signs of possible temperature induced anomalies at the longest period.
In Bass Strait itself there is no significant sediment cover but reduced
group wavespeeds correlates with a shallow crustal temperature
anomaly (Fig. 6c [IV]). At the western end of this zone there are
prospective sediments, and also the influence of recent volcanismwith
the last eruption in southernmost South Australia at 6000 b.p.

6. Conclusions

We have achieved the first continent wide tomographic imaging of
the Australian crust exploiting cross-correlations of the seismic noise
between temporary and permanent stations. Permanent stations have
been used as tie-points to link results from the different portable
deployments that do not overlap in time.

The tomographic images from the inversion of the group
wavespeeds of the ambient-noise Green's functions clearly reveal
the major tectonic blocks in the crust. The Archaean cratons in
Western Australia have a distinctive signature mark with particularly
fast group wavespeeds. The location of the major sedimentary basins
is clearly mapped with shorter period surface waves such as Amadeus
and Officer Basins in central Australia and the Fitzroy Trough at the



Fig. 9. a) The raypaths of the interstation Green's functions employed in the tomographic inversion. b) Input checkerboard model. c) Recovered checkerboard model. d) The
tomographic image from the measured Green's functions at 0.05 Hz.
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edge of Kimberley. The transition to structural blocks with large
velocity contrasts is accurately recovered as in the Kimberley Block.

For longer periods, some of the low group velocity anomalies show
strong correlation with the estimated crustal temperatures at depth,
even though the sediments do not extend to these depths. This
suggests the significance of the elevated crustal temperatures for
producing slower seismic wave propagation.

The nature of the wavespeed anomalies in the region of the
transition from Precambrian to Phanerozoic Australia (Tasman Line)
do not suggest a single well defined boundary in contrast to the
tomographic images for themantle lithosphere (150–200 km) derived
from surface wave tomography studies (Fishwick et al., 2005;
Fishwick and Reading, 2008).
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Appendix A: Depth sensitivity

It is important to interpret the depth ranges sampled by the
different periods of the surface waves. We employ a velocity model
with a thick sedimentary layer (≈3 km) which occurs over much of
the Australian continent in addition to the surface regolith. In Fig. 7,
the derivatives of the group velocities are shown for the P, S and
density for the period ranges employed in the tomographic inversion.
For shorter periods, it is clear from the amplitude of the shear
wavespeed curve that the surface waves will sample more of the thick
sedimentary layer. But with increasing periods, the sampling area will
be confined to midcrustal depths of 10–20 km.

Appendix B: Longer period Green's functions

We perform a test case with the data from Tasmal experiment to
show the reason that why this study was not extended to the longer
periods of Green's functions. The Tasmal experiment ran between
2003 and 2005 with simultaneously operated 20 broad-band stations
in central and eastern Australia (see Fig. 9a) and until now it has been
the biggest temporary deployment carried out in Australia. The design
of this experiment was done in a way that the geophysical techniques
would image the possible transition of Phanerozoic Australia to
Precambrian Australia.
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In order to achieve a broader frequency response, we have
computed the Green's functions with a water-level type deconvolu-
tion (Helmberger andWiggins, 1971). This deconvolution has awater-
level parameter (c) which will act as spectral whitening operator
similar to the given one in Bensen et al. (2007).

Φ ωð Þ= v xA;ωð Þv4 xB;ωð Þ
uss ωð Þ ; ð4Þ

where

uss ωð Þ=max v xB;ωð Þv4 xB;ωð Þ; cmax v xB;ωð Þv4 xB;ωð Þ½ �½ �; ð5Þ

v(xA, ω) and v(xB, ω) are the Fourier transforms of the recorded
seismic velocity field at the stations A and B, and ⁎ denotes the com-
plex conjugation.

The phase response is then the same as for the cross correlation, but
the dependence on the amplitude spectrum of the noise is reduced. We
use 0.1 for the water-level parameter and then we filtered Green's
functions (Φ(t))with a narrow-bandfilter centred at 0.05Hz. At the end
of careful hand-picking, less than half of the (74) extracted Green's
functions showed consistent arrivals (see Fig. 8). We then employed a
2°×2° tomographic inversionwith thesemeasurements. The results are
given in Fig. 9d. Interestingly, a low velocity anomaly exists in the centre
of the image, which suggests that the proposed elevated temperatures
affect thewavepropagation at largerdepthswhere the sediments donot
extend. However, one should be cautious about the integrity of this
model, where resolution is crude due to the limited number of group
velocity measurements. The accompanying checkerboard test shows
extensive smearing in the eastern part of the network.

If we extend this analysis to the current data, the number of
measurable Green's functions will be significantly less than 2000 due
to the current geometry of the dataset; independent deployments and
limited number of permanent stations. In this case, it would be
questionable to recover a reasonable tomographic image for larger
periods.
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