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Teleseismic arrival time residuals from the WOMBAT transportable seismic array experiment are inverted to
construct a high-resolution 3-D P-wave velocity model of the upper mantle beneath southeast Australia. In
order to address one of the principal limitations of teleseismic tomography – that long wavelength structure
is filtered out when data from multiple arrays operating at different times are used – an initial model with
lower spatial resolution, derived from surface tomography, is constructed to preserve the broad scale features
that would otherwise be lost. Although the absolute velocities of the final model are not strongly constrained
due to the assumption of radial Vp/Vs ratios and differences in regularisation, the relative variations appear
robust across all scales. These reveal a wealth of features that can be related to the geology and tectonic his-
tory of the region, the most significant being (1) an easterly dipping velocity transition zone which involves a
higher velocity Delamerian Orogen extending beneath the Western Subprovince of a lower velocity Lachlan
Orogen; (2) a distinct region of low velocity in the upper mantle north of Melbourne, which can be associated
with recent Quaternary hot-spot volcanism; (3) a gradual east-southeast decrease in velocity towards the
coast, which is consistent with lithospheric stretching and thinning near a passive margin; and (4) a zone
of high velocity north of Adelaide that may correspond to the presence of the Palaeoproterozoic Curnamona
Province at depth. These results have important implications for the Palaeozoic evolution of the east margin
of Gondwana, the subsequent break-up of Australia and Antarctica and opening of the Tasman Sea.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Teleseismic traveltime tomography, which exploits relative arrival
time residuals from distant earthquakes to image crust and upper
mantle structure beneath a seismic array, has been widely used in
various parts of the world since the mid-1970s (e.g. Aki et al., 1977;
Benz et al., 1992; Graeber et al., 2002; Oncescu et al., 1984; Rawlinson
and Kennett, 2008; Saltzer and Humphreys, 1997). Reasons for its
popularity as an imaging technique include (1) the relatively low cost
of passive seismic deployments; (2) that local seismicity is not required,
so it can be used almost anywhere; (3) that lateral resolution is a function
of station spacing (and is limited only by the frequency of the impinging
wavefront); and (4) the coherency of waveforms across the array, which
enable high quality data to be extracted using cross-correlation type
techniques (e.g. Chevrot, 2002; Rawlinson and Kennett, 2004; VanDecar
and Crosson, 1990).

However, teleseismic traveltime tomography also has a number of
limitations, which have been widely recognised (Rawlinson et al.,
awlinson).
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2010a). These include (1) that relative arrival time residuals contain
information from outside the local model region; (2) that shallow
structure beneath the array cannot be resolved due to a lack of cross-
ing path coverage; and (3) that relative arrival times only constrain
relative variations in wavespeed. The issue of shallow structure is an
important one, particularly as many teleseismic arrays use stations
spacings (>30–40 km) that result in little or no crossing path coverage
in the crust. Given that the crust is often highly heterogeneous, it is
very likely that unwarranted structure will be mapped into the model
region. One of the most common methods for addressing this problem
is to include station terms in the inversion (e.g. Frederiksen et al., 1998;
Graeber et al., 2002), which are designed to absorb the traveltime
residual contribution from the unresolved structure. However, the
trade-off between station terms and velocity structure is difficult
to resolve (Rawlinson and Kennett, 2008). An alternative approach
is to use accurate a priori crustal models to account for shallow het-
erogeneity (e.g. Lei and Zhao, 2007; Martin et al., 2005; Waldhauser
et al., 2002). Although preferable to the use of station terms, this
approach only works if high quality prior information is available.
Likewise, if data from local earthquakes or active source surveys
are available, these can be simultaneously inverted with the tele-
seismic data to account for shallow structure (e.g. Rawlinson et
al., 2010b).
f the southeast Australian lithosphere from surface and body wave
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The use of relative arrival times in teleseismic tomography is nec-
essary in order to account for uncertainties in source origin time and
broad scale heterogeneities along the path between source and the
model region (which have an approximately uniform effect on the
portion of the teleseismic wavefront that impinges on the receiver
array). Apart from the limitation of relative velocity variations, the
cost of removing the absolute reference frame from the data is that
it becomes difficult to compare or combine data recorded at different
times from adjacent arrays. This shortcoming is particularly relevant
given the recent rise of transportable array experiments like USArray
(e.g. Roth et al., 2008) in the US and WOMBAT (e.g. Rawlinson et al.,
2011) in Australia. Rather than use relative arrival times in teleseis-
mic tomography, one could use absolute arrival times and embed
the local model into a lower resolution regional or global model,
which is either provided a priori or is inverted for simultaneously
(using, for example, data from global catalogues) with the teleseismic
arrival times. This approach was used by Burdick et al. (2008) to build
a high resolution model of the upper mantle beneath USArray, and
has the twofold benefit of accounting for structure outside the model
region and allowing data recorded by adjacent arrays to be properly
combined. Although origin time uncertainty can be included as an
unknown in the inversion, it will ultimately be a source of noise when
absolute time is used, as will strong heterogeneity in the neighbourhood
of the earthquake source.

Alternatively, information from surface waves can be used to provide
improved vertical resolution, and to obtain further information on the
absolute velocities. Simultaneous inversion of body wave and surface
wave datasets has been applied at a global scale for a number of years
(Antolik et al., 2003; Mégnin and Romanowicz, 2000). For regional
studies West et al. (2004) developed a technique for the joint inver-
sion of surface and body wave traveltimes. The method simply treats
surface waves as horizontally propagating rays with deep sensitivity
kernels, thus eliminating the problem of trying to combine datasets
of different dimension. More recently, Obrebski et al. (2011) jointly
invert surface-wave phase velocities and body wave traveltimes to
obtain a high resolution 3-D model of the velocity structure beneath
the western US.

In this study, we use complementary results from a continent-wide
surface wave tomography model to account for the long wavelength
structure that isfiltered outwhen relative traveltime residuals recorded
by multiple seismic arrays are simultaneously inverted. The technique
is applied to data from the ongoing WOMBAT transportable array
experiment in eastern Australia in order to significantly improve on
previous imaging results that only exploited relative arrival time resid-
ual information.

2. Geological setting

The lithosphere beneath eastern Australia was formed during a
protracted period of Palaeozoic orogeny that began in the Early Cambrian
and terminated in the Middle Triassic (Glen, 2005). The initiation
and continuity of this accretion was largely dictated by dynamic
processes along the east Gondwana margin, which extended some
20,000 km along what was then the east margin of Precambrian
Australia, through west Antarctica and into western Argentina.
The new and reworked lithosphere that formed as a result of this
activity, and now occupies the eastern third of the Australian conti-
nent, is commonly referred to as the Tasmanides or Tasman Orogen
(Foster and Gray, 2000; Glen, 2005).

In southeast Australia, the Tasmanides comprise the Delamerian
Orogen and the Lachlan Orogen (see Fig. 1) with the New England
Orogen out-cropping along the coast northeast of the Sydney Basin.
The Delamerian Orogen, which also includes the Adelaide Rift Complex,
contains evidence of the break-up of Rodinia and subsequent develop-
ment of the East Gondwana passive margin in the form of exposed
late Neo-Proterozoic–early Cambrian rift-related sequences (Gibson et
Please cite this article as: Rawlinson, N., Fishwick, S., Seismic structure o
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al., 2011). Contractual orogenesis was initiated at approximately
514 Ma and continued to about 490 Ma (Foden et al., 2006), when
a period of rapid uplift, cooling and extension commenced. Based on
strain fabrics and spatial distribution of subduction-related igneous
rocks, Foden et al. (2006) conclude that west dipping subduction
against the eastern margin of Gondwana produced the Delamerian
Orogeny, with slab roll back some 25 M.yr. later probably being re-
sponsible for its cessation.

South of mainland Australia, the Delamerian Orogen is thought to
extend into western Tasmania, where it is commonly referred to as
the Tyennan Orogen (Crawford et al., 2003; Reed et al., 2002). This
connection is reinforced by several studies that have examined the age
and geochemistry of various igneous rocks, related to both extensional
and contractual tectonics, and found strong similarities. For example,
Direen and Crawford (2003a, 2003b), have found paired suites of unusual
~580 Ma olivine rich mafic volcanics, together with rare ~515 Ma
boninites in both western Victoria and the mainland Delamerian
Orogen. Despite these similarities, there is still no consensus regarding
the tectonic setting of the Tyennan and mainland Delamerian orogens;
in the former case, Crawford and Berry (1992), Crawford et al. (2003)
and Reed et al. (2002) argue for the obduction of an intra-oceanic arc
as a result of continued easterly subduction outboard of Proterozoic
continental crust. This, however, is at odds with a number of studies
that favour westerly subduction during the Delamerian Orogen (e.g.
Betts et al., 2002; Foden et al., 2006).

The Lachlan Orogen, which formed outboard of the Delamerian
Orogen from 485 to 340 Ma (Kemp et al., 2009), represents the next
orogenic phase in the progressive development of the Pacific margin
of Gondwana. Its tectonic evolution is an area of particular controversy
in Australian geology, probably due - at least in part - to the vast swath
of younger cover sequences (see Fig. 1) which masks large tracts of the
Palaeozoic basement. A number of plausible models have been put
forward to explain the evolution of this region of lithosphere, including
those that favour accretionary oceanic systems involving multiple
coeval subduction zones (Foster and Gray, 2000; Spaggiari et al.,
2003; Spaggiari et al., 2004) and those that argue for orogen-parallel
strike-slip tectonics and the involvement of at least some pre-existing
continental crust (Glen, 2005; Glen et al., 2009; Taylor and Cayley,
2000; VandenBerg, 1999; Willman et al., 2002). Another possibility is
that fragments of continental crust, set adrift during the break-up of
the supercontinent Rodinia, became embedded in the convergent
accretionary system responsible for the formation of the Lachlan
Orogen (Cayley et al., 2002; Direen and Crawford, 2003b; Glen,
2005). One of the keys to solving this puzzle is to identify the extent
to which the region is under-lain by Palaeozoic lithosphere of oceanic
origin, and Precambrian lithosphere of continental origin.

The Lachlan Orogen is commonly subdivided into three separate
subprovinces (Foster and Gray, 2000), separated by major faults
(see Fig. 1), which may represent lithospheric sutures. Due to a lack
of extensive Palaeozoic outcrop, the locations of these faults are partly
inferred from potential field data. As such, (Glen, 2005) infers the
presence of a fourth subprovince – the southwestern subprovince –

that essentially occupies the Melbourne and Bendigo zones in Fig. 1.
Over the last half century, there have been numerous attempts to
identify a southward continuation of the Lachlan Orogen in Tasmania
(Leaman, 1994; Powell and Baillie, 1992; Talent and Banks, 1967),
although to date a strong link remains elusive. In the last decade, it
has been argued (Cayley, 2011; Cayley et al., 2002; Reed et al., 2002)
that the Proterozoic core of Tasmania represents an exotic micro-
continent which extends northwards and becomes the basement
beneath the Melbourne Zone. In this case, eastern Tasmania may
have affinities with the Tabberabbera Zone (Reed et al., 2002).

Historically, the boundary between the Lachlan and Delamerian
orogens has been difficult to identify, with various possibilities put
forward (e.g. Baillie, 1985; Foster and Gleadow, 1992; VandenBerg,
1978). More recently, with the help of high resolution potential
f the southeast Australian lithosphere from surface and body wave

http://dx.doi.org/10.1016/j.tecto.2011.11.016


Permian to Triassic foreland basin

Precambrian boundaries (observed and inferred)

Palaeozoic boundaries (observed and inferred)

Cambrian to Devonian sedimentary rock and granites

Quaternary Basalt of the Newer Volcanic Provinces

Tertiary to Quaternary intra−cratonic basin

Pre−Tertiary infrabasin (boundaries inferred)

Cretaceous to Quaternary rift basins

Cambrian metasedimentary rocks of the Kanmantoo Group

King Island Proterozoic granitoid−metasediment complex

Palaeo−Mesoproterozoic metasedimentary rocks

Neoproterozoic sedimentary rocks of the Adelaide Rift Complex

136˚ 138˚ 140˚ 142˚ 144˚ 146˚ 148˚ 150˚ 152˚
−40˚

−38˚

−36˚

−34˚

−32˚

D
ed

di
ck

Zo
neMelbourne

Zone

Stawell
Zone

Sydney
Basin

Omeo
Zone

Hay−Booligal
Zone

Bendigo
Zone

Curnamona
Province

Bass
Basin

Gippsland Basin

NVP

SydneyMurray Basin

Melbourne

Craton
Gawler

G
ram

pians S
tavely Z

on
e

M
al

la
co

ot
a 

Z
on

eTabberabbera Zone

N
etherbi Trough

Ren
m

ar
k 

Tr
ou

gh
Otway Basin

Canberra

M
oyston

F
au

lt

Delamerian
Orogen

Lachlan Orogen

Adelaide

Western

Subprovince

Eastern
Subprovince

Central

Subprovince

Map
region

Fig. 1. Simplified geological map (based on Cayley et al., 2002, Foster and Gray, 2000 and Knight et al., 1995) showing observed and inferred Palaeozoic boundaries at the surface
and approximate coverage of younger cover sequences.
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field data and reflection seismic transects, the Moyston Fault (Fig. 1)
has become the preferred location of the orogenic transition. Korsch
et al. (2002) use deep reflection seismic data to identify an easterly
dipping Moyston Fault at depth, and conclude that the Lachlan Orogen
was thrust westwards over the upper part of the Delamerian Orogen
as a result of westerly subduction towards the eastern margin of
Gondwana.

Following the formation of the Tasmanides in eastern Australia, a
number of subsequent tectonic events have conspired to obfuscate the
geological, geochemical and geophysical signatures of the Palaeozoic
terrane. The break-up of Australia and Antarctica and opening of the
Tasman Sea between 80 and 90 Ma (Gaina et al., 1998), resulted in
substantial lithospheric thinning near the present passive margin
of southeast Australia. Between Victoria and Tasmania, the Mesozoic–
Cainozoic Bass Basin represents a failed intracratonic rift basin (Gunn
et al., 1997) that formed during the initial break-up of Australia and
Antarctica. Substantial mafic underplating may be associated with the
formation of passive margins, particularly if lithospheric scale detach-
ment faults produce asymmetric margins (Lister et al., 1986; Lister et
al., 1991).

Of the younger cover sequences which mask the southern Tasma-
nides, the most extensive is the vast intra-cratonic Murray Basin,
which is composed of marine Tertiary sediments overlain by fluvial
and aeolian Quaternary sediments (Knight et al., 1995). Further
south, the economically important Otway, Bass and Gippsland basins
were formed as a result of the break-up of Australia and Antarctica. In
central and western Victoria, the Newer Volcanic Provinces (NVP)
comprise an extensive cover of Quaternary basalt that originates
from hot-spot volcanism (Price et al., 1997).
Please cite this article as: Rawlinson, N., Fishwick, S., Seismic structure o
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3. Data and method

Teleseismic data used in this study is sourced from the WOMBAT
transportable seismic array project in southeast Australia (see
Fig. 2). WOMBAT originated as a series of three consecutive array
deployments – LF98, MB99, AF00 – in western Victoria and southeast
South Australia between 1998 and 2000 which were collectively
named MALT, and managed out of Monash University and Flinders
University. From 2001, The Australian National University embarked
on an intensive deployment programme aimed at achieving high
density passive seismic coverage throughout eastern Australia, and
used MALT as the springboard for the mainland deployments. To
date, over 550 stations have been deployed during the course of 14
separate sub-array experiments. Station spacing in Tasmania is ap-
proximately 15 km, while on the mainland it is approximately 50 km.
Vertical component short period (1 Hz natural frequency) sensors
were used between 1998 and 2006, after which they were replaced
by three-component sensors (also with a natural frequency of 1 Hz).

The main focus of research using WOMBAT data has so far been
teleseismic tomography (Clifford et al., 2008; Graeber et al., 2002;
Rawlinson and Kennett, 2008; Rawlinson et al., 2006a, 2006b;
Rawlinson et al., 2011), where relative arrival time residuals are
mapped as 3-D P-wave velocity perturbations beneath a set of simul-
taneously recording stations. In Tasmania, where broadsidewide-angle
reflection and refraction data are available (marine shot lines parallel
to the coast recorded by land based stations), joint inversion of tele-
seismic and active source data has been carried out (Rawlinson and
Urvoy, 2006; Rawlinson et al., 2010b). Ambient noise tomography,
which in this case exploits Rayleigh wave energy generated by oceanic
f the southeast Australian lithosphere from surface and body wave
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microseisms, has been applied to the mainland data (Arroucau et al.,
2010). Joint inversion of receiver functions and ambient noise disper-
sion curves from the SEAL3 array (see Fig. 2) has also been completed
(Tkalcic et al., 2011).

The teleseismic dataset used in the following work comes from
seven mainland sub-arrays of the WOMBAT project (see Fig. 2)
which together comprise a total of 282 stations. A variety of global
body wave types are identified and picked using the adaptive stacking
technique of Rawlinson and Kennett (2004), including direct P, PcP,
ScP, PKiKP and PP. Fig. 3a shows the complete set of global events
(b)(a) Teleseismic sources

Fig. 3. (a) Distribution of teleseismic sources used in this study; (b) teleseismic P-waves fro
the SEAL3 array; (c) teleseismic P-waves from an earthquake that occurred in the Banda Se
predictions of the P-wave arrival. (For interpretation of the references to colour in this figu

Please cite this article as: Rawlinson, N., Fishwick, S., Seismic structure o
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from which data are extracted for this study. Most earthquakes exceed
Mw 5.2 in size, although a number of deep focus events from subduc-
tion zones (e.g. Fiji) are less than Mw 5.0. Fig. 3b and c show examples
of regional earthquakes recorded by the SEAL3 array following prelim-
inary alignment using the ak135 global model (Kennett et al., 1995). In
each case, the ak135 prediction (red line) appears to precede the onset
of the P-wave, a phenomenon that is typical of the Australian region.
Close examination of these plots shows that the traces do not perfectly
align (up to 0.8 s offset), which indicates that lateral variations in
wavespeed are present beneath the stations. For each source, the
 Fiji Islands, Mw=6.5 (c) Banda Sea, Mw=5.9

m an earthquake that occurred in the Fiji Islands region on 15/01/2008, as recorded by
a on 29/04/2008, as recorded by the SEAL3 array. Red lines in (b) and (c) denote ak135
re legend, the reader is referred to the web version of this article.)

f the southeast Australian lithosphere from surface and body wave
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mean is removed from the corresponding set of relative arrival times in
order to create a complete set of relative arrival time residuals. Data
binning is used to help mitigate the uneven distribution of earthquakes
(Fig. 3a), which would otherwise result in strong smearing along
rays that originate from regions of intense seismicity. Following
this procedure, the total number of traveltime residuals available
for tomography is 19,922. For further details on the data processing,
refer to Rawlinson et al. (2011), which essentially uses the same set
of arrival time residuals.

The principal difference between this work and the study of
Rawlinson et al. (2011) is that surface wave data is here used to con-
strain the final 3-D model. Although joint inversion of surface and
body wave data along the lines of the West et al. (2004) or Obrebski
et al. (2011) study would be ideal for a transportable array like
WOMBAT, the almost exclusive use of short period sensors means
that surface waves in the period range required for complementary
surface and body wave data coverage (30–150 s for Rayleigh waves)
are simply not detected. Furthermore, WOMBAT is a 2-D array, not a
linear array like that used byWest et al. (2004), so themeasurements of
interstation surface wave traveltimes would have been much more
difficult even if they were recorded. The alternative approach we use is
to incorporate surface wave constraints via a surface wave tomography
model of the Australian region constructed by Fishwick et al. (2008).
In this study, a partitioned waveform inversion technique is applied
to 2116 Rayleigh waveforms recorded by broadband instruments
distributed throughout the Australian continent from earthquakes
generated at the surrounding plate boundaries. The resultant 3-D
shear wavespeedmodel of the uppermantle has a horizontal resolution
in southeast Australia of about 250–300 km.

Due to the differences in coverage and resolution, it makes little
sense to try and simultaneously invert the surface wave dataset and
WOMBAT teleseismic arrival time residuals. Instead, we extract the
region of the surface wave model that overlaps with the body wave
coverage, and use it as an initial model in the inversion of the relative
arrival time residuals. The minimum scale-length of the surface-wave
model of around 250 km ideally complements the body wave data,
which cannot resolve lateral structures that are greater in width than
the aperture of the separate sub-arrays. As Fig. 2 shows, this generally
varies between 250 and 500 km. Thus, the longer wavelength features
that are effectively erased by converting body wave arrival times to
relative arrival time residuals are re-inserted in the tomography in
the form of a broad-scale heterogeneous starting model.

The availability of only P-wave arrival time residuals for this study –

since teleseismic S-waves are very hard to detect on short period
instruments – means that we need to combine P-wave data with an
S-wave initial model. One option is to convert the S-wave model into
a P-wave model by using prior knowledge of Vp/Vs ratios. Here,
we simply assume ak135 Vp/Vs ratios due to a lack of more detailed
information. Although regional traveltime tomography has been
carried out using data recorded by some of the same stations used in
the study of Fishwick et al. (2008), which have yielded both P-wave
and S-wave velocity models (Kennett, 2003), the resolution in
southeast Australia is poor, and not comparable with the surface
wave tomography results. However, there is little evidence for sig-
nificant differences in lateral velocity perturbations between the P-
and S-wave models, so the assumption of laterally invariant Vp/Vs
ratios appears reasonable at this scale. Nonetheless, we recognise
that this is an important assumption, and acknowledge that it will
affect the final result. In particular, the absolute velocity values that
are recovered are likely to be less reliable. Compared to methods
that simply add a regional 1-D model to the relative arrival time re-
sidual results to obtain absolute velocity (Allen et al., 2002; Lévêque
and Masson, 1999), our approach is preferable because it takes into
account lateral variations in wavespeed.

An iterative non-linear inversion method is used to map relative
arrival time residuals as 3-D perturbations in wavespeed using the
Please cite this article as: Rawlinson, N., Fishwick, S., Seismic structure o
tomography, Tectonophysics (2011), doi:10.1016/j.tecto.2011.11.016
surface wave model as a starting model. A grid based eikonal solver
(Rawlinson and Sambridge, 2004) is used to solve the forward prob-
lem of predicting relative arrival times and a subspace inversion
scheme (Kennett et al., 1988) is used to solve the inverse problem
of adjusting model parameters to better satisfy data observations.
Both damping and smoothing regularisation are applied in order to
obtain a final model that suppresses the presence of poorly resolved
structure while at the same time satisfying the data as well as possi-
ble. Station terms are also included as unknowns in the inversion in
an attempt to minimise the mapping of unresolved crustal structure
into the mantle model. While the inclusion of an accurate a priori
crustal model would be preferable, no such model exists for southeast
Australia. Rawlinson and Kennett (2008) perform numerical tests to
examine the relative merits of station terms and a priori crustal models,
and conclude that significant differences in the results only begin to
occur above 70 km in depth.
4. Results

4.1. Synthetic tests

Before presenting the inversion results from the combined surface
and body wave study, we first examine the spatial resolving power of
the body wave data using synthetic checkerboard tests (e.g. Rawlinson
et al., 2010a). Results for equivalent tests carried out with the surface
wave data used to constrain the initial model can be found in
Fishwick et al. (2008), which shows good resolution in southeast
Australia, as reflected by a map of path coverage shown in Fig. 4.
The goal of a synthetic test is to try and reconstruct a known model
using the same source-receiver paths as the observational dataset.
The forward problem (in this case the prediction of relative arrival
time residuals) is solved in the presence of the synthetic model,
using identical sources, receivers and phases as the actual dataset.
This synthetic dataset then substitutes for the observed dataset and
the inversion is initiated using the same initial parameters (initial
model, damping, smoothing) as before. With a checkerboard test,
the synthetic model consists of an alternating pattern of low and
high velocities across all dimensions. It is often favoured in seismic
tomography (e.g. Glahn and Granet, 1993; Graeber and Asch, 1999;
f the southeast Australian lithosphere from surface and body wave
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Hearn and Clayton, 1986; Rawlinson and Urvoy, 2006; Rawlinson
et al., 2011) because a continuous patternmakes interpretation relative-
ly straight forward; however, it cannot be regarded as a comprehensive
test of solution robustness (Lévêque et al., 1993).

Figs. 5–7 show the results of a synthetic checkerboard test carried
out with the WOMBAT dataset. In order to better simulate observed
data, Gaussian noise with a standard deviation of 50 ms has been
added to the synthetic dataset. The input model is the synthetic
checkerboard model, and the output model is the inversion result,
which given an ideal dataset, would mimic the input model precisely.
The long wavelength structure in all these plots is due to the presence
of the broad scale-length surface-wave model which we use as an
initial model. The reconstructed depth slices (Fig. 5) suggest that
structure inboard of the coastline is quite well recovered, although
some smearing is evident immediately inland of the coast. This is
unsurprising given that the seismic arrays are all land-based. The
E-W cross-sections (Fig. 6) indicate that structure is well resolved to a
depth of 250–300 km, and in fact gross lateral variations in velocity to
a depth of 50 km are also well constrained. However, given that crustal
structure is likely to be complex, it is still necessary to include station
correction terms in the inversion. The N-S slices clearly reveal the
dimension in which smearing is most apparent. This occurs due to
the fact that the earthquake source distribution is not uniform in
azimuth (see Fig. 3a) – despite the application of source sub-binning –

with the dominant region of seismicity occurring in an arc from
the northwest to the northeast at angular distances ranging between
30 and 90°. As a result smearing is evident that has an approximately
northerly dip angle of around 45°. Although this distortion of the
checkerboard needs to be accounted for in the interpretation, the
basic alternating pattern of anomalies is nonetheless recovered.
Another observation that can be made about the synthetic tests is
that amplitude is almost universally underestimated. This is a
136˚

136˚

138˚

138˚

140˚

140˚

142˚

142˚

144˚

144˚

146˚

146˚

148˚

148˚

150˚

150˚

152˚

152˚

−39˚ −39˚

−38˚ −38˚

−37˚ −37˚

−36˚ −36˚

−35˚ −35˚

−34˚ −34˚

−33˚ −33˚

−32˚ −32˚

136˚

136˚

138˚

138˚

140˚

140˚

142˚

142˚

144˚

144˚

146˚

146˚

148˚

148˚

150˚

150˚

152˚

152˚

−39˚ −39˚

−38˚ −38˚

−37˚ −37˚

−36˚ −36˚

−35˚ −35˚

−34˚ −34˚

−33˚ −33˚

−32˚ −32˚

−

−

−

−

−3

−

−

−

−

−3

100 km

Input

200 km

Fig. 5. Synthetic checkerboard resolution test results. The left column shows horizontal slic
column shows the recovered pattern (or output) of anomalies. The long wavelength velocity
heterogeneous startingmodel. The red and bluehorizontal and vertical lines in the top left plot i
interpretation of the references to colour in this figure legend, the reader is referred to the we

Please cite this article as: Rawlinson, N., Fishwick, S., Seismic structure o
tomography, Tectonophysics (2011), doi:10.1016/j.tecto.2011.11.016
common phenomena in reconstruction tests (Rawlinson et al.,
2010a), and is due to the use of regularisation like damping and
smoothing to promote the recovery of structure that is required
by the data, and the suppression of anomalies that are poorly
constrained.
4.2. WOMBAT model

Figs. 8–10 show a series of horizontal and vertical cross-sections
through the final model produced by inversion of WOMBAT teleseis-
mic data. In each case, the initial model based on surface wave data
alone is shown, which helps distinguish the features that are recov-
ered by the inversion of body wave traveltime residuals and those
that are constrained by only the surface wave data. Six iterations
of the tomographic scheme are used to reduce the RMS traveltime
residuals from 286 ms to 137 ms, which corresponds to a variance
reduction of 77%. If a laterally homogeneous initial model is used
instead, the RMS traveltime residual drops from 244 ms to 143 ms,
so clearly no shorter wavelength information is lost through the inclu-
sion of surface wave constraints. The addition of body wave data has
resulted in the presence of a rich array of features (Figs. 8–10) that
the surface wave dataset is unable to resolve. However, these shorter
wavelength structures would be difficult to interpret robustly in the
absence of the underlying broadscale velocity variations supplied
by the surface wave tomography. Therefore, this symbiotic process
of combining surface and body wave information appears to result
in a model that exhibits the best of both worlds. That said, it is worth
recalling the assumptions and approximation made by the scheme
which were outlined in the previous section, particularly the caveat
regarding absolute velocities, which are not as well constrained as
relative velocities.
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A feature common to all vertical cross-sections (Figs. 9 and 10),
which is also present in the checkerboard tests (Figs. 6 and 7), is that
below around 120–150 km depth, the absolute velocity variations are
dominantly in the vertical direction. According to the global reference
model ak135, P-wavespeed varies by only 0.01 km/s between 35 and
120 km depth, but by 0.6 km/s between 120 and 310 km depth. At the
shallower depths both the surface wave and body wave datasets intro-
duce strong lateral variations, predominately due to the large contrasts
in temperature between regions of varying lithospheric thickness.
Towards the base of the model, while some lateral variability remains,
the dominant control is the radial increase in velocities due to the larger
effect of increasing pressure in comparison to smaller temperature
variations within the convecting mantle.

The combined surface wave and body wave model (Figs. 8–10, right
column) is generally well resolved in-board of the coast. Where body
wave coverage is minimal, the solution model reverts to the surface
wave model (e.g. in the southwest region of the 100 km depth slice in
Fig. 8). Structural distortion due to streaking, which is caused by domi-
nant raypath orientations, is most likely to occur in the N–S direction,
according to the checkerboard tests (Fig. 7). Therefore, the slightly
northerly dip of several anomalous structures in Fig. 10 (right column)
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need to be viewedwith caution. Both the surface andbodywave dataset
only poorly constrain crustal structure. Furthermore, unresolved crustal
heterogeneity may map into uppermost mantle structures, so we tend
to avoid interpreting velocity anomalies at depths above about 70 km
(Rawlinson and Kennett, 2008).

5. Discussion

The new 3-D P-wave velocity model of southeast Australia, created
by inverting relative arrival time residuals from theWOMBAT transport-
able array in the presence of an initialmodel obtained by regional surface
wave tomography, reveals a variety of structures in the mantle that can
be associatedwith the tectonic and geological evolution of the Australian
plate from the Proterozoic to the Quaternary (see Fig. 11). The oldest
outcrop that can be foundwithin the bounds of themodel region occurs
in the southern Curnamona Province of South Australia (Fig. 1). Most
prominent is the Willyama Supergroup, which is a Palaeoproterozoic
belt of high-grade metasediments and meta-volcanics, and includes the
Broken Hill, Olary and Euriowie blocks (Webster, 1996). The Curnamona
Province was most likely part of a larger cratonic region that included
the Gawler Craton (Fig. 1), but is now separated by Neo-Proterozoic
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sedimentary rocks of the Adelaide Rift Complex (Conor and Preiss,
2008). While the Curnamona Province was originally recognised to
have properties typical of a Precambrian craton, subsequent studies
have indicated that peripheral regions of the province were deformed
and metamorphosed during the Delamerian Orogeny (Conor and
Preiss, 2008). Hence, the term “Curnamona Craton” has largely given
way to “Curnamona Province”.

A region of elevated velocity can be clearly observed in the north-
west sector of the model (e.g. Fig. 11a), and is most likely related to
the presence of the Curnamona Province. Previous tomography stud-
ies of the Australian continent (e.g. Debayle and Kennett, 2000;
Fichtner et al., 2009; Fishwick et al., 2005; Simons et al., 1999;
Yoshizawa and Kennett, 2004; Zielhuis and van der Hilst, 1996)
show that cratons exhibit higher seismic velocities than surrounding
regions of the lithospheric mantle, and likely penetrate deeper into
the sublithospheric mantle. Hence, the high velocity anomaly that
is observed to depths of at least 200 km is consistent with a piece
of cratonic lithosphere. The fact that the region of elevated velocity
is much more extensive than the Palaeo-Mesoproterozoic outcrop
(cf. Fig. 1 and Fig. 11a,b) indicates that at least at lithospheric mantle
Please cite this article as: Rawlinson, N., Fishwick, S., Seismic structure o
tomography, Tectonophysics (2011), doi:10.1016/j.tecto.2011.11.016
depths, the Curnamona Province extends for some distance south
beneath the Murray Basin.

One of the main features of the model, as highlighted in Fig. 11a–c,
is a strong west–east transition from higher to lower velocities that
trends in the NNE direction. We regard this as a strong signature of
the boundary between the Delamerian and Lachlan orogens at
depth, and note that it has been considerably accentuated by the
inclusion of body wave data, (cf. Fig. 8 left and right columns).
This result suggests that a large chunk of the Delamerian Orogen
underlies the Lachlan Orogen, and in fact that the boundary be-
tween the two terrains is east dipping at depth. This is consistent
with the seismic reflection study of Korsch et al. (2002), which detects
an east dipping reflector to a depth of about 15 km, that is inferred
to be the Moyston Fault. The observed change in velocity between
the Delamerian and Lachlan orogens is consistent with a change
from Proterozoic mantle lithosphere of continental origin to Phan-
erozoic mantle lithosphere of oceanic origin. Expected changes in
both composition (Cammarano et al., 2003; Griffin et al., 1998) and
temperature (Faul and Jackson, 2005) between these two types of
material support this view.
f the southeast Australian lithosphere from surface and body wave
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The depths at which the Delamerian–Lachlan boundary is most
clearly observed in the 3-D model, which is between 150 and 200 km,
probably correspond to the very base of the lithosphere or perhaps
even below. Surfacewave tomography of the Australian region has pre-
viously shown that the lithosphere can be as thick as 250 km beneath
Archean cratons in Western Australia (Fishwick et al., 2005; Simons et
al., 2002). However, further east, particularly as we enter the Tasma-
nides, the lithosphere is likely to be much thinner. Fishwick et al.
(2008) provide an estimate of lithospheric thickness beneath eastern
Australia based on the depth extend of fast anomalies obtained from
surface wave tomography. According to these results, the lithosphere
may be as thick as 150–200 km beneath the Delamerian Orogen, but
markedly thinner (~100 km) beneath the Lachlan Orogen, and thinning
towards the coast to as little as 50 km. The dominant first-order E-SE
decrease in velocity that can be seen in the 100 km depth slice (Fig. 8)
is most likely due to a thinning of the lithosphere towards the passive
margin. The consequence of these observations is that the velocity
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contrast that we interpret as the Delamerian–Lachlan boundary may in
fact represent a change from lithosphere in the west to sub-lithospheric
mantle in the east. Alternatively, if it really is due to a velocity change
within the mantle lithosphere, then it may be vertical smearing (see
Fig. 7) that is responsible for its manifestation at such great depths.

One of the challenges in trying to interpret structure that was
emplaced in the distant past from present day geophysical images is
that subsequent deformation and alteration will overprint pre-existing
features. Significant tectonic events that post-date the formation of the
Tasmanides include the break-up of Australia and Antarctica and opening
of the Tasman sea. Both these events resulted in substantial thinning
of the lithosphere towards the passive margin. The lower velocities
observed in the southeast region of the 100 km depth slice (Fig. 8,
top), may be a result of elevated temperatures associatedwith the rifting
and the presence of a thinner lithosphere. The strong low velocity signal
observed in the surface wavemodelmay also be enhanced by the thicker
crust beneath the Great Dividing Range, which traverses the east coast of
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Australia, and the presence of the Newer Volcanic Province. Basaltic
underplating beneath the crust, caused by lithospheric detachment
faults that produce asymmetric margins (Lister et al., 1986) may
also have occurred, thus further complicating an already difficult
interpretation.

With regard to the Lachlan–Delamerian boundary, one of the more
critical considerations is the presence of the Newer Volcanic Provinces
north and west of Melbourne. This volcanic centre, which last erupted
in the Quaternary, is clearly associated with low velocities at depth
(e.g. Fig. 8, Fig. 11a), which can be directly related to the elevated tem-
peratures associated with a magmatic plumbing system. At 100 km
depth the NVP appears to be part of a broader low velocity region,
which, in models from surface waves alone, has centred on Bass Strait
(e.g. Fishwick et al., 2008). However, at 150 km depth, the combination
of body wave tomography clearly reveals a distinct low velocity anom-
aly focused on a much narrower region beneath the NVP. The contrast
in lateral extent of the velocity anomaly at these depths may relate to
the propensity of plumes to broaden on contact with the lithosphere
(e.g.Moore et al., 1998). However, the disappearance of the lowvelocity
anomaly by depths of 200 km certainly raises the alternative possibility
that the magmatics are not linked to plume-like upwellings but instead
can be associatedwith alternative processes such as edge driven convec-
tion (e.g. Demidjuk et al., 2007; Farrington et al., 2010). It is likely that
these anomalies related to the NVP have obfuscated the Delamerian–
Lachlan boundary in southern Victoria to some extent. However,
the fact that the NVP is no longer visible at 200 km depth, and that
the general trend of the Delamerian–Lachlan boundary from NSW
Please cite this article as: Rawlinson, N., Fishwick, S., Seismic structure o
tomography, Tectonophysics (2011), doi:10.1016/j.tecto.2011.11.016
into Victoria is relatively continuous, suggests that the seismic signature
of the Delamerian–Lachlan boundary can still be observed through
much of the region.

In terms of delineating the subprovinces of the Lachlan Orogen at
mantle depths, the combined surface and body wave model produces
mixed results. A significant easterly drop in velocity between what has
been labelled the Central and Eastern subprovinces (Fig. 11)may repre-
sent the deep boundary between the two terranes, but it should also be
acknowledged that elevated temperatures due to lithospheric thinning
many also be a factor. There is certainly no clear boundary between the
Central and Western subprovinces, although on average it could be
argued that the Central Subprovince exhibits higher average velocities
than either of the two neighbouring terranes, particularly at depths of
around 150 km. The Central Subprovince largely incorporates the Omeo
Zone (Fig. 1), which represents a band of Palaeozoic intermediate-to-
high grade, low pressure metamorphism (Foster and Gray, 2000),
possibly formed by eastward subduction beneath an island-arc com-
plex followed by double-divergent subduction (Foster and Gray,
2000; Spaggiari et al., 2003). When relative arrival time residuals
from WOMBAT are inverted in the presence of a simple radial model
(Rawlinson et al., 2011), the Central Subprovince stands outmore clearly
as a positive velocity anomaly. The fact that it is less clear in this study is a
reflection of the influence that the surface wave model has on the final
result.

In the last few years, the argument for the presence of a Proterozoic
continental fragment beneath the Melbourne Zone in Victoria (see
Fig. 1) –which extends south throughBass Strait to form the Precambrian
f the southeast Australian lithosphere from surface and body wave
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fabric of western Tasmania – has been significantly strengthened by
recent seismic reflection profiling in the region (Cayley, 2011). Fig. 11a–b
does show some evidence for elevated velocities beneath theMelbourne
Zone, but the lack of good resolution combined with the more recent
overprinting effects of the Newer Volcanic Province have conspired to
make reliable interpretation difficult.
6. Conclusions

New results from theWOMBAT transportable seismic array, which
combine constraints from teleseismic arrival time residuals and regional
surface waves, have illuminated the 3-D seismic structure beneath
southeast Australia. An initial P-wave velocity model is constructed
from S-wave velocity models – produced by partitioned waveform
inversion of the surface waves – assuming ak135 Vp/Vs velocity ratios.
The minimum scale length of structure constrained by the surface
waves is similar to the aperture of the transportable arrays used to
record the teleseismic body waves. Consequently, they provide com-
plementary information on long wavelength structural variations
that are filtered out by using relative arrival time residuals, which
are only sensitive to velocity anomalies with scale lengths smaller
than the aperture of the transportable array. Due to these differences
in scale, a joint inversion of the two data types would not necessarily
yield more information. The success of the hybrid approach used in
this study allows new inferences to be made about the structure
and tectonic evolution of eastern Australia. In particular: (1) The
Palaeo-Proterozoic Curnamona Province is revealed as a velocity high,
which not only penetrates to at least 200 km in depth, but also extends
southward in the lithospheric mantle some 100 km beyond its surface
expression; (2) the Delamerian–Lachlan boundary is imaged as an
eastward-dipping transition fromhigher to lower velocity in themantle
that extends beneath the Western Subprovince of the Lachlan Orogen.
The strong velocity contrast observed at 150–200 km depth may be
due to differences between the root of the older Delamerian lithosphere
and the sublithospheric mantle beneath the younger and thinner
lithosphere of the Lachlan Orogen; (3) the Quaternary Newer Volcanic
Province is underlain by a distinct low velocity zone to a depth of ap-
proximately 150 km, which is likely due to elevated temperatures asso-
ciated with a hot spot in the uppermost mantle. The absence of low
velocities in the deeper mantle favours edge driven convection as a
mechanism for hot spot formation, but the presence of a narrow plume
feeding the hot spot from the lower mantle cannot be ruled out by this
study due to limits on horizontal resolution; (4) an overall decrease in
lithospheric velocities in the mantle to the east is thought to reflect
a thinning of the lithosphere towards the Australia-Pacific passive
margin, although this may be enhanced by the presence of thicker
crust beneath the Great Dividing Range.
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