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a b s t r a c t
Distant earthquake data recorded by seven sub-arrays of the ongoing WOMBAT rolling seismic array
deployment in southeast Australia are combined for the ﬁrst time to constrain 3-D variations in upper mantle
P-wavespeed via teleseismic tomography. The seven arrays comprise a total of 276 short period recorders
spaced at intervals of approximately 50 km, thus allowing unprecedented resolution of the upper mantle over
a large region. In the mantle lithosphere immediately below the crust (~ 50 km depth), dominant variations in
velocity tend to strike east–west, and share little resemblance to Palaeozoic boundaries in the shallow crust
inferred from surface geology and potential ﬁeld data. A broad region of elevated wavespeed beneath
northern Victoria may represent the signature of underplated igneous rocks associated with detachment
faulting during the break-up of Australia and Antarctica. A distinct low velocity anomaly in southern Victoria
appears to correlate well with the Quaternary Newer Volcanic Provinces. Towards the base of the mantle
lithosphere, the dominant structural trend becomes north–south, and ﬁve distinct velocity zones become
apparent. Of particular note is a transition from higher wavespeed in the west to lower wavespeed in the east
beneath the Stawell Zone, implying that the Proterozoic lithosphere of the Delamerian Orogen protrudes
eastward beneath the Western subprovince of the Lachlan Orogen. This transition zone extends northwards
from southern Victoria into central New South Wales (the northward limit of the arrays), and is one of the
dominant features of the model. Further east, there is a transition from lower to higher wavespeeds in the
vicinity of the boundary between the Western and Central subprovinces of the Lachlan Orogen, which has
several plausible explanations, including the existence of a Proterozoic continental fragment beneath the
Wagga–Omeo Zone. The presence of elevated wavespeeds beneath the Melbourne Zone in Victoria, although
not well constrained due to limited data coverage, provides some support to the Selwyn Block model, which
proposes a northward extension beneath Bass Strait of the Proterozoic core of Tasmania.
© 2010 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction
The Tasman Orogen or Tasmanides (Foster and Gray, 2000; Glen,
2005; Foster et al., 2009) of eastern Australia largely consists of a
series of accretionary orogens that formed outboard of the Paciﬁc
margin of eastern Gondwana from the Middle Cambrian through to
the Middle Triassic (Glen, 2005). Occupying approximately one-third
of present day Australia, the Tasmanides incorporate ﬁve orogenic
belts, including the Delamerian and Lachlan orogens in the south (see
Fig. 1), the Thomson and North Queensland orogens in the north, and
the New England Orogen in the east. The Delamerian Orogen, which
incorporates the Adelaide Fold Belt in South Australia, extends
southward from the mainland into Tasmania, where it is often
referred to as the Tyennan Orogen (Berry et al., 2008). It comprises

⁎ Corresponding author. Tel.: +61 2 6125 5512; fax: +61 2 6257 2737.
E-mail address: nick@rses.anu.edu.au (N. Rawlinson).

Precambrian and Early Cambrian rock sequences that were subject to
contractional orogenesis along the eastern margin of Gondwana
between about 514 Ma and 490 Ma (Foden et al., 2006). This was
followed in the Late Cambrian by the formation of the Lachlan Orogen
to the east, which continued through to the Early Carboniferous.
Large tracts of the Lachlan and Delamerian orogens that would
otherwise be exposed at the surface are masked by the presence of
younger Mesozoic–Cainozoic sedimentary and volcanic cover
sequences. For example, the intra-cratonic Murray Basin overlies
much of the Delamerian Orogen and a large portion of the Western
Subprovince of the Lachlan Orogen (see Fig. 1) and obscures the
boundary between them. The resulting lack of outcrop has helped
foster a variety of plausible models that seek to explain the formation
of the southern Tasmanides. For instance, Foster and Gray (2000),
Spaggiari et al. (2003, 2004) favour an accretionary oceanic system
involving multiple Ordovician–Silurian coeval subduction zones
inboard of the plate boundary, whereas VandenBerg (1999), Taylor
and Cayley (2000), Willman et al. (2002), Glen (2005) and Glen et al.
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Fig. 1. Simpliﬁed map showing broad scale surface geology and Palaeozoic tectonic boundaries in southeast Australia. The three subprovinces of the Lachlan Orogen are also marked.

(2009) argue against this scenario and for the involvement of orogenparallel strike-slip tectonics. Furthermore, there is no clear consensus
regarding the origin of the underlying lithosphere, which may range
from purely oceanic to mixed oceanic and continental (Rutland, 1976;
Glen, 2005). One possible source of continental material comes from
the break-up of the supercontinent Rodinia, which may have set adrift
a number of Precambrian continental ribbons or fragments which
were subsequently incorporated within the convergent accretionary
system responsible for the formation of the Lachlan Orogen (Cayley
et al., 2002; Direen and Crawford, 2003).
The location of the boundary between the Delamerian and Lachlan
orogens at the surface has proven difﬁcult to resolve, with a number of
different possibilities put forward by various authors over the last several
decades (e.g. VandenBerg, 1978; Baillie, 1985; Foster and Gleadow,
1992). More recently, the Moyston Fault, which marks the boundary
between the Stawell Zone and Grampians–Stavely Zone, has become the
preferred location of the transition between the two orogens (Cayley and
Taylor, 1998; VandenBerg, 1999; Cayley et al., 2002; Korsch et al., 2002).
Korsch et al. (2002) infer the presence of the Moyston Fault in a deep
seismic reﬂection transect from western Victoria as an east dipping
boundary that extends in depth to at least 15 km. Due to the presence of
reﬂections in the hanging wall that resemble ramp anticlines, they
interpret the fault to be a thrust, with the Lachlan Orogen thrust
westward over the upper part of the Delamerian Orogen. Miller et al.
(2005) propose a new tectonic model that describes the evolution of the
Delamerian and Lachlan orogens, and explains why the boundary
between the two is hard to resolve. They use 40Ar/39Ar data to identify a
Cambrian metamorphic belt immediately east of the Moyston Fault, and
infer the presence of a Palaeozoic continental fragment underlying the
Grampians–Stavely Zone. This model allows for a subduction zone that
dips west towards the Gondwana supercontinent, but at the same time
gives rise to an east dipping Moyston Fault via slab rollback and
subsequent shortening. In this scenario, a reworked orogenic zone that
spans the Moyston Fault and contains elements of both the Delamerian
and Lachlan orogens is present.

In this study, high resolution teleseismic tomography using new
passive seismic data from WOMBAT, a large program of rolling array
deployments in southeast Australia (see Fig. 2), is carried out to image
the upper mantle structure beneath the Delamerian and Lachlan
orogens. Arrival time residual information from seven separate
deployments comprising a total of 276 stations is combined to
constrain 3-D P-wave velocity variations beneath Victoria, New South
Wales, and southeastern South Australia. Although the inversion of
such a large dataset is expected to reveal a wealth of information on
the seismic structure of this region, our focus will be on the nature of
the lithospheric boundary between the Delamerian and Lachlan
orogens, and the extent to which Precambrian lithosphere extends
from the Delamerian Orogen eastward beneath the Western Subprovince of the Lachlan Orogen (Graeber et al., 2002; Rawlinson et al.,
2006a).
The idea of a rolling passive seismic array in southeast Australia
began with the three stage MALT project (incorporating LF98, MB99
and AF00) in 1998, and slowly began to unfold into a large ongoing
program called WOMBAT which has a long term goal of spanning
much of eastern Australia with seismic stations at approximately
50 km intervals. To date, over 500 stations have been deployed, with
two new arrays of at least 40 stations each scheduled for deployment
in the next two years. WOMBAT is the largest project of its type in the
southern hemisphere, and promises to deliver a sizable volume of
passive seismic data that can be used for a variety of purposes,
including body wave tomography, ambient noise surface wave
tomography, crustal receiver functions and array studies of mantle
discontinuities and core structure.
To date, most research carried out with WOMBAT data has
involved 3-D teleseismic tomography using a single array — for
example, LF98 (Graeber et al., 2002), AF00 (Clifford et al., 2008),
TIGGER (Rawlinson et al., 2006b), SEAL (Rawlinson et al., 2006a) and
EVA (Rawlinson and Kennett, 2008). While these studies have
produced a variety of interesting results, the use of relative arrival
time residual information makes it difﬁcult to suture together
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Fig. 2. Distribution of WOMBAT seismic stations in southeast Australia as at January 2010. In most cases, the sub-arrays are deployed sequentially, although there is occasionally
some overlap. The red line encloses the seven sub-arrays used in the current study.

independently derived models from adjacent arrays. Thus, there is
much to be gained by performing a joint inversion of all available
teleseismic data for a single, uniﬁed, upper mantle model of P-wave
velocity anomalies.

2. Data and method
The dataset used in this study is derived from distant earthquake
records from seven WOMBAT arrays (outlined in red in Fig. 2). In each
case, global catalogues are used to identify events that are likely to
yield signals with good signal-to-noise ratio; this includes all earthquakes of magnitude Mw N 6.0, any earthquake of Mw N 5.0 within an
approximately 100° radius, and an even lower threshold of Mw N 4.5
for events from the south and west in order to optimise azimuthal
coverage. A variety of global body wave types are targeted for
extraction, including direct P, pP, PcP, ScP, PP and PKiKP, all of which
produce sub-vertical ray paths beneath the receivers that are required
for teleseismic tomography. The use of core reﬂection phases means
that in some cases, earthquakes closer than the typical teleseismic
threshold of ∼ 27° can be included. All traces are subject to
preliminary alignment using the ak135 global reference model of
Kennett et al. (1995). The adaptive stacking technique of Rawlinson
and Kennett (2004) is then used to align the traces of each phase
recorded from a single earthquake in order to obtain relative arrival
time residuals, which reﬂect lateral variations in wavespeed beneath
the receiver array. The adaptive stacking technique automatically
produces uncertainty estimates for each residual, thereby allowing for
an automated system of picking arrivals. However, we also use
manual inspection of trace stacks to ensure good picking quality. An
example of a PKiKP (inner core reﬂection) phase recorded by SEAL2 is
shown in Fig. 3; the good signal-to-noise ratio is typical of stations
deployed in relatively remote parts of Australia that are largely free
from ocean noise.

The typical number of earthquakes that produce usable data
ranges between 100 and 200 for the seven arrays outlined in red in
Fig. 2. Fig. 4 shows the distribution of all events used to constrain the
teleseismic tomography model described in the next section. An
obvious concern with this distribution is that it has a very strong
azimuthal variation, with many events located in the north and east
and relatively few located in the south and west. This unevenness will
produce undesirable artefacts in the tomographic results by way of
smearing out of anomalies along dominant ray path directions. In
order to help mitigate this effect, we bin the data into 5° × 5° cells,
which results in a more even distribution of pseudo-sources. An added
beneﬁt of this process is the reduced computation time due to fewer
overall paths. Tests made using 2.5° × 2.5° bins produced essentially
the same results but required additional computation time. The total
number of paths available for tomographic imaging following all data
processing procedures described previously is 19,922.
The relative arrival time residuals are mapped as 3-D perturbations in P-wavespeed from a 1-D (depth dependent) reference model
using the teleseismic tomography method of Rawlinson et al. (2006b)
and Rawlinson and Kennett (2008). A grid based eikonal solver
known as the Fast Marching Method or FMM (Popovici and Sethian,
2002; Rawlinson and Sambridge, 2004a,b) is used to solve the forward
problem of predicting source–receiver traveltimes, and a subspace
inversion method (Kennett et al., 1988) is used to solve the inverse
problem of varying the value of velocity nodes in order to satisfy data
observations. The method is applied iteratively in order to address the
non-linear nature of the inverse problem. Explicit damping and
smoothing regularisation is used to prevent the recovered anomalies
from becoming unreasonably large or complex.
A central assumption of teleseismic tomography is that relative
arrival time residual patterns are largely unaffected by lateral
variations in structure outside a local model volume positioned
immediately below the array (Aki et al., 1977; Humphreys and
Clayton, 1990; Graeber et al., 2002; Rawlinson and Kennett, 2008).
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Fig. 4. Distribution of usable teleseismic events recorded by all seven arrays outlined in
red in Fig. 2.

instead invert for station terms. Rawlinson and Kennett, 2008 show that
the differences between the two methods for station spacings of about
50 km tend to be small below depths of approximately 70 km.
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Fig. 3. Example of a very clear PKiKP phase recorded by the SEAL2 array. Note the
coherence between the arriving signal at each station; this is exploited by the adaptive
stacking routine to obtain precise relative arrival times. The coloured line indicates
predictions from the global reference model ak135, to which all traces have been
aligned.

Consequently, errors in source location and lateral variations in
structure beneath the 3-D model are likely to manifest as artifacts in
the tomographic results. However, these effects are likely relatively
small compared to the potential for unresolved near-surface structure to
affect relative arrival times and hence the solution model. One approach
to minimising this problem is to use an accurate a priori crustal model to
either correct traveltime residuals prior to inversion, or to constrain
near-surface structure during the inversion (e.g. Waldhauser et al.,
2002; Lippitsch et al., 2003; Martin et al., 2005; Lei and Zhao, 2007). A
simple and popular alternative is to instead invert for station terms
(Frederiksen et al., 1998; Graeber et al., 2002) which attempt to “absorb”
near-surface contributions to arrival time residuals, but there is a tradeoff between station terms and velocity structure that is difﬁcult to
resolve. In this case, no laterally heterogeneous prior model exists, so we

In general, inverse problems may be overdetermined, mixeddetermined or underdetermined (Menke, 1989). Most seismic
tomography problems fall within the latter two categories, meaning
that many different solutions are capable of satisfying the data to the
same extent. Consequently, regularisation is often imposed in an
attempt to target solutions that are seen to be physically reasonable,
usually in a qualitative sense (Rawlinson and Sambridge, 2003). In
this case, damping and smoothing are imposed in order to ﬁnd a
solution that is not largely perturbed from the initial or starting
model, and exhibits lateral heterogeneity only where required by the
data. Thus, parsimony is favoured over complexity, which means that
certain classes of structure will be favoured in the reconstruction. A
standard approach for analysing solution non-uniqueness in seismic
tomography is to perform a synthetic reconstruction test in which the
forward problem is solved for some given model in order to produce a
synthetic dataset, which has identical sources, receivers and phase
types as the observational dataset. The synthetic dataset is then
inverted using the same regularisation parameters in an attempt to
reconstruct the input model; the differences between the input and
output model provides an indication of the robustness of the solution
(Rawlinson et al., 2010).
Here, we use a simple checkerboard test to analyse the resolving
power of the dataset. The initial model used in the reconstruction
consists of a laterally homogeneous P-wave model that conforms with
ak135 at mantle depths, and a 1-D model of the Lachlan Orogen
obtained from refraction data (Collins, 1991) at crustal depths. The
input model comprises an alternating pattern of positive and negative
anomalies – superimposed on the initial model – of a single scale
length in all three dimensions, thus making comparison with the
reconstructed output model a relatively simple task. The synthetic
dataset is obtained by applying FMM in the presence of the
checkerboard model, and adding Gaussian noise with a standard
deviation of 50 ms in order to simulate the noise content of real data.
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Fig. 5. Synthetic checkerboard resolution tests for the WOMBAT teleseismic dataset. The input models are shown on the left, and the output (or reconstructed) models are shown on
the right, for a series of three depth sections.

The 3-D model volume spans 10.4° in longitude, 18.5° in latitude and
340 km in depth. Cubic B-spline functions are used to describe the
smoothly varying velocity continuum, which is controlled by a
regular velocity grid with a node spacing of approximately 20 km in
all three dimensions. In total, there are 103,700 velocity nodes,
which together with the station terms, constitute the unknowns in
the inversion.
Figs. 5 and 6 show the results of the checkerboard resolution test
after six iterations of the inversion method (with traveltimes and
Fréchet derivatives updated after each iteration) in horizontal and
vertical sections respectively. In general, the pattern of anomalies is
well reconstructed, although there is evidence of sub-vertical
smearing of rays near the edges of the model (see Fig. 6f in particular).
Another phenomenon that can be easily observed is that the
amplitude of anomalies in the reconstructed or output model
generally underestimates that of the input model. This is a typical
consequence of damping and smoothing regularisation, and means
that while the pattern of recovered anomalies is generally quite well
constrained, the amplitudes tend to be conservative. It is also
noteworthy that the choice of colour scale inﬂuences the representation of velocity structure. Here, we use a standard two-tone colour

scale which changes colour at zero perturbation. Thus, a smooth
variation in wavespeed which crosses this value can give the
appearance of a distinct boundary, when in fact one may not exist.
Hence, our preference to use “transition” rather than “boundary” to
describe apparently sharp changes in wavespeed.
Although use of checkerboard resolution tests is ubiquitous in the
published literature (e.g. Hearn and Clayton, 1986; Glahn and Granet,
1993; Graeber and Asch, 1999; Rawlinson et al., 2006b), they have a
number of limitations which mean that they are not viewed as a
comprehensive test of solution robustness (Lévêque et al., 1993, for
more details). In general, it is advisable to run a series of synthetic
reconstruction tests in order to explore phenomena like the
dependence of path geometry on velocity heterogeneity, and the
predisposition of the path coverage to favour the reconstruction of
certain classes of structure. We do not perform any additional tests
here, but instead cite the papers of Rawlinson et al. (2006b) and
Rawlinson and Kennett (2008), which present teleseismic tomography using the TIGGER and EVA datasets respectively. In both cases,
multiple synthetic reconstruction tests are performed using a source
distribution that is largely mimicked by all seven datasets used in this
study.
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Fig. 6. Same as Fig. 5, but now showing E–W cross-sections.

3.2. On the use of relative arrival time residuals
The use of relative arrival time residuals to constrain structure has
a number of advantages and drawbacks. One advantage is that crosscorrelation type schemes can be used to accurately obtain the relative
onset times of a phase at all simultaneously recording stations.
Removal of the mean on a source-by-source basis means that origin
time uncertainty (which can be much larger than the actual residuals)
is no longer a factor, and traveltime contributions from large scale
variations in mantle structure beneath the model region are
suppressed. On the other hand, the velocity anomalies that are
recovered are only meaningful in a relative sense (Priestley and
Tilmann, 2009). This last factor means that the joining of datasets
from adjacent arrays that are sequentially deployed is not straight-

forward. In the extreme case, it is possible for the same anomaly to be
illuminated as a positive velocity perturbation by one array, and a
negative velocity perturbation by another; for example if the velocity
ﬁeld is dominated by a strong horizontal velocity gradient. As a result
it may not be appropriate to compare models obtained by separately
inverting adjacent datasets.
In this study, all datasets are simultaneously inverted, and the use
of “tie” stations (i.e. stations left behind to continue recording while
the array is moved and installed at another location) between
adjacent arrays helps to join the datasets together. Apart from not
recovering absolute velocities, the main limitation that arises from the
joining of relative arrival time datasets is the difﬁculty of resolving
long wavelength features larger in size than the horizontal dimensions of the sub-arrays.

Fig. 7. Results of a synthetic checkerboard test identical to that performed in Figs. 5 and 6, except that now a horizontal velocity gradient oriented in the latitudinal direction is
superimposed. cf. Figs. 5c and d and 6c and d.
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In order to demonstrate this effect, we perform a checkerboard
resolution test using exactly the same parameters as the test shown in
Figs. 5 and 6, except that now a constant velocity gradient is
superimposed on the mantle region of the synthetic model. The
horizontal velocity gradient is oriented in the longitudinal direction,
and results in a change in the background velocity from + 0.2 km/s at
the western edge of the model, and − 0.2 km/s at the eastern edge.
Fig. 7 shows a comparison between the input and output model at
185 km depth, and also along a cross-section at 35.3° south. Clearly,
the horizontal velocity gradient is absent from the reconstruction, but
the smaller-wavelength checkerboard is recovered in almost identical
fashion to Figs. 5 and 6. An additional check on the validity of the
procedure is that a comparison between the model derived in the next
section, and those obtained from separate teleseismic tomography
studies using LF98 (Graeber et al., 2002), SEAL (Rawlinson and Urvoy,
2006) and EVA (Rawlinson and Kennett, 2008), shows that they are
consistent, with the only real differences occurring near the edges of
the arrays.
Fig. 8 shows long wavelength (~ 200 km and upwards) variations
in S-wave velocity obtained from surface wave tomography (Fishwick
et al., 2008) at 150 km depth. The main trend is a W–E decrease in
shear velocity from about 4.4 km/s to 4.2 km/s, although further
north, it is oriented more in the ESE direction, with velocities as high
as 4.6 km/s in the northwest corner of the plot. Assuming that
variations in P-wavespeed exhibit a similar pattern, then this would
reﬂect the background velocity trend that is likely to be ﬁltered out by
the joint inversion of residuals.
Instead of using relative arrival times to image structure beneath
WOMBAT, an alternative approach is to use absolute times, which
would mitigate the potential issues described previously. This has
been done using USArray (e.g. Burdick et al., 2008), but requires the
local model to be embedded within a global model in order to account
for structure outside the region of interest. Invariably this involves the
use of sophisticated adaptive gridding techniques to allow for a wide
range of resolvable scale lengths. Also, the potentially large errors in
origin time may result in some loss of detail of ﬁne scale structure. A
more robust approach may be to generate a broad scale velocity
model using the absolute times, and then invert for small scale
velocity variations using precise relative arrival times.
3.3. Tomographic model
The inversion procedure used to obtain the ﬁnal model from the
joint datasets of WOMBAT is exactly the same as that used for the

checkerboard test described above (see Figs. 5–7). Six iterations of the
tomographic scheme are used to reduce the RMS traveltime residuals
from 244 ms to 143 ms, which corresponds to a variance reduction of
61%. While it is possible to reduce the RMS residual to below 130 ms
by decreasing the value of the smoothing parameter, we favour a less
detailed model in order to avoid over-interpretation. A series of
horizontal and vertical sections through the solution model are shown
in Figs. 9 and 10 respectively. Perhaps the largest change in lateral
structure with depth occurs between 50 and 100 km depth (cf. Fig. 9a
and b); this is not particularly surprising since at 50 km depth, we are
just below the base of the Moho, where there is potential for shallow
crustal structure to smear into uppermost mantle structure.
The dominant direction of structural variation in Fig. 9 is clearly in
the E–W direction at depths below 100 km, and according to the
checkerboard resolution tests of Figs. 5 and 6, this is well constrained
to the base of the model. So also are a number of smaller scale features
including the elevated velocity zone in the vicinity of the Melbourne
Zone at depths of 100 km and greater. Its absence in the 50 km depth
section (Fig. 9a) may be due to the masking effects of unresolved
near-surface structure. In general, velocity anomalies do not tend to
exceed ±2.5% (±0.2 km/s), although these bounds are strongly
dependent on the choice of smoothing and damping regularisation.
In interpreting Figs. 9 and 10, it must be remembered that longer
wavelength velocity features are absent. Thus, the absolute values of
the velocity perturbations in one area of the model may not be directly
comparable to those in another, particularly if it is beneath a different
array. For instance, the positive velocity anomaly at about 147°
longitude in Fig. 9c does not imply that the absolute velocity in this
location is higher than at, say, 139° longitude (beneath the mainland),
where there is a pronounced negative anomaly. Inspection of Fig. 8
shows a generally easterly decrease in absolute velocity across the
model (which is presumably similar for P-waves), implying that, in
absolute terms, the situation is likely reversed. Although this kind of
observation complicates interpretation somewhat, features such as
localised velocity gradients – which are suggestive of boundaries –
can still be interpreted in a relatively straight forward manner.
4. Discussion
The model obtained by joint inversion of WOMBAT teleseismic
arrival time residuals (Figs. 9 and 10) reveals a variety of anomalies,
but for the purposes of this study, we concentrate on the longer
wavelength features (greater than ~100 km), even though structures
as small as 50 km across can be resolved in some areas. Fig. 9 clearly

Fig. 8. Broad scale shear wavespeed variations at 150 km depth obtained from surface wave tomography. Major Palaeozoic boundaries from Fig. 1 have been superimposed, together
with the zone boundaries deﬁned in Fig. 11b.
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Fig. 9. Horizontal slices through the 3-D velocity model obtained by inversion of WOMBAT teleseismic arrival time residuals.

illustrates that the ﬁrst-order pattern of velocity anomalies changes
from predominantly E–W striking features at 50 km depth to largely
N–S striking features at 150 km depth. To help facilitate interpretation, two depth slices – one near the top of the mantle lithosphere and
one near the bottom of the mantle lithosphere – are shown in Fig. 11
with signiﬁcant features highlighted. One of the challenges in
attempting to interpret these images is the difﬁculty in trying to
separate the signatures of Palaeozoic lithospheric evolution associated with the formation of the Delamerian and Lachlan Orogens, and
more recent tectonic events such as the Mesozoic rifting of Australia
and Antarctica, which likely affected structures inboard of the margin
(Foster and Gleadow, 1992).
The 50 km depth slice (Fig. 11a) reveals a pattern of velocity
variations that bears little resemblance to the Palaeozoic boundaries
plotted in Fig. 1. If these boundaries actually represent major divisions
between crustal blocks of different character, then one might expect
them to continue into the lithosphere and hence manifest in images of
seismic velocity. The fact that they do not may mean that these
boundaries are limited to the crust – or even upper crust – which is
quite possible since they are largely inferred from surface geology and
potential ﬁeld data. Another possibility is that the changes in
properties in the lithosphere are not sufﬁcient to give rise to a change
in seismic velocity, even though boundaries are present. A third
possibility is that more recent effects, which post-date the Palaeozoic

orogenies, have strongly inﬂuenced the seismic properties of this
region of the lithosphere. For instance, the break-up of Australia and
Antarctica, which began at ~160 Ma, resulted in the formation of the
Mesozoic–Cainozoic Bass Basin (Fig. 1), a failed intra-cratonic rift
basin (Gunn et al., 1997), which separates Victoria and Tasmania.
Passive continental margins can evolve in a variety of ways (Lister
et al., 1986, 1991), but one possibility is for lithospheric scale
detachment faults to produce asymmetric margins. The lower plate
side is underpinned by stretched mantle lithosphere, whereas the
upper plate side has the mantle lithosphere removed, and is directly
exposed to the asthenosphere. This can result in basaltic underplating
beneath the crust (Lister et al., 1986). Furthermore, it is possible for
the fault beneath the upper plate side to propagate horizontally for
some distance, so that the underplating zone occurs at a signiﬁcant
distance from the onset of oceanic lithosphere. This effect may explain
the high velocity zone observed in Fig. 11a.
Another important consideration is the Newer Volcanic Provinces
in Victoria (see Fig. 1), which was mentioned earlier. It is quite likely
that the elevated temperatures associated with recent hot-spot
volcanism (4.5 Ma to b10 ka, see Price et al., 1997) has resulted in
the pronounced negative velocity perturbation highlighted in Fig. 11a.
Finally, it is also worth noting that 50 km represents the minimum
depth of resolution, and lies in the vicinity of the Moho. While it is
hoped that the inclusion of station terms in the inversion removed
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Fig. 10. E–W cross-sections through the 3-D velocity model obtained by inversion of
WOMBAT teleseismic arrival time residuals. The ratio between the vertical and
horizontal scale is unity (i.e. no vertical exaggeration).

unresolved crustal effects from the ﬁnal model, it is quite likely that
crustal artefacts are present at this depth. In particular, the crustal root
of the Great Dividing Range, which runs down the east coast of
southeast Australia and terminates in eastern Victoria (Fig. 2),
probably contributes to the lower velocities observed inboard of the
east and southeast coastlines (Fig. 11a). That said, it is interesting to
note that in a recent ambient noise tomography study of the same
region using data from WOMBAT (Arroucau et al., 2010), no clear
evidence of Palaeozoic boundaries was detected in Rayleigh wave
group velocity images of the crust.
If we now inspect the 150 km slice (Fig. 11b), a broad W–E trend of
velocity variations is readily observed which contrasts signiﬁcantly
with the patterns observed in the 50 km slice, particularly in the
south. Five broad zones have been identiﬁed, which may represent
lithosphere of different character. One of the main targets of WOMBAT
in southeast Australia is the location and nature of the transition
between the Delamerian and Lachlan orogens at upper mantle depths.
As Fig. 11 shows, there is signiﬁcant change from higher to lower
velocity between Zones 2 and 3, which may reﬂect the eastern edge of
the Delamerian Orogen. If this is the case, then the Delamerian Orogen
underlies much of the Stawell Zone and hence the western edge of the

Lachlan Orogen. The change from higher wavespeeds in the west to
lower wavespeeds in the east is consistent with a change from
Proterozoic mantle lithosphere of continental origin to Phanerozoic
mantle lithosphere of oceanic origin; expected changes in both
composition (Grifﬁn et al., 1998; Cammarano et al., 2003) and
temperature (Faul and Jackson, 2005) between these two types of
material make this a plausible proposition. Furthermore, this
boundary has also been observed as an eastward change from higher
to lower shear wavespeed, albeit at much lower resolution using
surface wave tomography (Simons et al., 2002; Fishwick et al., 2008),
which appears to discriminate between cratonic western/central
Australia and the accretionary orogens to the east. Regional and global
tomography studies generally reveal a positive correlation between
lithospheric age, thickness and seismic wavespeed (Simons et al.,
2002), the implication being that older thicker lithosphere is cooler
and exhibits higher seismic wavespeeds compared to younger,
thinner and hotter lithosphere. However, as noted by Simons and
van der Hilst, 2002, this correlation can break down due to variations
in composition and mechanical strength.
Before continuing, it is worth introducing several caveats. First, the
Newer Volcanic Provinces and possible magmatic underplating and
stretching of the lithosphere associated with the Bass and Otway
basins and the Tasman Sea may have signiﬁcantly altered the
character of the lithosphere at 150 km depth. For instance, the
southerly extent of Zone 3 may be enhanced by the thermal signatures
of these events. Furthermore, if signiﬁcant detachment faulting and
underplating did occur, as suggested in the 50 km slice, would the
lithosphere still contain clear and continuous remnants of Palaeozoic
structure at greater depth? Currently, there is insufﬁcient information
to properly answer this question, but the clear emergence of distinct
zones at 150 km depth could be used to argue that the slices at
shallow depth are heavily inﬂuenced by the effects of near-surface
structure, which is only properly removed at 100 km depth and
beyond. A second caveat is that at 150 km, it could be argued that the
velocity perturbations reﬂect structure at the very base of the
lithosphere, or even in the sub-lithospheric mantle. In eastern
Australia, the lithosphere is likely to be markedly thinner compared
to western and central Australia, where the lithospheric keel beneath
Archean cratons can extend to 250 km depth or more (Simons and
van der Hilst, 2002). One possibility is that the velocity variation
observed between Zones 2 and 3 represents the difference between a
mechanically strong lithosphere in the west, and weaker (and hence
slower) sub-lithospheric mantle in the east. However, even if this
interpretation is correct, it does not undermine the possibility that the
transition between Zone 2 and 3 reﬂects the boundary between the
Delamerian and Lachlan Orogens. In this case, however, the
demarcation would be between thicker and thinner lithosphere,
rather than faster and slower lithosphere. Finally, it is also worth
noting that teleseismic tomography has a propensity to smear
structure in the vertical direction (see Fig. 6), so velocity variations
observed at 150 km depth may reﬂect shallower structures in the
lithosphere.
With regard to earlier discussion on the nature of the Delamerian–
Lachlan boundary, the upper mantle location of the velocity transition is
consistent with an easterly dipping Moyston Fault (Korsch et al., 2002),
the surface trace of which lies to the west of the boundary inferred in
Fig. 11b. An alternative interpretation is that the elevated velocities
beneath the Stawell Zone signal the presence of a Proterozoic continental
fragment, as inferred by Miller et al. (2005). While this may be possible, it
should be noted that they position the eastern edge of this fragment
along the Moyston Fault. In cross-section view (Fig. 10), the boundary
between higher and lower wavespeeds is not very distinct, which may
be due in part to the overprinting effects referred to above, and the
potential blurring of the boundary by the presence of a reworked
orogenic zone (Miller et al., 2005). Fig. 9c–f do imply that the inferred
Delamerian–Lachlan velocity boundary in the upper mantle is nearly
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Fig. 11. Horizontal section through the solution model at (a) 50 km depth, and (b) 150 km depth with several signiﬁcant features highlighted. Major Palaeozoic boundaries from
Fig. 1 have also been superimposed for reference. Yellow arrows denote the locations of E–W cross-sections shown in Fig. 10.

vertical, which is consistent with inferences made from Nd and Os
isotope data in the vicinity of the Moyston Fault (Handler and Bennet,
2001; Korsch et al., 2002).
Another N–S trending feature in the model is an easterly transition
from lower velocities in Zone 3 to higher velocities in Zone 4. This may
represent the change from the Western to the Central Subprovince of
the Lachlan Orogen at depth. The Central Subprovince largely
incorporates the Omeo Zone, which extends into New South Wales
where it becomes the Wagga Zone (although there is no deﬁned
boundary between the two), and represents the main concentration
of Palaeozoic intermediate-to-high-grade, low pressure metamorphism in the Lachlan Orogen (Foster and Gray, 2000). There are
several possible explanations for the presence of this boundary,
including eastward subduction of oceanic lithosphere beneath
an island-arc complex to form a high-temperature metamorphic/
plutonic zone, followed by double-divergent subduction (Foster and
Gray, 2000; Spaggiari et al., 2003). Remnant underplated oceanic
lithosphere may well produce such a velocity contrast. An alternative
explanation is that the elevated velocities are associated with the
presence of a Proterozoic continental fragment or ribbon detached
from the supercontinent Rodinia and subsequently trapped within the
accretionary melange of the Lachlan Orogen, as suggested by
Rawlinson and Kennett (2008). The potential for fragments of Rodinia
to be incorporated in the Tasman Orogen has been recognised by a
variety of authors in the past (e.g. Glen et al., 1992; Cayley et al., 2002;
Betts et al., 2002; Gray and Foster, 2004; Glen, 2005).
In their 2002 paper, Cayley et al. (2002) present a case for the
existence of a Proterozoic continental fragment beneath the Mel-

bourne Zone, which they call the “Selwyn Block” (see also Scheibner
and Veevers, 2000). On the basis of aeromagnetic and geological data,
the former of which shows evidence for continuous structures
beneath Bass Strait that link mainland Australia to Proterozoic
western Tasmania, it is argued that a large continental fragment lies
beneath this region of Australia. Recent work from reﬂection seismic
transects in central and western Victoria has provided additional
support for this model (Cayley et al., in press). In Fig. 11b, Zone 3a
outlines the high velocity anomaly that lies beneath the Melbourne
Zone in Victoria. This anomaly is extensive in depth, and may well
reﬂect the presence of a Proterozoic continental fragment. However,
resolution in the far south of the model is limited due to the lack of
earthquakes from the south, so this feature is not well constrained.
Moreover, the overprinting effects of the Newer Volcanic Provinces
may have limited the westerly extent of Zone 3a. Nonetheless, it does
provide some support to the Selwyn Block idea, and if the Omeo Zone
is indeed underlain by a continental fragment, then it may well be that
a very extensive ribbon of Proterozoic material extends from
Tasmania northward into New South Wales.
Other features of the solution model that have been highlighted
include a marked velocity contrast between Zones 4 and 5 which may
be associated with the change from the Central to the Eastern
Subprovince of the Lachlan Orogen. This occurs some distance
eastward of the change near the surface (see Fig. 1). However, we
are more cautious of our interpretation in this region of the model,
due to possible overprinting effects from recent volcanism under the
southeast Lachlan near the east coast of Australia, and evidence from
surface wave tomography that the lithosphere becomes quite thin
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towards the eastern coastline (Fishwick et al., 2008). In the far west of
the model (Fig. 11b), there is a low velocity region that may be a
signature of the Adelaide rift complex, the eastern edge of which
marks the beginning of the Delamerian Orogen. Again, we emphasise
that this negative anomaly is only negative relative to the adjoining
velocities to the east, and does not automatically imply low velocities
relative to, say, those beneath Zone 4 (see Fig. 8).
Future work includes incorporating additional teleseismic data
from recent deployments of WOMBAT in central New South Wales
and southern South Australia as they become available; using absolute
arrival time information to constrain broad scale variations in
wavespeed; and including information from ambient noise surface
wave tomography, which provide valuable constraints on crustal
structure that is not resolved by teleseismic data. Additional
constraints on mantle velocities are required to properly explain the
relationship between features observed near the top and bottom of
the mantle lithosphere.
5. Conclusions
In this study, teleseismic data from seven sub-arrays of the
WOMBAT rolling array project in southeast Australia are simultaneously inverted to produce a new and detailed 3-D model of P-wave
velocity perturbations in the upper mantle. The imaging results reveal
a variety of distinct features in the lithospheric mantle which reﬂect
the complex evolution history of this region of the Australian plate. At
shallow depths (~50 km), the recovered pattern of velocity anomalies
tends to strike E–W, and shares little resemblance to observed and
inferred terrane boundaries in the shallow crust. A large region of
elevated velocity that spans much of Victoria may be related to
basaltic underplating associated with the formation of the Bass Basin
during the separation of Australia and Antarctica. Distinct negative
velocity perturbations to the north and east of Melbourne appear to
correlate well with the location of the Quaternary Newer Volcanic
Provinces. Towards the base of the lithosphere (~150 km), the pattern
of velocity perturbations has a predominantly N–S strike, and ﬁve
distinct velocity zones have been identiﬁed. A clear easterly transition
from higher to lower velocities beneath the Stawell Zone may
represent the transition from the Delamerian (Proterozoic continentally derived lithosphere) to the Lachlan (Palaeozoic oceanic derived
lithosphere) Orogen at depth. Further east, elevated velocities
beneath the Omeo Zone may indicate that the Central Subprovince
of the Lachlan Orogen is underlain by a large Proterozoic continental
fragment derived from the Neoproterozoic break-up of Rodinia.
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