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yet is rarely included in large-scale tectonic reconstructions. This is
due to the number and variety of tectonic models proposed for the
geological relationship between mainland Australia and Tasmania.
Despite their proximity, the variations in geology between Victoria
(SE Australia) and Tasmania are substantial; there are significant
contrasts in rock ages, depositional environments and the timing
and degree of metamorphism (Moore et al. 2013). Numerous stud-
ies have tried to piece together the tectonic evolution of the region,
offering a range of often contradictory models to explain their ob-
servations (e.g. Sproll & Dietz 1969; Li et al. 1997; Teasdale et al.
2003; Boger & Miller 2004; Cawood 2005; Cayley 2011; Gibson
et al. 2011; White et al. 2013). A solution to the problem has proven
to be particularly difficult due to the lack of outcrop. Apart from
a small number of islands in Bass Strait, there is little in the way
of a rock record that can provide a direct evidence for competing
theories. In addition to the inaccessibility of outcrops, large areas
of crust are blanketed in thick sedimentary sequences, namely the
Bass, Gippsland and Otway basins. These basins, along with more
recent volcanics, obscure deeper basement geology and structures
that could provide clues about the Tasmania–Victoria tectonic re-
lationship. To mitigate these limitations, the aim of this study is to
apply seismic imaging methods which are capable of penetrating
through the younger cover sequences in order to remotely sample the
basement beneath, thereby providing new insight into the tectonic
setting of this region. We examine our results with respect to a recent
model that has been postulated to explain the Tasmania—mainland
Australia link, namely the Selwyn Block model. This model implies
a pre-Cambrian basement connection between Tasmania and Vic-
toria based in part on an apparent correlation of ∼N–NE trending
magnetic anomalies across Bass Strait (Cayley et al. 2002). Cayley
(2011) proposed that Tasmania and central Victoria, as the Selwyn
Block, were part of a microcontinental block (VanDieland) that be-
came entrained in the subduction-accretion system that formed the
Palaeozoic orogens which now comprise eastern Australia.

To date, potential field imaging and modelling (e.g. Leaman et al.
1994; Gunn et al. 1997a,b; Morse et al. 2009; McLean et al. 2010;
Moore et al. 2016), seismic reflection profiling (Drummond et al.
2000; Cayley et al. 2011) and seismic tomography (Rawlinson &
Kennett 2008, Pilia et al. 2015a,b) have all been used to image the
subsurface structure beneath SE Australia. Previous ambient noise
tomography of Bass Strait used Rayleigh wave group velocity mea-
surements (Pilia et al. 2015a,b). The limitation of this approach
is that group velocities have a dependence on amplitude informa-
tion, which can be distorted during processing (Yao et al. 2006).
Yao et al. (2006) also demonstrated that the uncertainty associated
with phase velocity measurements is much smaller compared to
group velocity measurements. Previously, phase velocities proved
to be virtually impossible to extract from Bass Strait data using
conventional cross-correlation methods due to the high noise lev-
els and complexity of the recovered signal (Pilia et al. 2015a).
However, by using time–frequency domain phase-weighted stack-
ing (tf-PWS; Schimmel et al. 2011), Pilia et al. (2016) successfully
obtained phase velocity measurements which were then used in
a large-scale regional study of 2-D azimuthal anisotropy. In this
study, we also apply tf-PWS to substantially improve the signal-to-
noise ratio (SNR) of cross-correlations and obtain phase velocity
measurements. Based on these data, we use a robust Bayesian, hi-
erarchical, transdimensional tomography technique to create a new
high-resolution model of the 3-D shear wave velocity structure be-
neath Bass Strait from which we make inferences about crustal
structure and consider the potential implications for the tectonic
evolution of the region.

2 G E O L O G Y A N D T E C T O N I C S E T T I N G

2.1 Regional geology

Fig. 1 shows a map of Bass Strait bathymetry and the surround-
ing geology. The oldest rocks in the SE Australia study area are
found in western Tasmania and on King Island and are Mesopro-
terozoic in age (as old as 1430 Ma; Black et al. 2004; Halpin et al.
2014). However, in eastern Tasmania the oldest rocks are early Or-
dovician (Powell et al. 1993). An abrupt boundary between these
two geological terranes follows the present day Tamar River, and
it has been proposed to be the location of a crustal-scale discon-
tinuity known as the Tamar Fracture System (Williams 1978). In
Bass Strait, King Island to the northwest of Tasmania has similarly
aged Proterozoic metasediments and intrusive geology to western
Tasmania (Black et al. 2004; Berry et al. 2005; Calver et al. 2013).
In contrast, the rocks of the Ferneaux Islands to the northeast of
Tasmania are predominantly igneous intrusive rocks of Devonian
age that have been emplaced into the Ordovician Mathinna Super-
group of eastern Tasmania (Black et al. 2005). Now submerged
under Bass Strait, the Bassian Rise (Fig. 1, ‘B.R.’) may be a con-
tinuation of the Ferneaux Islands geology of extensive granites
and granodiorites within Ordovician basement (Black et al. 2005;
McClenaghan 2006).

Across Bass Strait to the north of Tasmania is Victoria, the south-
east limit of mainland Australia. The two Palaeozoic orogenic belts
which underlie this region can be further divided according to char-
acteristic geology and deformation histories, which have led to
a naming convention based on distinct zones (VandenBerg et al.
2000; Cayley et al. 2011; Fig. 1). The Lachlan Orogen includes the
zones of Stawell, Bendigo, Melbourne and Tabberabbera, which are
the main areas of interest in this study. The Stawell and Bendigo
zones are both characterized by oceanic, oceanic backarc and arc
material that has been accreted onto the edge of the evolving conti-
nent of Gondwana. The 2006 Victorian deep seismic survey across
these zones provides evidence for stacked slices of mafic oceanic
and metasedimentary rocks underlying metaturbidites (Cayley et al.
2011). The major difference between the zones is that the Bendigo
Zone consists of a relatively large proportion of oceanic crust
(VandenBerg 1999) thickened through crustal-scale imbrication,
whereas the Stawell Zone, which contains more sedimentary mate-
rial, is not as thick since it may have been obducted onto the Bendigo
Zone (Vandenberg & Stewart 1992; Cayley 2011). The boundary
between these thinner and thicker terranes is the Avoca Fault. The
western boundary of the Stawell Zone is the Moyston Fault, which
also marks the western extent on the Lachlan Orogen (Vanden-
Berg et al. 2000; Korsch et al. 2002; Miller et al. 2005; Cayley
et al. 2011). Further east, the Melbourne Zone consists of a thick
sedimentary sequence of Silurian–Devonian age. The nature of the
lower crust on which these sediments were deposited is still debated.
Two end-member models in this debate are (1) duplexed Cambrian
oceanic crust or mafic material, similar to the Bendigo Zone (Gray
& Foster 1998; Fergusson 2003), and (2) an extension of thin Tas-
manian Proterozoic-Cambrian continental crust—the Selwyn Block
of Cayley et al. (2002). The eastern margin of the Melbourne Zone
is generally thought to be the Governor Fault (VandenBerg et al.
2000), a northeast- to east-dipping fault that thrust Cambrian to
Silurian rocks of the Tabberabbera Zone over younger rocks of the
Melbourne Zone (Cayley et al. 2002). Adjacent to the Melbourne
Zone, the Tabberabberan Zone is predominantly characterized by
Ordovician turbidites overlying mafic oceanic basement (Crawford
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localized inversion of NW–SE trending half-graben bounding fault
systems (Cummings et al. 2004). Taylor & Moore (2009) suggested
that the shallow Otway Basin is caused by the presence of the
shallow Selwyn Block and furthermore that the Cretaceous rift
system along Australia’s southern margin failed because of the
presence of VanDieland.

2.2 Tectonic model

Cayley et al. (2002) primarily used aeromagnetic data along with
evidence from outcrop geology to put forward the Selwyn Block
model. They interpret magnetic anomalies in western Tasmania to
extend ∼N–NE across Bass Strait to the south coast of Victoria.
This is used as evidence for the Selwyn Block as an extension
of the ancient Tasmanian Proterozoic-Cambrian crust beneath the
Melbourne Zone on mainland Australia. A deep seismic reflection
profile beneath Victoria shows evidence of a multilayered crustal
structure that appears to support the Selwyn Block model (Cayley
et al. 2002, 2011). Expanding on this model, Cayley (2011) provided
a new tectonic model of SE Australia which involves a Proterozoic,
exotic microcontinent, which he termed ‘VanDieland’. The micro-
continent is comprised of the Selwyn Block, western Tasmania, and
the surrounding submarine plateaus. After beginning hundreds of
kilometres east of the eastern Gondwana margin, adrift in the paleo-
Pacific as a consequence of Rodinia break-up, VanDieland began
converging with Gondwana in the Cambrian during proto-Pacific
subduction along the eastern margin of Australia. During this west-
dipping subduction, ophiolites were emplaced in western Tasmania.
Northeast tectonic escape of VanDieland in the Early Ordovician is
used to explain the present-day position of Tasmania outboard of
the Delamerian orogen (Cayley 2011). Building on this idea, Moresi
et al. (2014) used 3-D geodynamic models to demonstrate how an
exotic microcontinent can become entrained in a subduction accre-
tion margin, resulting in roll-back and the formation of an orocline.
Their 3-D numerical simulation compares well with the model of
Cayley (2011) in which the VanDieland microcontinent is accreted
onto the edge of the east Gondwana margin resulting in the Lachlan
Orocline (Moresi et al. 2014). Pilia et al. (2015b) provided support
for the microcontinental model of Moresi et al. (2014), showing the
extent of the Selwyn Block within the crust as predicted by surface
geology and other geophysical data. Additionally, Pilia et al. (2016)
presented azimuthal anisotropy tomography results from Rayleigh
wave phase velocity data across mainland Australia. By comparing
the orientation of magnetic fabric with the fast axis of anisotropy,
they found a good correlation with the 3-D geodynamic model of
Moresi et al. (2014) for the mainland.

3 P R E V I O U S G E O P H Y S I C A L S T U D I E S
O F S E AU S T R A L I A

Ambient noise tomography has been used to probe the structure
and formation of the Australian crust in a number of previous stud-
ies. The first of this kind was undertaken by Saygin & Kennett
(2010), who exploited Rayleigh wave group velocity dispersion for
the period range 5–12.5 s and applied an iterative nonlinear tomo-
graphic inversion to produce group velocity maps. Despite their
group velocities matching well with known basins and cratons, spa-
tial resolution was ∼2◦ × 2◦, resulting in a broad low-velocity
zone beneath Bass Strait. Arroucau et al. (2010) also used Rayleigh
wave group velocities, but from a much denser array in southeast
Australia (WOMBAT) which at the time did not span Bass Strait.

Their group velocity maps from 2.5 to 20 s showed good corre-
lation with sedimentary basins, but little correlation with major
basement terrane boundaries. Young et al. (2011) used a very dense
seismometer array located in north and east Tasmania for ambient
noise tomography, with a station separation of ∼15 km. Rayleigh
wave group and phase velocity maps between 1 and 12 s showed
that the neighbourhood of the Tamar Fracture Zone is characterized
by low velocities. Bodin et al. (2012a) used their new hierarchical,
Bayesian, transdimensional inversion scheme to account for uneven
spatial distribution of data across the Australian continent. Using
multiple group velocity data sets that sample the Earth at different
scales, they generated a velocity map of the entire Australian con-
tinent. Despite covering Bass Strait, the resolution was low in this
region since no BASS network data were used. In subsequent work
Bodin et al. (2012b) used Bayesian statistics for Moho depth recon-
struction in Australia, showing Moho depth to be ∼30 km under
Bass Strait. The novel inversion scheme of Bodin et al. (2012a) was
used by Young et al. (2013a) to produce a 3-D shear velocity model
of Tasmania. The results showed an east-dipping, low-velocity zone
around the Tamar River. The same inversion technique was also
applied to the entire mainland southeast Australian WOMBAT data
set to produce a 3-D shear wave velocity model of the crust (Young
et al. 2013b). Interpretation of crustal features included an abrupt
velocity transition as a signature of the east-dipping Moyston Fault
at the edge of the Lachlan Orogen.

In order to better image the elusive link between mainland Aus-
tralia and Tasmania, Pilia et al. (2015a) inverted ambient noise
group velocity dispersion measurements from stations surround-
ing Bass Strait using the transdimensional method of Bodin et al.
(2012a) for 3-D shear wave velocity structure. Pilia et al. (2015a)
observed that the low velocity zones in the upper crust corresponded
well with the Otway, Gippsland and Bass basins. They also inter-
preted a contiguous set of high velocity patches between the central
Victorian coast and the northwestern Tasmanian coast as evidence
of a link between the two regions, via the Selwyn Block/VanDieland
hypothesis. However, other tomography studies in Victoria (Rawl-
inson & Kennett 2008; Young et al. 2011; Young et al. 2013a) and
Tasmania (Rawlinson et al. 2006; Young et al. 2013b) did not iden-
tify any similar features. Pilia et al. (2015b) extended their model of
Bass Strait, using the same inversion method, to cover the entire re-
gion of southeast Australia spanned by the WOMBAT transportable
seismic array. They found that the group velocity maps showed
better correlation with mapped terrane boundaries compared to a
shear wave velocity model. They suggested that this is due to the
non-uniqueness associated with inverting group velocity for shear
velocity. Pilia et al. (2015b) also identified a high velocity anomaly
extending from Proterozoic northwestern Tasmania into mainland
Australia as the Selwyn Block. It appears to have a much smaller
extension into Victoria than other predictions of the Selwyn Block
that are based on magnetics and outcrop geology.

Gunn et al. (1997) used the first available complete aeromagnetic
coverage of the area, newly available gravity data, reflection seismic
data, drill-hole information and outcrop geology to study the Bass
Basin. They found that NE–SW tension along pre-existing base-
ment structures produced three main sedimentary compartments
that overlie accumulations of dense magnetic mafic material, which
were likely produced by a mantle decompression process associated
with crustal thinning. Morse et al. (2009) interpreted new aeromag-
netic data to help delineate the structural architecture of the Bass
Strait basins and underlying basement and the distribution of ig-
neous rocks. McLean et al. (2010) modelled three gravity and mag-
netic profiles through the central and eastern part of the Melbourne
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Zone, where the top of basement was constrained to be ∼10–15 km
deep. They concluded that the anomalies under the Melbourne Zone
correlated with the Cambrian mafic–ultramafic complex of Tasma-
nia, supporting the Selwyn Block model extending under mainland
Australia. Moore et al. (2013) also used both gravity and magnetic
data sets to conclude that the Selwyn Block model was a well-
supported hypothesis for SE Australia. Furthermore, Moore et al.
(2016) used these data sets in conjunction with the information from
geological outcrops to identify subdivisions across the VanDieland
microcontinent, thus creating a new stratotectonic map of the re-
gion. Drummond et al. (2000) interpreted regional deep seismic
reflection profiles off- and on-shore Tasmania to study the island’s
crust. Their findings for eastern Tasmania supported an extensional
model where continental extension eventually led to the formation
of very thin continental crust, likely related to Late Neoprotero-
zoic extension recorded elsewhere in Australia (e.g. Gairdner dyke
swarms, Zhao et al. 1994; Wingate et al. 1998).

4 DATA A N D M E T H O D

Seismic data for this project come from a passive seismic array of
24, 3-component, broad-band seismometers (Fig. 1) deployed from
2011 to 2013. The network spans Bass Strait, with stations on the
north coast of Tasmania, islands in Bass Strait (King Island, Deal
Island and Flinders Island) and on the south coast of Victoria. Data
were recorded for almost two and a half years across the array. The
majority of seismic noise recorded by the array is from the Southern
Ocean region surrounding Tasmania, which lies to the east, south
and west. Microseisms are the main source of seismic noise from
oceans, and are prominent in the period range ∼4–30 s (Longuet-
Higgins 1950; Ardhuin et al. 2015). This is the main control on the
SNR as a function of period.

Data recorded by the vertical component of each seismometer
was used to extract Rayleigh wave signal. The cross-correlation
procedure and subsequent velocity analysis follows the workflows
described in Bensen et al. (2008) and Young et al. (2011). A pre-
processing bandpass filter was applied between 0.025 and 0.5 Hz
(2–40 s). The continuous data recordings were divided into 24 hr
lengths and after parameter testing for the optimum SNR the time
window for cross-correlation was set to 30 min (1800 s) with an
overlap of 50 per cent (900 s). In this study phase, we apply time–
frequency domain phase-weighted stacking or tf-PWS (Schimmel
et al. 2011) to combine daily cross-correlations which attenuates
incoherent noise and greatly improves SNR. For comparison pur-
poses, cross-correlations were also stacked using linear, amplitude
based stacking, including 1-bit normalization in order to mitigate
the effects of deterministic sources such as earthquakes. The tf-
PWS results were compared to the linearly stacked waveforms and
there was a striking improvement in the SNR of the tf-PWS sig-
nal (Fig. 2). The final cross-correlation functions are plotted as a
function of inter-station distance in Fig. 3, and from this it can be
seen that they are asymmetrical. This is because the ambient noise
sources are not uniformly distributed and have a dominant location
(i.e. the Southern Ocean rather than the Australian continent). In
order to diminish the effect of non-uniformly distributed sources,
the waveforms are made symmetrical by stacking the positive and
negative time-lags of the cross-correlation. To exploit the dispersive
nature of surface waveforms, frequency-time analysis is performed
using multiple filter analysis to calculate the phase velocities asso-
ciated with each period (Levshin & Ritzwoller 2001). We measure
phase velocity dispersion for periods ranging from 2–40 s using

the image transformation technique described by Yao et al. (2006)
and modified by Young et al. (2011 First, we band-pass filter the
negative time derivative of the symmetric component of the green’s
function (EGFs) across a range of central periods. The width of
this bandpass-filter has a linear dependence on the central period.
Then, we create a velocity versus period (c-T) image on all the
time-series of each filtered waveform. The c-T image is then used
to automatically select the phase curve, as the 2π phase ambiguity
is usually straight forward to resolve. Curve picking is controlled by
a user-defined average dispersion curve, based on period-velocity
regions of highest energy. The phase velocity uncertainty estimate
corresponds to the velocity window for which the amplitude of the
energy peak is greater than 50 per cent of the maximum amplitude.
Fig. 3(c) is an example of an automatically picked phase dispersion
curve for station pair BA04-BA08 with an interstation distance of
191 km. The final data set used for the inversion contains ∼100–
200 measurements for each period, with the maximum number of
measurements peaking at 217 for 6 s period (see Fig. 3b for ray-path
map at 6 s period).

4.1 Inversion method

We implement a two-stage method using a transdimensional,
Bayesian inversion scheme first developed by Bodin & Sambridge
(2009). Subsequent extension of this method included the addi-
tion of a hierarchical component, whereby data noise becomes an
unknown parameter to be quantified by a posterior probability den-
sity function (Bodin et al. 2012a). The first stage of our inversion
scheme is to jointly invert phase velocity dispersion curves from
all station pairs for period-dependent phase velocity maps. These
maps are then sampled at regular points on a latitude/longitude grid
to produce a set of pseudo-phase-velocity dispersion curves. In the
second stage, these curves are inverted for 1-D shear velocity mod-
els, which are then combined to create the final 3-D shear velocity
model.

In a transdimensional, hierarchical, Bayesian inversion scheme,
each model is parametrized by Voronoi cells (Voronoi 1908) whose
number, position and velocity are unknowns to be solved. Addition-
ally, the level of noise in the data set is also treated as an unknown
(in practice, the standard deviation of the noise). The complexity
of the model is therefore driven directly by the spatial distribution
of information contained in the data set. Transdimensional, hier-
archical, Bayesian inversion eliminates the need for user defined,
ad-hoc regularization parameters, thus making the approach more
data-driven and robust than locally linearized methods (Bodin et al.
2012a).

To fully explore the model space, a large ensemble of models
are generated (in the order of 105) from which a posterior proba-
bility density function is produced (Green 1995). The ensemble of
velocity models is generated by sampling the model space using
the reversible-jump Markov chain Monte Carlo sampler (Metropo-
lis et al. 1953; Hastings 1970; Green 1995). Predictions of for-
ward traveltime and ray-path trajectory are implemented via the
fast marching method (Sethian 1996; Sethian & Popovici 1999;
Rawlinson & Sambridge 2004a, 2004b). After an initial ‘burn-in’
phase, the ensemble of remaining models converges asymptotically
on the posterior probability distribution (Green 1995). This distri-
bution is then used to extract robust structural information. In our
case, we map each velocity model onto a regular grid and then take
the average as being representative of the ‘preferred model’ and the
standard deviation as an estimate of model uncertainty.
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In the first stage, period dependent phase velocity maps from
2–30 s at every even number were produced using the method out-
lined above. Out of 400 000 total iterations, model unknowns were
assumed to have converged after the first 120 000, which were dis-
carded as the ‘burn-in’ phase. The remaining models were sifted by
taking every 50th model, from which the average and standard devi-
ation of velocities were calculated across a grid with regular spacing
of ∼10 km in latitude and longitude. This inversion took ∼15 min
for each period using 20 nodes on a cluster, each running 10 parallel
processes. These 10 simultaneous and non-communicating Markov
chains were run in parallel to fully optimize the sampling of model
space. The minimum and maximum permitted number of Voronoi
cells was 5 and 400. Velocity limits for each period were ±1.0 km
s−1 around the average velocity for each period, found from first
pass FMST tomography results. Phase velocity maps are shown at
example periods 6, 12 and 26 s in Fig. 4, along with their associated
standard deviation. The highest standard deviations tend to be found
in regions of strong velocity gradient, such as around the edges of the
sedimentary basins (e.g. in the centre of Fig. 4d) where low velocity
sedimentary rocks contrast with higher velocity material outside the
basin. The standard deviation patterns seen in our results are con-
sistent with the ‘uncertainty loops’ identified by Galetti et al. 2015
in their study of the UK using a similar transdimensional scheme;
in this scenario, the uncertainty in the location of the strong velocity
contrast leads to a ‘ring’ of high uncertainty around the basin. The
posterior distribution function for data noise parameter σ is also
displayed for each period (Figs 4g–i). The parameter σ effectively
quantifies the data noise via the ability of the model to fit the data and
accounts for both non-systematic observational and computational
errors.

In the second stage, 2-D period dependent phase velocity maps
are converted to a 3-D shear wave velocity model. The Bass Strait
study area is discretized on a regular grid comprising 2100 points
at ∼10 km spacing; at each of these points a pseudo-phase-velocity
curve is created from the period-dependent output of the first in-
version stage. For the pseudo-dispersion curve at each grid point,
transdimensional, hierarchical, Bayesian inversion is applied to gen-
erate an ensemble of models where in this case the number, position,
thickness and velocity of layers in a 1-D model are unknowns. As
before, a posterior probability distribution is generated for each of
the unknowns, from which an average and standard deviation are
obtained. Subsequent interpolation between each 1-D model creates
a continuous 3-D shear wave velocity model. The forward problem
of predicting dispersion curves in the 1-D inversion is done using
the DISPER80 code (Saito 1988). A major advantage of using this
two-stage methodology is that standard deviations from the initial
2-D inversions are carried forward to the 1-D inversion stage. This
ensures that noisy measurements (i.e. large standard deviation val-
ues) will not unduly influence the final solution. For each of the
2100 pseudo-phase-velocity dispersion curves, a total of 180 000
model iterations were produced with 80 000 discarded as ‘burn-in’.
Velocity was permitted to vary between 2.0 and 5.0 km s−1, and the
total number of layers between 2 and 30. The average and standard
deviation of all 1-D models is used to define the final 3-D solution
model and its associated uncertainty.

4.2 Synthetic resolution tests

To assess the reliability of velocity structures produced by the 2-D
Bayesian inversion method, we performed a resolution test based on

synthetic data. In order to illustrate the potential recovery of veloc-
ity discontinuities and structure of different scales, we constructed a
synthetic velocity model that contains a variety of features (Fig. 5).
Gaussian noise with a standard deviation equal to 1 s is added to
the synthetic data to simulate uncertainties associated with the ob-
servational data set (e.g. picking of phase arrival time as a function
of period). The maximum perturbation of the synthetic velocity
anomalies is ± 0.4 km s−1. By using the identical source–receiver
path configuration as the observational data set at 6 s period, we pre-
dict traveltime residuals for the input structure shown in Fig. 5. The
inversion is then carried out using the Bayesian transdimensional
scheme and the results are compared to those obtained with an itera-
tive nonlinear inversion technique. This involved the use of the Fast
Marching Surface-wave Tomography (FMST) package (Rawlinson
et al. 2008). In FMST, parameters such as grid resolution, damp-
ing and smoothing are required to be user-defined. Throughout the
study area, the input structures are generally better recovered by
the Bayesian method, compared to the linearized inversion scheme
(Fig. 5); this is despite the fact that the parameterization used for
the linearized scheme matches that used to describe the synthetic
structure, which means that it has favourable pre-conditioning. Rel-
atively sharp velocity discontinuities are not well retrieved with
the linear approach, which uses globally imposed smoothing and
damping parameters. On the other hand, in the Bayesian method,
the averaging process of the spatially varying Voronoi cells over
thousands of models produces a smoothness directly controlled by
the data itself. In order to show the high dependence of the lin-
earized inversion model on the choice of damping and smoothing
parameters, we present three different examples with different val-
ues (Fig. 5). As expected, when damping and smoothing are set
to larger values major details such as strong velocity variations
and multi-scale structure are lost; conversely, when they are set to
smaller values, spurious small-scale structures are introduced. It is
clear that the Bayesian inversion approach produces the most robust
results, while the use of conventional ad hoc regularization (damp-
ing and smoothing in this case) strongly influences the results, and
patterns of anomalies are dictated more by the restrictions of the
method than the information contained in the data.

In order to investigate the reliability of the second stage, in which
pseudo-phase-velocity curves are inverted for 1-D shear velocity
models, we perform another synthetic test. A four-layer crustal
shear velocity profile was designed as the synthetic input to test
the transdimensional, hierarchical, Bayesian inversion’s recovery
ability (dashed line, Figs 6a and b). A synthetic phase velocity
curve was predicted using the DISPER80 code (Saito 1988), with
Gaussian noise with a standard deviation of 0.2 km s−1 added to
simulate data uncertainty. This dispersion curve is then inverted for
a 1-D shear velocity model using transdimensional, hierarchical,
Bayesian inversion and the results are shown in Fig. 6. The quality
of the recovered 1-D shear velocity model is generally good; this
can be clearly seen by the agreement of the probability density plot
and its mean with the input model (Figs 6a and b). The largest in-
consistencies between the synthetic and recovered model occur at
the velocity discontinuities. The posterior probability distribution
for the number of layers in the recovered model (Fig. 6d) shows
that the inversion peaks correctly at four layers. Considering that
surface waves, and hence phase velocity dispersion, are not sensi-
tive to sharp discontinuities, the fact that the mean solution model
produces a smoothed version of the input model is hardly surpris-
ing. In this case, the surface waves cannot distinguish between an
interface at 5 km depth and 10 km depth, and hence sees a relatively
rapid increase in velocity, which may be why the probability of a



Transdimensional tomography of Bass Strait 977

Figure 4. Period-dependent phase velocity maps for 6, 12 and 26 s period (a–c) along with their associated standard deviation maps (d–f) and posterior
probability density function of data noise (g–i).

discontinuity plot peaks at a depth of around 7.5 km. The transi-
tion to upper mantle velocities at 20 km is likewise not detected as
a sharp velocity discontinuity but rather as a smooth transition to
higher wave speed. Thus, the smooth velocity variations with depth
seen in our results from the BASS data set are not a function of any
imposed parameterization.

5 R E S U LT S A N D I N T E R P R E TAT I O N

Figs 7 and 8 show the 3-D crustal structure beneath Bass Strait
in a series of horizontal and vertical slices taken from the final
tomographic solution model. Significant velocity anomalies that
will be interpreted are numbered on the maps in Fig. 7. At depths
greater than ∼30 km, the model reliability becomes poor since
information about deeper structures in the crust and upper mantle
is lost as the number of ray paths sampling these regions decreases
with depth. We use the standard deviation of the model ensemble,
computed at each individual grid point in latitude and longitude,
as an estimate of uncertainty (Figs 7d–f). Regions of high standard
deviation can generally be correlated with a lack of path coverage
or lack of crossing paths (e.g. the Gippsland Basin in the NE of
the model). Low-velocity basins tend to be avoided by first-arriving
paths which can also result in elevated uncertainties.

Figs 7(a) and (b) show horizontal slices at 5 and 10 km depth.
Velocities are as low as 2.0 km s−1 in sedimentary basins (partic-
ularly Bass and Gippsland), but for the purposes of visualization
the colour scale range for the model is 2.4–4.1 km s−1. The three
sedimentary basins in Bass Strait, the Otway Basin (anomaly 1 and
2), the Gippsland Basin (anomaly 4) and the Bass Basin (anomaly
5) are clearly imaged. They are characterized by shear wave ve-
locities in the range 2.0–2.9 km s−1. Sediment thickness mapping
shows sedimentary material up to 14 km thick in the Central Deep
part of the Gippsland Basin (Power et al. 2001) and between 10 and
12 km in the central Bass Basin (Teasdale et al. 2001). Low shear
wave velocities from 2.0 to 2.6 km s−1 are observed in our velocity
model in the region of the Gippsland Basin extending to ∼12–14 km
depth (Fig. 8d) and the Bass Basin extending to ∼10–12 km depth
(Fig. 8g), confirming that we are likely imaging the sedimentary de-
posits in these basins. Two distinct low velocity anomalies (Figs 7a
and b, labelled 1 and 2) of ∼2.8 km s−1 correspond to the areas
of the Inner Otway and Torquay sub-basins. A sediment thickness
map produced for the Otway & Sorell Basins (Teasdale et al. 2002)
indicates that there is between 5 and 8 km of sediment in the region
of the Otway Basin covered by our velocity model. This is almost
half of the thickness observed in the other two basins in Bass Strait.
This may explain why the 5 km depth slice through the velocity
model (Fig. 7a) does not show the same low shear wave speeds
in the Otway Basin compared to those in the Bass and Gippsland
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is further supported by the prolific intrusive and extrusive rocks
across the sedimentary basins.

7 C O N C LU S I O N S

We present the first 3-D shear wave velocity model of Bass Strait
generated from phase velocity measurements of ambient seismic
noise. Due to noise sources within Bass Strait, previous studies
have found it difficult to extract reliable interstation phase velocity
dispersion curves. However, by utilizing time–frequency domain
phase-weighted stacking to improve the SNR, we were able to suc-
cessfully extract phase velocity information. A transdimensional,
hierarchical, Bayesian inversion method, which is highly data driven
and requires minimal tuning of initial parameters, was then applied
to invert for shear wave velocity. This approach accounts for hetero-
geneous data coverage, produces an ensemble of solution models
and can constrain data uncertainty parameters. The velocity struc-
tures in our model appear to be consistent with many features at
or near the surface. In particular, comparison of basin geometries
outlined in the shear velocity model with those published from
industry sources shows that they are in good agreement. Along
southern Victoria, we find that our model can be related to known
terrane boundaries at the surface, which correspond to major crustal
divisions of the Delamerian and Lachlan orogens. In particular, we
identify an east-dipping zone that is present to the base of the crust,
and corresponds approximately to the location and dip of the Moys-
ton Fault Zone. This fault is thought to represent the boundary
between the Delamerian Orogen and Lachlan Orogen. Our results
also reveal an NW-trending lower crustal high-velocity zone that
extends across the Selwyn Block from western Victoria (mainland
Australia) possibly as far as NE Tasmania. Extensive igneous rocks
intruded into sedimentary basins above this fault zone together with
the high velocities in the lower crust suggest that mafic material
may have exploited this crustal weakness during failed rifting.
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& Pérez-Estaún, A., 2006. Imaging granitic plutons along the IBERSEIS
profile, Tectonophysics, 420(1-2), 37–47.

Flottmann, T., Gibson, G.M. & Kleinschmidt, G., 1993. Structural continuity
of the Ross and Delamerian orogens of Antarctica and Australia along
the margin of the paleo-Pacific, Geology, 21, 319–322.

Galetti, E., Curtis, A., Meles, G.A. & Baptie, B., 2015. Uncertainty loops
in travel-time tomography from nonlinear wave physics, Physical review
letters, 114(14), 148501.

Gibson, G.M., Morse, M.P., Ireland, T.R. & Nayak, G.K., 2011. Arc–
continent collision and orogenesis in western Tasmanides: insights from
reactivated basement structures and formation of an ocean–continent
transform boundary off western Tasmania, Gondwana Res., 19(3), 608–
627.

Glen, R.A., 2013. Refining accretionary orogen models for the Tasmanides
of eastern Australia, Aust. J. Earth Sci., 60(3), 315–370.

Gray, D.R., 1997. Tectonics of the southeastern Australian Lachlan Fold Belt:
structural and thermal aspects, Geol. Soc. London Spec. Publ., 121(1),
149–177.

Gray, D.R. & Foster, D.A., 1998. Character and kinematics of faults within
the turbidite-dominated Lachlan Orogen: implications for tectonic evolu-
tion of eastern Australia, J. Struct. Geol., 20(12), 1691–1720.

Green, P.J., 1995. Reversible jump Markov chain Monte Carlo computation
and Bayesian model determination, Biometrika, 82(4), 711–732.

Gunn, P., Mitchell, J. & Meixner, A., 1997. The structure and evolution
of the Bass basin as delineated by aeromagnetic data, Explor. Geophys.,
28(1/2), 214–219.

Gunn, P.J., Maidment, D. & Milligan, P.R., 1997a. Interpreting aeromagnetic
data in areas of limited outcrop, 17, AGSO Journal of Australian geology
and geophysics, p. 175–186.

Gunn, P.J., Minty, B.R.S. & Milligan, P.R., 1997b. The airborne gamma-ray
spectrometric response over arid Australian terranes. In Exploration, Vol.
97, p. 733–740.

Halpin, J.A. et al., 2014. Authigenic monazite and detrital zircon dating from
the Proterozoic Rocky Cape Group. Tasmania: Links to the Belt-Purcell
Supergroup, 250, North America. Precambrian Research, p. 50–67.

Hastings, W.K., 1970. Monte Carlo sampling methods using Markov chains
and their applications, Biometrika, 57(1), 97–109.

Hergt, J.M., Chappell, B.W., McCulloch, M.T., McDougall, I. & Chivas,
A.R., 1989. Geochemical and isotopic constraints on the origin of the
Jurassic dolerites of Tasmania, J. Petrol., 30(4), 841–883.

Hill, K.C., Hill, K.A., Cooper, G.T., O’Sullivan, A.J., O’Sullivan, P.B. &
Richardson, M.J., 1995. Inversion around the Bass basin, SE Australia,
Geol. Soc. London Spec. Publ., 88(1), 525–547.

Hill, P.J., Moore, A.M.G. & Exon, N.F., 2001. Sedimentary basins and struc-
tural framework of the South Tasman Rise and East Tasman Plateau, in
Eastern Australasian Basins Symposium, a Refocused Energy Perspective
for the Future, pp. 37–48, eds Hill, K.C. & Bernecker, T., PESA Special
Publication.

Holford, S., Schofield, N., MacDonald, J., Duddy, I. & Green, P., 2012. Seis-
mic analysis of igneous systems in sedimentary basins and their impacts
on hydrocarbon prospectivity: examples from the southern Australian
margin, APPEA J., 52(1), 229–252.

Johnson, R.W., Johnson, R.W., Knutson, J. & Taylor, S.R.eds, 1989. In-
traplate Volcanism: In Eastern Australia and New Zealand, Cambridge
Univ. Press.

Korsch, R.J., Barton, T.J., Gray, D.R., Owen, A.J. & Foster, D.A., 2002.
Geological interpretation of a deep seismic-reflection transect across the
boundary between the Delamerian and Lachlan Orogens, in the vicinity
of the Grampians, western Victoria, Aust. J. Earth Sci., 49(6), 1057–1075.

Kuusisto, M., Kukkonen, I.T., Heikkinen, P. & Pesonen, L.J., 2006. Litho-
logical interpretation of crustal composition in the Fennoscandian Shield
with seismic velocity data, Tectonophysics, 420(1-2), 283–299.

Leaman, D., Baillie, P. & Powell, C.M., 1994. Precambrian Tasmania: a
thin-skinned devil, Explor. Geophys., 25(1), 19–23. 72, 78.

Lennon, R.G., Suttill, R.J., Guthrie, D.A. & Waldron, A.R., 1999. The re-
newed search for oil and gas in the Bass Basin: results of Yolla-2 and
White Ibis-1, APPEA J., 39(1), 248–262.

Levshin, A.L. & Ritzwoller, M.H., 2001. Automated detection, extraction,
and measurement, of regional surface waves, Pure appl. Geophys., 158,
1531–1545,

Li, Z.X., Baillie, P.W. & Powell, C.M., 1997. Relationship between north-
western Tasmania and east Gondwanaland in the late Cambrian/early
Ordovician: paleomagnetic evidence, Tectonics, 16(1), 161–171.

Longuet-Higgins, M.S., 1950. A theory of the origin of microseisms, Phil.
Trans. R. Soc. Lond., A, 243(857), 1–35.

Lyngsie, S.B., Thybo, H. & Lang, R., 2007. Rifting and lower crustal reflec-
tivity: a case study of the intracratonic Dniepr–Donets rift zone, Ukraine,
J. geophys. Res., 112, B12402, doi:10.1029/2006JB004795.

Maystrenko, Y., Stovba, S., Stephenson, R. & Bayer, U., 2003. Crustal-scale
pop-up structure in cratonic lithosphere; DOBRE deep seismic reflection
study of the Donbas fold belt, Ukraine, Geology, 31, 733–736.

McClenaghan, M.P., 2006. The geochemistry of tasmanian Devonian-
Carboniferous granites and implications for the composition of their
source rock, Tasmanian Geol. Surv.

McLean, M.A., Morand, V.J. & Cayley, R.A., 2010. Gravity and magnetic
modelling of crustal structure in central Victoria: what lies under the
Melbourne Zone?, Aust. J. Earth Sci., 57(2), 153–173.

McPhail, A., 2000. A petrographic and geochemical study of Gippsland
Basin volcanics, BSc Honours thesis, University of Adelaide, National
Centre for Petroleum Geology and Geophysics.

Meeuws, F.J., Holford, S.P., Foden, J.D. & Schofield, N., 2016. Distribution,
chronology and causes of Cretaceous–Cenozoic magmatism along the
magma-poor rifted southern Australian margin: Links between mantle
melting and basin formation, Mar. Pet. Geol., 73, 271–298.

Metropolis, N., Rosenbluth, A.W., Rosenbluth, M.N., Teller, A.H. & Teller,
E., 1953. Equation of state calculations by fast computing machines, J.
Chem. Phys., 21(6), 1087–1092.

Miller, J.M., Phillips, D., Wilson, C.J.L. & Dugdale, L.J., 2005. Evolution
of a reworked orogenic zone: the boundary between the Delamerian and



986 E. Crowder et al.

Lachlan Fold Belts, southeastern Australia, Aust. J. Earth Sci., 52(6),
921–940.

Moore, D.H., Betts, P.G. & Hall, M., 2013. Towards understanding the early
Gondwanan margin in southeastern Australia, Gondwana Res., 23(4),
1581–1598.

Moore, D.H., Betts, P.G. & Hall, M., 2016. Constraining the VanDieland
microcontinent at the edge of East Gondwana, Australia, Tectonophysics,
687, 158–179.

Moresi, L., Betts, P.G., Miller, M.S. & Cayley, R.A., 2014. Dynamics of
continental accretion, Nature, 508(7495), 245.

Morse, M., Gibson, G. & Mitchell, C., 2009. Basement constraints on off-
shore basin architecture as determined by new aeromagnetic data acquired
over Bass Strait and western margin of Tasmania, ASEG Extended Ab-
stracts, 2009(1), 1–9.

Norvick, M.S. & Smith, M.A., 2001. Mapping the plate tectonic reconstruc-
tion of southern and southeastern Australia and implications for petroleum
systems, APPEA J., 41(1), 15–35.

O’Halloran, G.J. & Johnstone, E.M., 2001. Late Cretaceous rift volcanics
of the Gippsland Basin, SE Australia—New insights from 3D seismic,
in Eastern Australasian Basins Symposium, A Refocussed Energy Per-
spective for the Future., ,Hill, K.C. & ,Bernecker, T., PESA, Special
Publication, 353–361.

Ogden, T.E., McLean, M.A., Rawling, T.J. & Cayley, R.A., 2016. Rede-
fined crustal structure of the Buchan Rift, northeast Victoria: evidence
from potential field modelling of newly acquired land-based gravity data,
Australian Journal of Earth Sciences, 63(5), 551–570.

Orth, K., VandenBerg, A.H.M., Nott, R.J. & Simons, B.A., 1995. Murrindal
1: 100 000 map geological report., Geological Survey of Victoria Report.,
Vol. 100p. 237.
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2011. High-frequency ambient noise tomography of southeast Australia:
New constraints on Tasmania’s tectonic past, Geophys. Res. Lett., 38(13),
doi:10.1029/2011GL047971.

Young, M.K., Rawlinson, N. & Bodin, T., 2013a. Transdimensional inversion
of ambient seismic noise for 3D shear velocity structure of the Tasmanian
crust, Geophysics, 78(3), WB49–WB62.

Zhao, J.X., McCulloch, M.T. & Korsch, R.J., 1994. Characterisation of a
plume-related ∼800 Ma magmatic event and its implications for basin
formation in central-southern Australia, Earth planet. Sci. Lett., 121(3-4),
349–367.




