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Simple models involving the gradual outboard accretion of material along curvilinear subduction zones are
often inconsistent with field-based evidence. A recent study using 3-D geodynamic modelling has shown
that the entrainment of an exotic continental fragment within a simple subduction system can result in a
complex phase of growth. Although kinematic models based on structural mapping and high-resolution
gravity and magnetic maps indicate that the pre-Carboniferous Tasmanides in southeastern Australia may
have been subjected to this process, to date there has been little corroboration from crustal scale geophysical
imaging. Here, we apply Bayesian transdimensional tomography to ambient noise data recorded by the
WOMBAT transportable seismic array to constrain a detailed (20 km resolution in some areas) 3-D shear
velocity model of the crust beneath southeast Australia. We find that many of the velocity variations that
emerge from our inversion support the recently developed geodynamic and kinematic models. In particular,
the full thickness of the exotic continental block, responsible for orocline formation and the tectonic escape
of the back arc region, is imaged here for the first time. Our seismic results provide the first direct evidence
that exotic continental fragments may profoundly affect the development of an accretionary orogen.

T

he Phanerozoic Tasmanides (or Tasman Fold Belt System) is located east of the locus of the Neoproterozoic
Rodinia breakup1 and comprises an accretionary system that occupies the eastern third of the Australian
continent2. The Tasmanides is the result of protracted accretionary growth outboard of the Archean and
Proterozoic core of central and western Australia that occurred from the Early Cambrian through to the Jurassic.
Its basement structure has proven difficult to study since vast Mesozoic-Cainozoic sedimentary and volcanic
cover sequences obscure older outcrops and limit the power of direct observational techniques. The Lachlan Fold
Belt, which forms the southern end of the Tasmanides, is thought to be particularly complex and may include an
exotic continental block3,4, an amalgamation of multiple linear orogen parallel accretion events, a large orocline
and several arc complexes2,3,5,6.
The evolution of accretionary orogens was recently addressed by Moresi et al.7 using 3-D geodynamic models,
in which a lithospheric fragment impinges on a convergent continental margin. According to the numerical
models, ingestion of the micro-continent resulted in slab retreat towards the proto-Pacific Ocean in an asymmetric southeast directed roll-back through eastern Victoria and northeast Tasmania, ultimately forming a large
orocline. Although the 3-D numerical simulation correlates well with recent kinematic models of the
Tasmanides2,3,4,8, which reconstructs the displacement of individual geological units over time, little evidence
has been found for the location and 3-D geometry of key features such as the continental fragment. Many existing
tomographic models of the Tasmanides only image the upper mantle, and are unable to recover structures much
below 100 km in size9,10, particularly in the crucial southern parts of the Lachlan Fold Belt. Several recent
tomographic models offer higher resolution (,40–50 km) and are capable of imaging crustal structure11,12,
but do not include Tasmania or Bass Strait, which form an important part of the orogenic system. The goal of
this study is to use new ambient seismic noise data to image the 3-D structure of the crust in southeast mainland
Australia, Bass Strait and Tasmania and test for direct evidence of a micro-continental fragment and associated
structures as predicted by the model of Moresi et al.7

SCIENTIFIC REPORTS | 5 : 8218 | DOI: 10.1038/srep08218

1

www.nature.com/scientificreports
The ambient noise data used in this study comes from the
WOMBAT transportable seismic array, the largest experiment of its
kind in the southern hemisphere. Here, we use data from 582 of the
stations in Tasmania (15 km separation), the adjacent mainland
(50 km separation), and a number of the Bass Strait islands
(Figure 1). Thus, a major challenge is that these datasets sample the
crust at different scales and therefore are unlikely to produce good
results if jointly inverted using conventional tomographic schemes
based on regular parameterization11,13. Hence, we follow the same
approach as Young et al.14 to jointly invert these multi-scale observations and constrain the 3-D shear wavespeed structure beneath the
study area. Long term records of ambient seismic noise from simultaneously recording station pairs are cross-correlated and stacked to form
inter-station empirical Green’s functions15,16 (see Supplementary Fig. S1
online), from which Rayleigh-group speeds are obtained over a period
range of 2 to 20 s. We then apply a novel two-stage transdimensional,
hierarchical, Bayesian inversion approach17 that produces 2-D group
velocity maps at different periods, from which a composite 3-D shear
wavespeed model is obtained through a series of 1-D inversions12,14,18,19
(see Methods for more details, and Supplementary Figs. S5 and S6
online for resolution tests and plots of uncertainty estimates respectively). The advantage of this approach is that the model resolution is
variable and adapted to the irregular spatial distribution of the information provided by observations.

We present period-dependent maps (Figure 2) and a horizontal
slice taken from the final 3-D shear velocity model at 25 km depth
(Figure 3). In general, we find that the group velocity maps are better
discriminators of lateral structure at shallow to mid-crustal depths
than the shear velocity model due to the non-uniqueness inherent in
inverting group velocity for shear velocity. However, at greater
depths, we find that the 1-D inversion process suppresses the effects
of the thick sedimentary basins, thereby producing more reliable
results in regions such as Bass Strait, where even the longer period
maps show evidence of low sediment velocities. Although the tomographic results obtained here reveal a variety of anomalies across a
range of depths, we predominantly focus on features that suggest the
presence of an exotic continental block, a sedimentary basin resulting
from rollback of the slab to the north of the micro-continent, extrusion of material from the overriding plate to the rear of the continental block, a tightly curved arc and arc magmas resulting from the
re-establishment of subduction behind the accreted exotic block7.
The onset of terrain accretion over the eastern passive margin of
Gondwana began in the Early Cambrian2, along what is now an
arcuate-trending boundary that is clearly revealed by our model as
an abrupt west-east transition from high to low velocities (white
arrows in Figure 2). This prominent velocity change is congruent
with the inferred east-dipping Escondida Fault, which is a good
candidate for the expression of the transition from Precambrian to

Figure 1 | Tilt-filtered total magnetic intensity map (TMI) and location of seismic stations. Base map comprises tilt-filtered total magnetic intensity
(TMI) in grey-scale, overlain by semi-transparent pseudocolour TMI, with the spectrum from blue to red indicating the range from low to high
anomalous magnetic field intensity respectively. Maps were created and magnetic data elaborated using Esri’s ArcGIS platform (http://www.esri.com/
software/arcgis). Major tectonic boundaries are outlined. Different colours represent different boundary ages. White triangles show the location of the
WOMBAT stations used in this study. GC: Gawler Craton; CP: Curnamona Province; TFB: Thomson Fold Belt; DB: Darling Basin; SZ: Stawell Zone;
HBZ: Hay-Booligal Zone; BZ: Bendigo Zone; SB: Selwyn Block beneath Melbourne Zone (MZ); WOMC: Wagga-Omeo Metamorphic Complex; MA:
Macquarie Arc. mf: Moyston Fault; kf: Koonenberry Fault; af: Avoca Fault; hf: Heathcote Fault; gf: Governor Fault; bf: Bootheragandra Fault; if: Indi
Fault; glf: Gilmore Fault Zone; tf: Tamar Fracture System.
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Figure 2 | Group velocity maps. Maps of 6, 8, 12 and 16 s period Rayleigh wave group velocity. The tectonic boundaries from Figure 1 are shown.
Acronyms are identical to those used in Figure 1, with the addition of BB and GB that indicate Bass and Gippsland basins respectively. White arrows point
to the transition from Precambrian to Phanerozoic terranes. Peak sensitivity of the group velocity maps to shear wavespeed occurs at a depth
approximately equal to the period in seconds multiplied by 1 km/s. Therefore, 6 s is equivalent to ,5–7 km in depth, 8 s to ,7–10 km, 12 s to ,10–
15 km and 16 s to ,15–20 km. Maps were created and velocity data were elaborated using Esri’s ArcGIS platform (http://www.esri.com/software/arcgis).

Phanerozoic crust in eastern Australia12,20 (Figure 2). The position of
the fault is largely equivocal at the surface since it is buried by
younger sediments and in some areas, particularly south of the
Grampians Ranges, becomes challenging to identify using aeromagnetic data. However, the period-dependent maps in Figure 2 reveal
the margin to be a major discontinuity, possibly east-dipping, that
extends in depth to at least the mid-crust. It becomes a less dominant
feature at 25 km depth (Figure 3), perhaps either failing to persist at
depth or, more likely, passing down into crust of low velocity contrast
and flattening in dip to be truncated by adjacent sub-parallel structures such as the Moyston Fault (mf). The Moyston Fault dips
east21,22, and, together with a probable former northern extension
adjacent to the Precambrian Curnamona Province (CP) - a position
now overprinted by the younger Koonenberry Fault23 (kf) - appears
SCIENTIFIC REPORTS | 5 : 8218 | DOI: 10.1038/srep08218

to be a crustal penetrating fault that forms the western boundary of
the Lachlan Orogen6 (Figures 1 and 2). In the central-upper part of
the model we find a clear low velocity anomaly located in the upper
crust, which correlates with the back-arc Darling and Newell basins
(DB). According to Moresi et al.7, these were filled after the subduction zone became congested by the continental fragment and the slab
started to tear. This crust is known to have undergone some thinning24, which may mean that the high velocities recorded in this area
at 25 km depth are due to a shallower Moho (Figure 3). Alternative
possible explanations include the presence of remnant underplated
oceanic lithosphere; a lower crust dominated by Silurian back-arc
rift-related volcanics, as seen in other Silurian basins in NSW25; or
else a Proterozoic fragment detached from the supercontinent
Rodinia during the break-up of Gondwana-Laurentia, which was
3
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Figure 3 | Horizontal slice from the tomographic shear-velocity model at 25 km depth. White dashed line represents the near-surface extent of the
Selwyn Block as suggested from geological constraints and aeromagnetic data. Red dashed line highlights the parts of the Selwyn Block boundaries
that can be inferred from this study. Black dashed lines outline important features revealed by the tomographic model. Maps were created and velocity
data were elaborated using Esri’s ArcGIS platform (http://www.esri.com/software/arcgis).

eventually amalgamated in the accretionary terrane of the Lachlan
Orogen2.
One remarkable feature that emerges from our tomographic
model is a strongly curved region that is as much as ,0.5 km/s faster
than the Darling Basin (SZ, Figure 2). This appears to mimic a
distinct belt of deeply-sourced (minimum depth to top is ,1–
5 km) magnetic highs, whose concentric, curved trends are revealed
by the new tilt-filtered total magnetic intensity data26 (SZ, Figure 1).
It is likely that this is the seismic expression of the northern end of the
Cambrian Stawell Zone (SZ), an accretionary wedge that appears to
be overprinted by a giant fold at its northern end27,28. This is one of
the major fold hinges within the Lachlan Orocline. Another distinct
low velocity area underlies the Hay-Booligal Zone (HBZ, Figure 2).
By unfolding the Lachlan Orogen, it can be inferred that this area
represents a piece of the Macquarie Arc7 (MA), trapped during right
lateral strike-slip on the Bootheragandra Fault (bf). The eastern parts
of the Lachlan Orocline, which according to the geodynamic model
of Moresi et al.7 rolled-back and pivoted at the northern margin of
the continental ribbon, correlate less well with velocity features in our
model. This is partly because, with the exception of Bass Strait, the
data coverage is limited to the onshore-regions in southeast
Australia. The presence of the Bootheragandra Fault in the core of
the eastern part of the Lachlan Orocline can be clearly inferred from
our seismic models (Figures 2 and 3). According to Moresi et al.7,
as the slab re-organizes and migrates behind the continental
ribbon during roll-back and formation of the orocline, farther
west the system is firmly controlled by the dextral strike-slip
SCIENTIFIC REPORTS | 5 : 8218 | DOI: 10.1038/srep08218

Bootheragandra Fault. This is clearly evident at all depths in our
model and it is not only confined to the crust, but extends into the
upper mantle, as recently revealed by teleseismic tomography29.
Re-establishment of slab retreat is known to be associated with
emplacement of large volumes of basaltic magmas, accompanied by
high-grade metamorphism and tectonic switching30. Adjacent to the
Bootheragandra Fault, the eastern part of the tomographic model is
extensively dominated by north-south trending high velocity anomalies, revealing a strong correlation between high temperature metamorphic belts, Ordovician volcanic arcs and granites with the
velocity model. In particular, east of the Bootheragandra Fault, the
Wagga-Omeo Metamorphic Complex is characterized by high velocities (WOMC, Figure 2), whereas the Macquarie Arc is identified as
a low velocity belt.
The presence of three sedimentary basins in Bass Strait, two of
which are clearly imaged in Figure 2 (marked as BB and GB), can be
attributed to failed rifting associated with the diachronous break-up
between Australia and Antarctica31. While continuity of western
Tasmanian geology across Bass Strait into central Victoria can be
inferred in outcrop and in aeromagnetic data32 (Figure 1), the thick
basins make it difficult to assess the continuity of the Selwyn Block
(SB) crust across Bass Strait at least at mid-upper crustal depths.
More importantly, since the shape of the velocity anomalies found
in Bass Strait at shorter periods resemble those of the sedimentary
basins at depth, we have given consideration to the influence of low
velocity areas in the uppermost part of the crust. The three sedimentary basins in Bass Strait are known to be deep; for example, Pilia
4
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et al.19 estimates that the Bass Basin may be up to 10 km thick, which
might result in some vertical smearing and explain the reason why we
still record a low velocity signature even at a period of 16 seconds
(equivalent to about 15–20 km depth). On the other hand, this effect
does not manifest in the 1-D inversion of group dispersion measurements. Furthermore, when attempting to identify the exact geographic extent of the Vandieland micro-continent, it has to be
noted that a protracted tectonic evolution, characterized by a succession of geological events, has significantly modified the upper and
mid crust post emplacement, thereby making interpretation at shallow depths difficult. However, a horizontal slice through the tomographic shear-velocity model at 25 km depth reveals for the first time
the existence and lateral extent of the micro-continent (Figure 3) in
the form of a distinct high velocity anomaly, which extends from
Proterozoic northwestern Tasmania into mainland Australia (the
region known as the Selwyn Block). Our new results correlate well
with what has been inferred near the surface from aeromagnetic
surveys and geological mapping and analysis3,4,32. The eastern margin
of the continental fragment is clearly revealed by an easterly transition from high to low velocities in Tasmania, which may be caused
by the juxtaposition of younger accreted material against
Precambrian crust. At the surface, this juxtaposition occurs across
the Tamar Fracture System (tf). Beneath Bass Strait, this transition
becomes progressively narrower in a curvilinear path to southern
mainland Australia, which appears to consistently match a transition
from a stronger magnetic signature to the west to a more homogeneous and weaker response to the east.
The northern limit of the high velocity region that we associate
with the Selwyn Block cannot easily be reconciled with existing models, since it does not continue as far northward into mainland
Australia as the surface geology and deep seismic reflection data
predicts. There are two possible reasons for this: (1) The Selwyn
Block is compositionally heterogeneous, and beneath Victoria it produces a seismic signature that is indistinguishable from that of surrounding rocks; (2) magma-induced heating of the lower crust
associated with the recent Quaternary Newer Volcanics Province
results in a localised region of lower velocity33,34 that overprints the
signature of the Selwyn Block. In the latter case, it is interesting to
note that the low velocity zone highlighted in Figure 3 almost exactly
underlies the surface outcrop of the Newer Volcanics Province.
The main outcome of this study is that we find close agreement
between the new seismic imaging results and key features postulated
by the new dynamic model for accretionary margins as applied to the
Tasmanides7. In particular, the continental fragment Vandieland,
incorporated in the eastern margin of Gondwana during subduction
accretion, has been detected. It occurs in the location predicted to
have triggered a series of complex kinematic and dynamic processes,
resulting in features such as a folded back-arc region and continental
transform faulting, all of which make an appearance in the new
seismic model. Our results are the first to demonstrate how a
regional-scale shear-velocity model can geophysically image the full
crustal thickness of ingested remnants of an exotic continental fragment at a former accretionary margin and provide evidence for
associated orocline development. These findings have implications
for the characterisation of cryptic colliders in other regions of the
planet that have at some stage in their history hosted a similar tectonic setting, such as in other parts of Australia35, in the North
American Cordilleras36 and in central Asia.

Methods
For each period of interest, the 2-D group velocity model is dynamically parameterised by a tessellation of Voronoi cells, which adapt throughout the course of the
inversion to the spatially varying constraints provided by the data (see Supplementary
Fig. S3 online). The parameterization is thus transdimensional in that the number,
position, size and velocities of the cells are unknowns in the inversion and implicitly
controlled by the data. The approach is also considered hierarchical since the level of
noise is treated as unknown in the inversion process, resulting in a parsimonious
trade-off between data noise and model complexity37. The inverse problem is tackled
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within a Bayesian framework that does not require explicit regularisation. The
information is represented by probability density functions and the aim is to quantify
the posterior probability density of the model parameters, conditional on the
observed data.
The prior information represents our knowledge about the model before implementing the data constraints. In our case this is incorporated in a physically plausible
and bounded range of the velocity field. The prior distribution is combined with the
data likelihood distribution to construct a posterior solution. There is no analytical
solution for the posterior and here it is approximated by efficiently sampling a range
of model space using the reversible jump Markov chain Monte Carlo sampler38, which
allows inference on both model parameters and model dimensionality (See
Supplementary section S2 online for a more detailed description).
With the suite of the period-dependent group velocity maps, we can extract
velocity values at a regular grid of points across the study area in order to generate 1-D
group velocity dispersion curves. These can then be independently inverted for 1-D
shear wave profiles by using the same technique described above, and subsequently
merged together to create a 3-D model. The model in this case is represented by a set
of variable thickness layers, with the number, thickness and velocity of each layer free
to vary during the inversion. The uncertainty estimates extracted from the 2-D
posterior velocity distribution assessments (see Supplementary Fig. S6 online) are
inherited for the 1-D inversions. This ensures that noisy measurements (i.e., large
standard deviation values) will not unduly influence the final solution.
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