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Abstract Past studies of the seismic structure of the Australian continent have dominantly exploited
surface wave tomography for the mantle, with seismic refraction, receiver functions, and ambient noise
used for crustal structure. The 3-D structure has been summarized in the Australian Seismological
Reference Model (AuSREM), for which the zone immediately below the crust is the least well characterized.
Pn traveltime tomography provides a way of improving structural information on the uppermost mantle
across the continent. We have exploited waveforms from larger events across Australia recorded at both
permanent and portable stations since 1993, supplemented by bulletin arrival times. To compensate for
the large velocity contrasts, with much faster mantle wave speeds in the center and west, all events were
relocated using the AuSREM model. After relocation, consistent patterns of traveltime residuals are
obtained. We extract Pn as the first arrival in the distance range 1.8∘ to 15∘. We use the FMTOMO approach
to invert the travel-time residuals to generate a P wave speed structure with a resolution of 3∘×3∘. There
is strong heterogeneity in Pn wave speed in the uppermost mantle across the continent. The fastest Pn
wave speed of 8.36 km/s beneath the Precambrian cratons of western and central Australia is 3.99% faster
than the global ak135 model, and the slowest Pn wave speed 7.66 km/s on the eastern margin is 4.74%
slower. The slowest velocities in the uppermost mantle are found along the eastern margin of the Australian
continent beneath the Phanerozoic orogenic belts, with links to Neogene volcanism.

1. Introduction

The good distribution of regional earthquakes in the belts around Australia has been exploited using record-
ings at both permanent and portable stations to examine mantle structure beneath the continent. The broad
distribution of S wave speeds has been determined on horizontal scales down to 250 km with vertical reso-
lution of the order of 30 km. This has been achieved using the most energetic portion of the seismograms
comprising multiple reflected shear waves and surface waves in the period range from 20 to 200 s. A num-
ber of different styles of inversion have been employed [e.g., Simons et al., 2002; Debayle and Kennett, 2003;
Yoshizawa and Kennett, 2004; Fishwick et al., 2005, 2008; Fichtner et al., 2009, 2010; Yoshizawa, 2014], but
the major features of all the recent models show similar long-wavelength behavior. This enabled Kennett
et al. [2013] to construct a representative mantle model for the Australian Seismological Reference Model
(AuSREM) project. All of the approaches to exploitation of the surface waves are somewhat sensitive to
knowledge of crustal structure and are thus most reliable from 75 km downward.

P wave tomography exploiting teleseismic events recorded by short-period stations has been used to study
the upper mantle structures beneath southeast Australia [Rawlinson and Kennett, 2008; Rawlinson et al., 2014].
At a local scale, P and S wave traveltimes were used to investigate the crustal structures of the Flinders Ranges
in southern Australia [Pilia et al., 2013]. Musgrave and Rawlinson [2010] examined the lithospheric structures
beneath southeast Australia by comparison of teleseismic P wave tomography with the interpretation of the
long-wavelength components of the magnetic and gravity fields. Graeber et al. [2002] investigated the upper
mantle P wave velocity anomalies related to the volcanic province in Victoria, southeast Australia, by use of
teleseismic body wave tomography. Such teleseismic tomography provides good resolution below the depth
of 70 km but imposes little constraint for depths shallower than 70 km, due to the 40–50 km station spacing
[Rawlinson et al., 2014].

Substantial effort has also been put into characterizing crustal structure across Australia. The crustal struc-
tures across the whole Australian continent were studied by surface wave tomography exploiting ambient

RESEARCH ARTICLE
10.1002/2015JB012597

Key Points:
• Pn wave velocity model for the

uppermost mantle across the
Australian continent

• Strong lateral heterogeneities of
Pn wave speed across the entire
continent

• The P structure is more complex than
previously revealed by longer-period
S waves

Supporting Information:
• Supporting Information S1
• Figure S1
• Figure S2
• Figure S3
• Figure S4

Correspondence to:
W. Sun,
swj@mail.iggcas.ac.cn

Citation:
Sun, W., and B. L. N. Kennett (2016),
Uppermost mantle structure of
the Australian continent from
Pn traveltime tomography,
J. Geophys. Res. Solid Earth,
121, 2004–2019,
doi:10.1002/2015JB012597.

Received 12 OCT 2015

Accepted 4 MAR 2016

Accepted article online 9 MAR 2016

Published online 31 MAR 2016

©2016. American Geophysical Union.
All Rights Reserved.

SUN AND KENNETT AUSTRALIAN PN TRAVELTIME TOMOGRAPHY 2004

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://dx.doi.org/10.1002/2015JB012597
http://dx.doi.org/10.1002/2015JB012597


Journal of Geophysical Research: Solid Earth 10.1002/2015JB012597

noise between station pairs [Saygin and Kennett, 2012]. High-resolution images of the crust in Tasmania and
the Gondwana margin of southeast Australia have been obtained with high-frequency ambient noise tomog-
raphy [Young et al., 2011, 2013]. Ambient noise tomography was also applied to exhibit the S wave velocity
anomalies resulting from composition and hot spot volcanism [Arroucau et al., 2010] in southeastern Australia.

The Australian Seismological Reference Model (AuSREM) is a representative model for Australian structure
built by combining many classes of information about the crust and mantle [Kennett and Salmon, 2012].
The Moho depth was separately defined using multiple sources of information including seismic refraction
experiments, receiver functions from a large number of portable and permanent stations, and also interpre-
tations of seismic reflection profiles [Kennett et al., 2011; Salmon et al., 2013b]. AuSREM was constructed from
a wide range of seismological information, which focused on specific areas and features across the Australian
continent. The crustal constraints are strongest for the whole continent down to 25–30 km and then more
patchy down to the Moho. The zone with the weakest control is that beneath the crust down to 75–80 km
where surface wave results have a strong influence from assumed crustal structure; indeed the controls are
little stronger than those available to Collins [1997]. This work is directed at improving that situation by
exploiting the refracted Pn waves beneath the Moho that sample the uppermost mantle.

The AuSREM mantle component was primarily constructed and constrained from the SV wave speed obtained
by surface wave tomography. The P wave speed was derived from the SV wave speed using an empirical for-
mula calibrated with information from refracted waves and teleseismic body wave tomography [Kennett et al.,
2013]. de Kool and Kennett [2014] have demonstrated that the AuSREM model provides a good representa-
tion of the general structure and provides a good basis for location of events across the continent. AuSREM
therefore provides a good starting point for more detailed tomography.

The Pn phase is refracted back from the uppermost mantle and appears as a first arrival over the distance
interval from 2∘ to 15∘ and sometimes beyond. At shorter distances the propagation samples the zone just
beneath the Moho, but as epicentral distance increases the diving waves penetrate deeper and thus allow
access to the whole zone down to 75 km that is poorly sampled by other means. Where we are able to get an
effective distribution of crossing paths for a range of epicentral distances, Pn wave tomography can provide
good control on the P wave speed distribution in 3-D in the uppermost mantle.

Because significant seismic events are quite infrequent in the Australian continent, it can take decades to
achieve good ray coverage of Pn arrivals. Fortunately, multiple deployments of portable broadband stations
supplement the limited number of high-fidelity permanent stations. Over the last two decades it is therefore
possible to build up relatively good coverage with events and stations, sufficient to perform Pn wave tomogra-
phy with resolution comparable to that achieved with surface wave work in the mantle component of AuSREM
[Kennett et al., 2013]. The results from the Pn wave tomography reveal strong lateral heterogeneities of Pn wave
speed across the entire continent, with local structure that indicates significant variations in the Vp∕Vs ratio.

2. Data

In this study we concentrate on seismic sources on the Australian continent or immediately offshore, exploit-
ing all available data. The distribution of the events used and the stations are shown in Figure 1. Only a
limited number of events have occurred in northeastern Australia and, in consequence, potential resolution
of structure is weaker in this region.

The data we have exploited consists of Pn arrivals recorded by both portable and permanent stations
deployed across the Australian continent from January 1993 to August 2015. The initial source locations
for the events with magnitude greater than 4.0 come from the International Seismological Centre (ISC)
(http://www.isc.ac.uk/) catalogs from January 1993 to December 2012. To enhance ray path coverage, we col-
lect events with magnitude smaller than 4.0 before December 2012 and events with magnitude greater than
2.5 after January 2013 from the Geoscience Australia bulletin (GA) (http://www.ga.gov.au/). Further, a small
number of explosion events with Pn traveltime data are also included. All earthquake events are relocated
with the AuSREM model using the procedure of de Kool and Kennett [2014], and these source parameters are
used when measuring Pn traveltimes.

Due to the lateral heterogeneities and the nature of velocity gradient of the Earth, it is difficult to distinguish
the crustal Pg phases from the refracted Pn phases at short distances, and so it is best to concentrate on the
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Figure 1. (a) Simplified representation of the main tectonic features of Australia. The outline of the major cratons are
marked by dash-dotted lines. The Tasman line in red is based on the reinterpretation by Direen and Crawford [2003].
Key to marked features: AF, Albany-Fraser belt; Ar, Arunta Block; Am, Amadeus Basin; Ca, Canning Basin; Cp, Capricorn
Orogen; Cu, Curnamona Craton; Er, Eromanga Basin; Eu, Eucla Basin; Ga, Gawler Craton; Ge, Georgetown Inlier; Ha,
Hamersley Basin; Ki, Kimberley Block; La, Lachlan Orogen; Mc, MacArthur Basin; MI, Mount Isa Block; Mu, Musgrave Block;
NE, New England Orogen; Of, Officer Basin; PC, Pine Creek Inlier; Pi, Pilbara Craton; Pj, Pinjarra Orogen; T, Tennant Creek
Block; Yi, Yilgarn Craton; NVP, Newer Volcanics Province; NWS, Northwest Shelfl; GBR, Great Barrier Reef; SD, Simpson
Desert; GSD, Great Sandy Desert. (b) Location of seismic stations (diamonds) and events (circles). Passive sources and
associated stations are shown in blue, and active sources and their stations are shown in green.

range where Pn is a first arrival. Beyond 15∘ the refracted P waves may begin to escape from thin lithosphere

leading to a significant change in frequency content [Kennett and Furumura, 2008]. We thus have restricted

the epicentral distance range to the interval 1.8∘ to 15∘. We only consider events whose initial focal depth

estimate is at least 2 km shallower than the Moho depth. We also exclude any P traveltime residuals which are

larger than ±8 s relative to the ak135 model [Kennett et al., 1995], which still allows the influence of the large

lateral variations in wave speed across Australia to be well represented [e.g., de Kool and Kennett, 2014]. Out

to 15∘ the P residuals from the predictions of ak135 are expected to be no more than ±8 s.
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Figure 2. Patterns of ray density and azimuthal coverage for the Pn paths with different bin sizes: (a) 2∘ × 2∘ , (b) 3∘ × 3∘ ,
and (c) 4∘ × 4∘. The length of the lines indicates the epicentral distance.

2.1. Fold and Coverage
After the selection procedures, the final data set is composed of 5288 Pn picks at portable and permanent
stations from 1993 to 2015 from 493 natural and explosive sources. In Figure 2 we display the coverage and
azimuthal distribution of the Pn ray paths across the continent using bin sizes of 2∘ × 2∘, 3∘ × 3∘, and 4∘ × 4∘.
Excellent ray densities and multidirectional coverage are available in west and central Australia, with a fold of

Figure 3. Pn wave paths for well-relocated events. The paths are colored by their P traveltime residuals relative to the
1-D ak135 model. Negative residuals indicate fast velocities, and positive residuals correspond to slow velocities. The
pattern of residuals clearly shows the fast velocity anomaly in the west and center of the continent and the relatively
slow velocity anomaly in the east.
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coverage up to 115 for grid size 3∘ × 3∘ and 145 for 4∘ × 4∘. However, the available coverage is limited around
the fringes of the continent. Irrespective of bin size, the ray density is low, often less than 10, in northeastern
Australia. In this area there have been very few events and there are only a handful of permanent stations.
Overall, excellent trade-off of path coverage and potential resolution is available using a 3∘ × 3∘ bin size.

The Australian continent is composed of three major geological elements, i.e., the Archean cratons in the west,
the dominantly Proterozoic cratons in the center, and younger Phanerozoic belts in the east (Figure 1a). The
major feature of the seismic structure is that thick lithosphere with high S wave speed lies beneath the west
and center of the continent and relatively slow velocities with thin lithosphere are found near the eastern
seaboard [e.g., Fishwick et al., 2008; Yoshizawa, 2014]. Figure 3 shows the Pn wave paths for the relocated
events used in this study, color coded by their traveltimes relative to the global ak135 model. The pattern of
P residuals fits well with the earlier S results. The negative residuals can reach 8 s at 15∘ epicentral distance in
the west and center of the continent, which requires a much faster P wave speed than in the ak135 model.

3. Method
3.1. Event Relocation
We have relocated the events using a nonlinear event locator using the 3-D AuSREM model. Seismic trav-
eltimes are precomputed for all Australian stations using the multistage fast marching method (FMM)
[Rawlinson and Sambridge, 2005; de Kool et al., 2006]. The multistage FMM is implemented in spherical coordi-
nates, so that traveltimes can be predicted more precisely. Traveltimes can be extracted at an arbitrary spatial
location by interpolation. This allows the use of the neighborhood algorithm [Sambridge, 1999], a fully non-
linear inversion procedure to determine the four parameters of the hypocenter: the 3-D spatial location and
origin time [e.g., Sambridge and Kennett, 2001]. This approach works well with a 3-D model at the continental
scale [de Kool and Kennett, 2014], providing robust and stable solutions.

Figure 4 shows the Pn traveltime residuals relative to the ak135 model at the station FORT in Western Australia.
In Figure 4a we show the results using the event parameters taken from the ISC catalog, the pattern shows
strong variations even between nearby events, with a preponderance of positive residuals. However, once we
use the relocated events (Figure 4b) the azimuthal distribution of residuals is much more consistent, and the
values conform to expectation.

The effect of the relocation is also apparent in the histograms of residuals. In Figure 4c showing the original
bulletin results there is a broad scatter of residuals. After relocation, using the AuSREM model, the pattern of
residuals is much more consistent (Figure 4d), with a bias toward early arrivals indicating that the P wave speed
in AuSREM is a little slow. Similar improvements are found at most stations, indicating the value of relocation
before undertaking seismic tomography.

After relocation we have a consistent set of Pn observations as can be seen from Figures 3 and 4. Linear regres-
sion of the full suite of Pn traveltimes against epicentral distance yields an average Pn velocity of 8.26 km/s. The
path distribution emphasizes the Precambrian cratons, and the resultant average Pn velocity is much faster
than other regional reports of 8.05 km/s in China [Pei et al., 2007], 8.03 km/s in east Asia [Wang et al., 2013],
and 7.93 km/s in west United States [Buehler and Shearer, 2010].

3.2. Initial Velocity Model
Tomographic images commonly depend quite strongly on the choice of the initial model. A good initial
model can help to markedly accelerate the convergence of the inversion and reduce the number of iterations.
AuSREM [Kennett and Salmon, 2012] brings together a wide range of information from the past few decades,
including seismic refractions, reflections, receiver functions, tomography of surface waves and body waves,
etc. AuSREM provides a consistent representation of the major features of the continental structures at a broad
scale. Thus, AuSREM is suitable for use as a starting point for inverting the uppermost mantle structures of the
Australian continent to enhance definition of smaller-scale structure. In a similar way, Rawlinson et al. [2014]
used AuSREM as an initial model in an inversion for the velocity structure beneath southeast Australia using
teleseismic body waves.

The model for the depth of Moho across Australia has been constructed using the full suite of available data
from refraction, reflection, and receiver function studies. The coverage is quite good across the continent
except in a small number of remote desert areas with difficult access. The various data sets provide multiple
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Figure 4. Traveltime residuals for the Pn arrivals at station FORT located in Western Australia, with the theoretical
traveltime predicted using the ak135 model: (a) residuals from the original ISC catalog, and (b) residual pattern after
relocation using the AuSREM model. The corresponding histograms of residuals: (c) original bulletin results and (d) after
relocation using the AuSREM model.

estimates of the depth to Moho in many regions, and the consistency between the different techniques is
high [Kennett et al., 2011; Salmon et al., 2013b]. We have therefore used the AuSREM Moho model and keep it
unchanged during the inversion.

The primary information for the crustal component of AuSREM came from seismic refraction experiments for
P wave speed and receiver function studies for S wave speed, supplemented by ambient noise results [Salmon
et al., 2013a]. Although the crust is well constrained at a broad scale, we still allow the crustal velocities to
be updated during the Pn tomography. This is because variations in crustal structures can have significant
influence on estimates of uppermost mantle wave speeds. Further, the controls on the crustal velocities are
rather patchy between 35 and 45 km [Salmon et al., 2013a], and the Pn results provide new information for
this zone.

The variations in vertical wave speed gradient for P waves across the Australian continent are significant, and in
consequence, the character of the Pn diving wave depends on where the sources and receivers are located. We
also have noticeable variations in crustal thickness. As a result we need to take into account the 3-D properties
of the mantle when representing the Pn traveltimes.

3.3. Inversion of Pn Traveltimes
The tomographic inversions are performed using FMM-based tomography [Rawlinson and Urvoy, 2006]. The
FMTOMO package is designed to combine multiple classes of body wave data sets, including refractions,
reflections, local and regional events, and teleseismic events. The multistage FMM [Rawlinson and Sambridge,
2004a, 2004b, 2005; de Kool et al., 2006] is used to solve the forward problem of traveltime prediction. Model
parameters are defined on regular grids in spherical coordinates, which minimizes traveltime prediction errors
over the full continental inversion domain. The computational efficiency and robustness of the multistage
FMM make it suitable to solve large tomographic problems, and it has proved very effective for our study of
Pn across the whole Australian continent.
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We can summarize the procedure used in the Pn inversion scheme to determine the 3-D P wave speed
inversion as follows:

1. Establish a 3-D initial model; in this case we use the AuSREM crustal and mantle model.
2. Relocate all sources in the 3-D initial model and extract Pn residuals.
3. FMTOMO inversion for an inversion domain covering the whole Australian continent down to 190 km. The

procedure was run for multiple iterations, and the model with the first minimum in misfit is selected.
4. Relocate all sources in the inverted model, to take account of any systematic shifts in P wave speed.
5. Second FMTOMO inversion with the same domain and parameters.

4. Inversion Results

The inversion domain for the Pn tomography covers the entire Australian continent with a longitude span
of 44∘ and latitude span of 33.5∘. The depth range was taken to extend to 190 km, using the approximate
relationship of two thirds of the resolution employed by, e.g., Rawlinson et al. [2014]. We use computational
grid intervals of 0.25∘ in the horizontal directions and 10 km in depth with a total of 477,900 nodes.

To reduce the nonuniqueness in the nonlinear tomographic inversion we use a regularization in the objective
function, with both damping and smoothing terms. The damping term is used to prevent a large change in
the wave speed model at each iteration, while the smoothing term is used to reduce the effects of strong
variations at local scale. This means that a good data fit can be achieved without introducing undesirable
features into the resulting model. The damping and smoothing factors employed are inherited from those
suggested by the FMTOMO package [Rawlinson and Urvoy, 2006] and have proved to be very effective.

Convergence from the 3-D AuSREM starting model was very fast with minimum misfit achieved after just three
iterations with the FMTOMO procedure, using local linearization coupled to full ray tracing at each iteration.
The source locations were maintained at those determined with the initial AuSREM model throughout. The
variance reduction achieved for the Pn residuals over the three iterations of the nonlinear inversion procedure
is 35%.

This reduction may seem relatively small, but it should be remembered that we start with a good repre-
sentative 3-D model (AuSREM) that already accounts for much of the variations in Pn times, and we then
make a further refinement to the 3-D model. The relocation with the initial 3-D model has also made a major
contribution, reducing the residual variance by about 60% before the nonlinear tomography.

The AuSREM P wave speeds in the mantle were derived by empirical formulae from the SV wave speed. The
P wave speeds after inversion are a little higher. We have therefore undertaken a further relocation step to
take account of the very slight shifts in source position associated with the update model. This is followed by
a further FMTOMO inversion. Convergence is immediate, and there is very little change in the P wave speed
distribution from the first stage.

4.1. Resolution Analysis
The ray path diagrams shown in Figure 2 provide a good indication of the coverage provided by the avail-
able data but do not provide quantitative information on potential resolution. We use a modification of the
traditional checkerboard model with positive and negative velocity perturbations superimposed on the ini-
tial AuSREM model to examine the resolution and reliability of the inversion results. Since the Pn paths are
refracted back from below the Moho due to the velocity gradients, we employ a set of individual layers imme-
diately below the Moho interface with a superimposed checkerboard pattern rather than the more traditional
form with alternating layers, which is a rather unrealistic analogy to Earth structure [e.g., Fichtner et al., 2009;
Simmons et al., 2012].

In order to include the primary characteristic of mantle wave speeds across the Australian continent with
fast wave speeds in the Precambrian western and central parts and slower wave speeds in the Phanerozoic
eastern coastal margin, we have imposed smoothed checkerboard anomalies on the AuSREM initial model
with perturbations of up to ±2% centered at 55 km depth for one layer and centered at 45 and 75 km depth
for two layers in the uppermost mantle. The resulting configuration of absolute velocities is illustrated with
both a horizontal slice and vertical cross sections in Figure 5 for the one-layered case with 3∘ × 3∘ anomalies.

The distortion of the imposed perturbations is most easily seen by looking at the deviations from the back-
ground model, and this is the mode of display used in Figures 6 and 7. We show resolution results using the

SUN AND KENNETT AUSTRALIAN PN TRAVELTIME TOMOGRAPHY 2010



Journal of Geophysical Research: Solid Earth 10.1002/2015JB012597

Figure 5. The input velocity model used for the 3∘ × 3∘ resolution tests is shown in absolute velocities with a horizontal
slice at depth of 55 km and latitude and longitude sections, so that the systematic effects can be seen. In Figures 6 and 7
below only the velocity perturbations from the background are illustrated.

same set of sources and receivers as in the observations for both 3∘ × 3∘ and 4∘ × 4∘ imposed perturbations.
Figures 6 and 7 show comparisons between the synthetic model and the recovered model after 10 iterations
of the tomographic scheme. Figure 6 displays horizontal slices at 55 km depth for one-layered tests with res-
olution of 3∘ × 3∘ and 4∘ × 4∘. Figure 7 shows vertical sections in both latitude and longitude with resolution
of 3∘ × 3∘ for both one- and two-layered anomalies.

Figure 6. Horizontal slices at depth of 55 km through the checkerboard resolution tests for the uppermost mantle
shown as perturbations from the initial 3-D AuSREM model with a one-layered anomalies centered at 55 km depth.
Input models: (a) 3∘ × 3∘ pattern and (b) 4∘ × 4∘ pattern, and the corresponding recovered models in Figures 6c and 6d.
The dashed lines denote the positions of the vertical sections shown in Figure 7.
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Figure 7. Vertical sections through the checkerboard resolution tests for the uppermost mantle in longitude and
latitude. One-layer model, (a) 3∘ × 3∘ pattern and (b) the corresponding recovered model. Two-layer model, (c) 3∘ × 3∘
pattern and (d) the corresponding recovered model.

The checkerboard pattern is generally well reconstructed for both sizes of perturbations in the western and
central Australian regions, where we have good coverage of ray paths (see Figure 3), but the resolution tends
to fade in the east. The weaker resolution arises from the limited number of earthquakes and the difficulty of
achieving sufficient crossing paths with the stations in place at the time of the events (cf. Figure 3). From the
tests we can expect good resolution at the 3∘ × 3∘ scale in most of central and western Australia, whereas in
the east achievable resolution is likely to be restricted to 4∘ × 4∘ with some underestimation of the amplitude
of anomalies.

The Pn paths have a strong horizontal component with a small diving angle in the uppermost mantle. As a
result Pn tomography should be sensitive to lateral heterogeneities and provide discrimination in depth where
sufficient crossing paths are available. The resolution in depth is tested with both single- and double-layered
anomaly patterns overlain on the 3-D background model. At depth of 60 km, the velocity pattern in the
double-layer case is abruptly changed between negative and positive perturbations. The results of the tests
are illustrated in Figure 7. Both the single- and double-layered velocity anomalies are well recovered, with
rather modest leakage into the crust. Further for the two-layer case the abrupt pattern is also identified quite
clearly. The deepest parts of the anomalies show slight vertical smearing. Nevertheless, resolution is still good
down to 90 km in the areas of good data coverage, thus justifying the use of a 3-D tomographic scheme for
the Pn data.

4.2. 3-D P Wave Speed Structure
Figure 8 illustrates the initial AuSREM model and that obtained after inversion of the Pn results at depths
of 55, 70, and 85 km. We display the absolute velocities with the same color scale ranging from 7.5 km/s to
8.5 km/s in all panels, so that the velocity variations can be readily compared with the original AuSREM model.
The seismic velocities outside the continental area are taken from AuSREM.

The 3-D model produced by inversion of the Pn traveltime data set across the continent shows a stronger
P wave speed variation than the AuSREM starting model, with the introduction of smaller-scale features
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Figure 8. Sections through the Pn wave speed at depths of 55, 70, and 85 km: (a–c) from the original AuSREM and
(d–f ) from the inverted Pn velocity model. The sections are displayed as absolute velocities. The craton boundaries are
indicated on each panel. WA, West Australian craton; NA, North Australian craton; and SA, South Australian craton.

(Figure 8). The fast zones of P wave speed are more marked down to 100 km depth, particularly in Western
Australia. The highest Pn velocity of 8.36 km/s at 55 km lies in this region, with a velocity increase of 1.2% rel-
ative to the already high average Pn velocity of 8.26 km/s. In central Australia the single zone of slight lower
(but still fast) wave speed derived from the surface wave tomography results, breaks up into smaller pieces
after the inversion, with a strong tie at 55 km to the areas with thicker crust. The variations in P wave speed
are less marked at 85 km with a broad high-velocity zone extending from the west to the center.

The changes from the AuSREM starting model are less marked in eastern Australia where Pn path coverage
and resolution are less good. Nevertheless, there is some intensification of the wave speed variations with
a ribbon of lower P wave speeds (≤7.8 km/s) along the eastern margin of the continent. In this ribbon, the
lowest velocities occur beneath the southern part of New England Orogen and Sydney basin.

SUN AND KENNETT AUSTRALIAN PN TRAVELTIME TOMOGRAPHY 2013



Journal of Geophysical Research: Solid Earth 10.1002/2015JB012597

Figure 9. Vertical sections through the inverted Pn velocity model for longitudes between 115∘ and 145∘ in steps of 5∘ .
Separate color schemes are used for the crust and mantle to allow detail to be seen.

Vertical sections through the inverted model are shown for 5∘ intervals in longitude in Figure 9 and latitude
in Figure 10. Separate color schemes are used for the crust and mantle to allow detail to be seen. The corre-
sponding vertical sections for the initial AuSREM model are presented in Figures S1 and S2 in the supporting
information. Once again the influence of the Pn data is to enhance contrast relative to the staring model and
introduce smaller scale, but resolvable, structures in the lower crust and the mantle beneath the Moho. The
main changes occur above 80 km depth, particularly in central Australia, but some strong vertical gradients
in structure (e.g., at 135–140∘E) persist to 100 km depth.

One of the very difficult questions to answer with respect to a tomographic inversion is how far the results
depend on the choice of starting model. In many cases a flat 1-D model, e.g., ak135, is assumed. We have
found it very difficult to achieve convergence from any 1-D model even after many iterations. This is because
tomographic procedures tend to focus on smaller-scale structures, and so find it very difficult to introduce
strong long-wavelength structure as occur across the Australian continent.

We have therefore undertaken a separate inversion using a very different starting model, using the same
procedure with event relocation and the FMTOMO scheme. In order to include the primary characteristic of
mantle wave speeds across the Australian continent with fast wave speeds in the Precambrian western and
central parts and slower wave speeds in the Phanerozoic eastern coastal margin, we use a linear gradient from
west as the background model. The gradient is constructed from the ak135 model with an increase of +6% in
the west and decrease by−3% in the east. Thus, the new starting model has a west to east gradient of decrease
in wave speed but imposes no a priori substructure within the continent. The inversion from this gradient
background yields rapid convergence to a similar level of misfit to the Pn traveltime residuals, and there is a
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Figure 10. Vertical sections through the inverted Pn velocity model at latitudes between −15∘ and −35∘ in steps of 5∘.
Separate color schemes are used for the crust and mantle to allow detail to be seen.

strong concordance in the inverted structures on the continent between the results starting from AuSREM
and from the simple west-east gradient. The results from this second inversion are presented in section S1.2 of
the supporting information, with a direct comparison with the results using AuSREM as the initial model. The
strong level of agreement in the results of these two distinct inversions mean that we can have confidence in
the major features of the P wave speed distribution derived from the Pn inversion.

5. Discussion

The P wave speeds in the lithospheric mantle in AuSREM were derived from SV wave speed using empirical
formulae calibrated with results from refraction and delay time tomography. In consequence, the spatial pat-
tern of wave speed variations is dictated by the SV wave speeds that represent a weighted average of multiple
models derived from surface wave tomography. The Pn data set, on the other hand, provides direct sampling
of the uppermost mantle with diving waves and is not linked to any S wave results. Despite the relatively low
level of seismicity, it has proved possible to construct good Pn path coverage and so achieve resolution of
3∘ × 3∘ or better for much of the continent.

In Figure 11 we display the inverted P wave model at 55 km depth with the craton boundaries and labeling
for major tectonic features as in Figure 1. The patterns of Pn variation fit well with the patchy information
assembled by Collins [1997] but now cover most of the Australian continent. Across much of the continent we
find that the P wave speed is a little faster than in AuSREM, indicating the need for some increase in the Vp∕Vs

ratio in the uppermost mantle compared with AuSREM.

Superimposed on the main pattern of very fast P wave speeds in the uppermost mantle beneath the Archean
and Proterozoic regions of western Australia are bands of enhanced wave speed with an orientation slightly
west of north. In the center of the continent the pattern of variation is more broken, and the North Australian
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Figure 11. Section through the inverted Pn wave speed at a depth of
55 km, with the craton boundaries and major tectonic features marked
as in Figure 1.

craton does not show as fast wave speeds
as its West Australian counterpart. To the
east the higher P wave speeds extend
slightly closer to the coast than in AuSREM
but still show a ribbon of slow Pn veloc-
ity along the east margin of the Australian
continent.

A useful test of the inverted P wave
speed model is provided by comparing
locations with the new 3-D model and
well-calibrated “ground truth” events. We
use the procedure of de Kool and Kennett
[2014] with both the new model and the
AuSREM initial model. For the group of
well-calibrated events the new P wave
speed model gives excellent results
for the locations. The comparison with
AuSREM is presented in section S1.3 of
the supporting information. For nearly all
of the available ground truth events the
new model is superior to AuSREM, which

already gives good results, in either horizontal location or the 3-D displacement of the solution. The one case
where the AuSREM results appear to give a better match has a notional error of 5 km, and both solutions
would fit within error.

5.1. Fast Average Pn Wave Speed
The average of the Pn wave speed of 8.26 km/s for the suite of paths across the Australian continent shown
in Figure 3 is much faster than the mean value reported in other regions. Pei et al. [2007] reported that the
average Pn velocity is 8.05 km/s in the uppermost mantle beneath China. Wang et al. [2013] presented an
average Pn velocity of 8.03 km/s beneath East Asia. A similar average Pn velocity of 8.03 km/s was observed
in the Euro-Mediterranean region [Diaz et al., 2013]. Corbeau et al. [2014] report a little higher Pn velocity of
8.16 km/s in the Gulf of Aden rifts. Buehler and Shearer [2010] obtained a relative slow uppermost mantle
velocity of 7.93 km/s beneath the tectonically active western United States. Fast Pn velocities in the uppermost
mantle is commonly linked to the stable tectonic unit, such as cratons [e.g., Diaz et al., 2013]. The Australian
continent comprises some of the Earth’s oldest cratons, with Archean and Proterozoic blocks in the west and
center, but even so the Pn wave speeds are very fast. The sampling of the younger Phanerozoic units in the
east is not as thorough, but even there zones with Pn wave speed less than 8.0 km/s are very restricted.

5.2. Fast Anomaly in the West and Center
The Archean Pilbara and Yilgarn Cratons cover much of West Australia and show rather fast Pn veloci-
ties (Figure 8), which is consistent with previous limited seismic refraction results [Drummond, 1988]. The
Capricorn orogen between the two cratons shows diminished Pn wave speed, and there is also noticeable
substructure within the Yilgarn craton. At the western margin of the Yilgarn the low apparent P wave speeds at
55 km are likely to be influenced by rather thick crust beneath the Musgrave block. Yet by 80 km we encounter
rather fast P wave speeds in the same zone.

Most of the prior information on lithospheric structure in this region comes from studies exploiting seismic
surface waves [e.g., Fishwick and Reading, 2008; Fichtner et al., 2009; Fishwick and Rawlinson, 2012; Yoshizawa,
2014], which also display very fast shear wave speeds through the lithosphere. The very high P and S wave
speeds give very considerable traveltime deviations from the global ak135 model, up to 20 s early for Sn and
8 s early for Pn from regional events out to 15∘ [de Kool and Kennett, 2014], with consequent biases in event
locations. The properties of P and S waves are largely consistent, though the S wave variations are even larger,
in proportion. It is difficult to explain the very high seismic velocities using the most likely factors of temper-
ature and composition. A highly depleted and very dry mantle lithosphere may help to account for such high
velocities, and the associated very low intrinsic attenuation for both P and S waves [Kennett et al., 2013].

SUN AND KENNETT AUSTRALIAN PN TRAVELTIME TOMOGRAPHY 2016



Journal of Geophysical Research: Solid Earth 10.1002/2015JB012597

Parts of the North Australian craton are influenced by rather thick crust at 55 km depth, but at greater depth
we see fast P wave speeds. In central Australia, the uppermost mantle has patches of high wave speeds at
shallower depths, but somewhat lower wave speeds than in the West Australian craton. As depth increases the
contrasts of wave speed remain in a well-resolved region, but shift somewhat from their positions at shallower
levels. The situation is somewhat different from the scenario for S, where as depth increases the S wave speeds
increase rapidly and by 125 km depth reach comparable values beneath the North Australian craton to those
in western Australia [Yoshizawa, 2014].

The South Australian craton shows more subdued velocity variations with localized high Pn wave speeds in
the neighbourhood of the Curnamona province and in the Gawler region to the east. The two faster zones
are separated by the Adelaide Fold belt that displays a significant heat flow anomaly [Neumann et al., 2000;
McLaren et al., 2003]. The contrasts in P wave speed are more muted in depth.

5.3. Low P Velocity Zone Beneath the Eastern Margin of the Continent
A significant feature of the uppermost mantle is a low-velocity ribbon for P waves along the eastern margin
of the Australian continent. The presence of lower seismic velocities in this region is consistent with previous
studies using both surface waves and teleseismic body waves.

A prominent embayment of lowered P velocities extending down to 85 km is present in northeastern Australia,
which can be linked to volcanism extending into recent times, with eruptions up to 11,000 years ago
[Johnson, 1989]. The lowest P velocities occur between 30∘S and 36∘S and underlie the southern part of the
New England Orogen and extend beneath the Sydney Basin. A belt of lowered Pn wave speeds continues
around the southern margin of the Australian mainland beneath the southern Lachlan Fold belt, linking to
the Newer Volcanics Province in Victoria with activity continuing until around 4000 years ago. The southern
anomaly is deep seated and continues to 85 km depth and beyond.

The WOMBAT project has deployed over 700 stations across southeastern Australia and this extensive data
set has been used for teleseismic delay time tomography [Rawlinson et al., 2014]. At 90 km their results show
a very similar low-velocity pattern along the margin of the continent in southeast Australia. These low P wave
speeds can be linked to the presence of thermal anomalies related to the failed opening of the Tasman Sea
and extensive Cenozoic volcanism [Johnson, 1989; Graeber et al., 2002; Fichtner et al., 2009].

There is also a localized reduction in Pn velocity in the Adelaide Fold Belt (30–32∘S,140∘E) which is a zone
of enhanced surface heat flow with a strong gradient against the edge of the Gawler block of the South
Australian Craton [McLaren et al., 2003]. Once again the suppression of the P wave speed can be associated
with elevated temperatures in the uppermost mantle [cf. Collins, 1997], in this case probably arising from
strong concentrations of radioactive materials in the crust [McLaren et al., 2003].

5.4. Complex Structure in the Center of the Continent
The AuSREM model [Kennett et al., 2013] displays a single connected low wave speed zone for S wave speeds
in the lithospheric mantle in the center of the continent, building on prior results [Fishwick and Reading, 2008;
Fichtner et al., 2010; Fishwick and Rawlinson, 2012; Yoshizawa, 2014]. The conversion to P wave speeds pre-
serves this feature in the initial model used for the inversion. However, after inversion of the Pn traveltimes
we find a number of zones with reduced wave speed compared to their surroundings. In the most prominent
features the P wave speed drops below 8.0 km/s. The features in the Arunta block, and in the south of the
Musgrave block can be linked to zones of thick crust [Salmon et al., 2013b], indeed the section at 55 km depth
in Figures 8 and 11 is likely to have an imprint from velocity gradient zones at the base of thick crust.

Even the major cratonic areas show significant substructure in the uppermost mantle. The slower P wave
speeds in the West Australian craton lie between the zone beneath the Capricorn Orogen and the southern
part of Yilgarn craton, where the crust is actually somewhat thinner.

Between the West Australian and South Australian cratons there are variations in the P wave speed beneath
the Eucla basin that appear to link to distinct lithospheric blocks with their own signatures of physical
properties.

At both 70 and 85 km there is a reduced P wave speed anomaly associated with the northern part of the
Canning Basin. This basin has an active tectonic history over a long interval, with significant accumulations of
sediments and minor oil production.
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The relatively fast P wave speeds in central Australia compared with the slower SV wave speed anomaly sug-
gests that there is likely to be more rapid variations in the Vp∕Vs ratio than previously expected. Surface wave
tomography is sensitive to crustal structure, and this may have had a contribution to the central low wave
speed zone for S, but a significant zone of lowered S wave speed is found even with full 3-D waveform inversion
[Fichtner et al., 2010] with an explicit treatment of crustal variations.

6. Conclusions

We have constructed a Pn wave velocity model for the uppermost mantle across the Australian continent
from traveltime tomography. We use the Australian Seismological Reference Model (AuSREM) as the initial
model; this provides a good representation of the major features of lithospheric structure and the subsequent
inversion converges very rapidly, introducing more localized variations. Across much of the continent we are
able to achieve resolution of 3∘ × 3∘ or better but less frequent events in eastern Australia restrict resolution
for this region.

The AuSREM initial model provides a good representation of the main wave speed gradients in the mantle, and
this means that we are able to exploit the properties of Pn in 3-D. The FMTOMO procedure is fully nonlinear,
and so updates the structure and propagation paths at each iteration, thereby improving the gradients that
have a strong control on the nature of Pn. We have created new continental-scale model by incorporating the
inverted Pn and crustal velocities into the AuSREM framework, and this provides a further improvement in the
accuracy of earthquake location.

The P velocity structure in the uppermost mantle of the Australian continent is complex with significant sub-
structure in the cratonic regions, beyond those revealed by previous analysis exploiting longer-period S waves
and surface waves. The average Pn wave speed of 8.26 km/s is very high, but the available path distribution
emphasizes the Precambrian cratons. The Pn tomographic results confirm the fast Pn wave speeds in the West
Australian and North Australian cratons and provide good coverage of areas where there had been no active
seismic experiments. The P wave speeds in the South Australian craton tend to be slower than the others and
more fragmented with likely influences from strong gradients in heat flow [McLaren et al., 2003]. The low Pn
velocities along the eastern margin of the Australian continent lie beneath the younger Phanerozoic orogenic
belts, with links to Neogene volcanism in both the north and south of the continent.
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