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Abstract. The waveform inversion method developed
by Kushnir et al. {1989] and expanded by Passier and
Snieder [1995b] yields estimates of structure along short
interstation paths and of average velocity gradients. In
contrast, 3D tomographic inversions yield local estim-
ates of the earth structure by combining the information
contained in a large set of long propagation paths. Both
approaches lead to estimates of the local earth structure,
but the two methods are subject to different types of
artifact. As a test case of the consistency of the two ap-
proaches we consider the recent S-velocity model of the
Australian region by Zielhuis and Van der Hilst [1996].
We invert 20 Rayleigh wave waveforms between 20 and
110 s recorded on the Australian continent, most of them
by the mobile SKIPPY network. From the data, we dir-
ectly extract measurements of the S-velocity structure
at various short interstation paths in Australia and ob-
tain estimates of the average velocity gradient along long
paths. The estimates of the local interstation structure
and the estimates of the velocity gradient are consist-
ent with the 3D model of Zielhuis and Van der Hilst
[1996]. These results provide illustrative examples of
how specific features of a complex velocity structure can
be determined using only a few waveforms.

Introduction

Broadband seismological data are an important tool
for mapping the S-velocity in the mantle. Using the Par-
titioned Waveform Inversion developed by Nolet [1990],
Zielhuis and Van der Hilst [1996] (hereafter referred to
as ZH96) used data recorded by the SKIPPY array [ Van
der Hilst et al., 1994; Kennett and Van der Hilst, 1996]
to obtain a 3D model of the mantle under Australia. As
an example, Figure 1 shows layers at depths of 140 and
300 km of a model which is based on the dataset collec-
ted in eastern Australia augmented by data from central
north Australia.
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Every inversion method for retrieving earth structure
suffers from artifacts. In the construction of models such
as ZH96 numerous crossing paths eventually have led to
the final model, while in the approach taken by Passier
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Figure 1. S velocity distributions at depths of (a) 140
km and (b) 300 km obtained after inversion of wave-
forms collected by the SKIPPY stations in eastern and
central north Australia. Reference velocities are 4.5 and
4.66 km/s, respectively.
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Figure 2. Stations, events, great circle paths, and inversion results for the case I inversions. In all velocity
panels, perturbations range from -5% to 5% and depth ranges from 0 to 250 km.

and Snieder [1995b] (hereafter referred to as PS95b)
a smaller number of data provides localized estimates
the earth structure along short interstation paths. The
artifacts produced by the two approaches will in gen-
eral be different; the 3D tomographic approach may
lead to blurring and underestimation of the local ve-
locity perturbation, and errors in the source mechan-
ism (Muyzert and Snieder [1996]) and source location
can be mapped in velocity perturbations. In the ap-
proach taken by PS95b one measures the velocity along
short paths so that the relative error in the obtained ve-
locity perturbation could be larger. Effects of seismic
anisotropy, which is not accounted for in either of these
methods, will affect the velocity estimates in different
ways in the two approaches. Similarly, both methods
are subject to a (minor) velocity bias due to deviations
of the propagation direction from the great-circle (e.g.
Alsina et al. [1993), Alsina and Snieder [1996]), but this
bias affects the velocity estimates obtained with the two
approaches in a different way. The goal of this paper
is not to quantify such uncertainties but to assess the
robustness of some striking velocity estimates obtained
from tomographic imaging, ZH96, by comparison with
with structural information obtained with the waveform
inversion method by PS95b.

Method and data

We used the surface wave waveform inversion method
presented by PS95b to obtain relative S-velocity per-
turbations as a function of depth between pairs of sta-
tions. Station pairs (mostly of the SKIPPY array) were

selected that are located on the same great circle as the
source. Phase differences associated with the two fun-
damental mode Rayleigh wave waveforms were inverted
for S-velocity perturbations on the path between the sta-
tions. The stations and events that were used for this
so-called case I are shown in Figure 2. In this study, the
stations within one pair are typically separated by 300
to 400 km. Alternatively, surface wave waveforms recor-
ded in two stations at approximately the same epicent-
ral distance, but with a slightly different azimuth to the
source, were inverted for the relative path-averaged hori-
zontal S-velocity gradient between the structures under
the two paths. The stations and events used for this
configuration, called case II, are shown in Figure 3. For
case II, higher modes are incorporated in the waveform
inversion to enhance the depth resolution with respect to
the inversions of only fundamental mode data (PS95b).
Information of all the events used is listed in Table 1.
The reason why higher modes can be used in the Case
II inversion but not in the Case I inversion is not quite
clear to us. However, the numerical examples shown in
the Figures 14BE of PS95b indicate that in the pres-
ence of higher modes the Case I inversion retrieves the
fundamental mode excitation coefficients acccurately.
We used vertical component displacement waveforms
in the period range between 20 and 110 s. To be able to
compare two waveforms in the case Il inversions, we cor-
rected for differences in epicentral distance as described
in PS95b. Throughout this study we used the same 1D
reference model as was used for model ZH96. It has a
crustal thickness of 30 km and is a slight modification of



PASSIER ET AL.: SHEAR-WAVE VELOCITY BELOW AUSTRALIA

130°

140°

Figure 3. Stations, events, great circle paths, and
inversion results (in both cases: northern path minus
southern path) for the case II inversions. Note that the
scale is different than that used in Figure 3: in all ve-
locity panels, perturbations range from —2% to 2% and
depth ranges from 0 to 600 km.

the PREM model of Dziewonski and Anderson [1981],
see also Zielhuis and Nolet [1994].

In some inversions, regularization has been applied by
adding the weighted depth integral of the squared velo-
city perturbations to the function to be minimized in
the inversion. However, the weights given to the regu-
larization term were small and do not significantly affect
the estimates of the velocity perturbation (see PS95b, in
particular Figures 3,5,7-9).

Results for Case I

Figure 2 shows the locations and results (velocity per-
turbations between two stations of each pair relative to
the reference model) of the case I experiments. The
vertical depth scale in each panel runs from the surface
to 250 km and the velocity perturbations run from -5%
to +5%. In PS95b, the vertical resolving power of the
technique is discussed and it is shown that the crustal
contamination below the Moho is small.

Our results along the easternmost edge of the con-
tinent (paths SA08 to SA06 and ZB12 to SB09) both
reveal S velocities which are 2 to 3% lower than the
reference model. These lower-than-average velocities
persist from the surface down to a depth of at least
200 km. A dramatic change in the S-velocity structure
in north Australia can be observed if we move from
the eastern continental margin westward to the central
part of the continent (paths SA04 to SA03 and SCO09 to
WRA). Both inversions yield S velocities which are 3
to 4% higher than the reference model down to a depth
of at least 200 km. The structure between SA04 and
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SA03 seems to be only slightly perturbed down to 70
km depth. These results indicate a transition in north
Australia from low upper mantle velocities in the east
to high upper mantle velocities in the central part of
the continent. Further to the south, we do not observe
such a sharp transition if we move from the eastern mar-
gin in a westward direction. Instead, the inversion res-
ults (paths YB03 to YB07, SB07 to SB06, and SB02 to
SBO1) suggest a region with moderate S-velocity per-
turbations adjacent to the areas with pronounced low
velocities in the east. Moving further westward in the
southern part of the continent, we find high velocities
again for the path between SD05 and SDO08. The per-
turbations are strongest between 70 and 150 km depth
where the amplitude is about 2 to 3%. These velocity
anomalies correspond well with the features in the model
of ZH96 obtained by PWI. At a depth of 80 km, our ex-
periments as well as PWI reveal a lateral contrast of
about 6% across the transition from the Phanerozoic
eastern edge of the continent to the Proterozoic shield
in the interior.

Results for Case I1

Figure 3 shows the setting of the case II experiments
and the path-averaged velocity contrasts relative to the
reference model as obtained by inversion. The vertical
depth scale in each panel runs from the surface to 600
km while the velocity perturbations run from -2% to
+2%. Synthetic tests in PS95b demonstrate that for
the employed frequencies the solution is reliable at least
down to 400 km depth. Both inversions reveal higher
velocities under the path to SA04 than under the paths
to SA02 and CTAO, respectively {Figure 3). Inversion
of the data of the 930527 event shows that the largest
contrast between the paths to SA02 and SA04 is loc-
ated between depths of 150 and 400 km. At shallower
depth, the contrast is less pronounced. In contrast to
this event, inversion of the data of the 930810 event re-
veals that the depth interval where the path to SA04 is
faster than the path to CTAO is mainly restricted to
shallower levels between 80 and 200 km (Figure 4).

The inversion method for case II provides an estimate
of the weighted average of the velocity gradient perpen-
dicular to the path. The fact that the oceanic struc-
ture can differ significantly from the reference model
is not very important since the reference model is only
used for the computation of the sensitivity kernels of the
phase velocity with respect to the S-velocity perturba-
tions. Possible large phase deviations generated by the
difference between the true oceanic structure and the

Table 1. Events used

Date Time Lat Lon Depth  my, /M, Region
937&727 08:52:00 294S 178.0 W 128 5.9/-  Kermadec
93/08/10 00:51:55 45.0S 166.7E 15 6.2/7.1 8. Island (NZ)
93/08/21 08:07:50 463 S 95.8 E 13 50/~ SE. Indian Rise
94/02/09 19:27:09 2128 173.5W 21 5.6/6.2 Tonga
94/06/18 03:25:20 429S 1715 E 15 6.2/7.2 S.Island (NZ)
94/12/25 11:43:54 304S 1778 W 37 51/~ Kermadec
95/04/16 13:23:48 10.1S 1594 E 23 5.6/5.7 Solomon Islands




reference model are absorbéd in the excitation terms
that are determined in the PS95b method. If we assume
that the velocity contrast along the oceanic parts of the
paths shown in Figure 3 is small (an assumption that
is supported by Figure 1), then the results of the case
II inversions lead to estimates of the velocity gradient
along the continental part of the path only. Our in-
version results, in combination with the orientation of
the used paths, suggest a strong component of the ve-
locity gradient from the northeast to the southwest in
the uppermost mantle under northeast Australia. For
the deeper levels, we find a strong component of the ve-
locity gradient in the north-south direction. These ob-
servations correspond well with the structure obtained
from PWI. Following the results of Zielhuis and Van
der Hilst [1996], we conclude that it is most likely that
the differences we observe in the waveforms are mainly
caused by a dominating contrast, centered around 140
km depth, between low velocities along the northeastern
continental margin and high velocities southwest of this
low velocity belt.

We assumed that for both case II examples the meas-
ured gradients are from continental origin (i.e., no con-
tributions from the parts where both paths travel through
oceanic structure). This means that for both examples
approximately one third of the total structure along each
path must be the cause of the observed gradients. This
implies that the analysis of the 930810 event suggests
a contrast of about 3 to 4% in the uppermost mantle
beneath the continent. This is less than the value sug-
gested by the models obtained by PWI and by the case
I experiments, which is about 6%. This discrepancy
might be due to effects of structure along the oceanic
parts of the paths. These effects have been assumed to
be negligible, but might in reality contribute to a small
part of the observed phase shifts. Analysis of the data
of the 930527 event suggests a contrast of up to about
3% in the deeper areas of the region. This coincides
well with the value according to the models obtained by
PWL

Conclusions

The waveform inversion method explained in P595b
has been used to obtain estimates of structure along
short interstation paths and average velocity gradients
in Australia. The results confirm the major character-
istics of the model of the Australian region of ZH96 and
provide illustrative examples of how specific features of
a complex velocity model can be visualized and/or veri-
fied by applying the inversion technique of PS95b to
only a few waveforms. For such a test, the role of the
relatively short paths between the stations in the case
I examples is crucial. The use of short paths increases
the resolution by reducing the low-pass character of the
data [Passier and Snieder, 1995a]. Since structural dif-
ferences directly translate into observable phase differ-
ences between recorded waveforms, the examples in this
paper not only demonstrate the possibility of using the
method as an independent testing tool, but the tech-
nique also provides a way to obtain results that can be

used as constraints in subsequent large-scale inversions
of much larger datasets.
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