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Abstract

We present a new model of 3-D variations of shear wave speed in the Australian upper mantle, obtained from the
dispersion of fundamental and higher-mode surface waves. We used nearly 1600 Rayleigh wave data from the portable

Ž .arrays of the SKIPPY project and from permanent stations from AGSO, IRIS and GEOSCOPE . AGSO data have not been used
before and provide better data coverage of the Archean cratons in western Australia. Compared to previous studies we
improved the vertical parameterization, the weighting scheme that accounts for variations in data quality and reduced the
influence of epicenter mislocation on velocity structure. The dense sampling by seismic waves provides for unprecedented
resolution of continental structure, but the wave speed beneath westernmost Australia is not well constrained. Global

Ž .compilations of geological and seismological data using regionalizations based on tectonic behavior or crustal age suggest
a correlation between crustal age and the thickness and composition of the continental lithosphere. However, the age and the
tectonic history of crustal elements vary on wavelengths much smaller than have been resolved with global seismological
studies. Using our regional upper mantle model we investigate how the seismic signature of tectonic units changes with
increasing depth. At large wavelengths, and to a depth of about 200 km, the inferred velocity anomalies corroborate the
global pattern and display a progression of wave speed with crustal age: slow wave propagation prevails beneath the
Paleozoic fold belts in eastern Australia and wave speeds increase westward across the Proterozoic and reach a maximum in
the Archean cratons. The high wave speeds associated with Precambrian shields extend beyond the Tasman Line, which
marks the eastern limit of Proterozoic outcrop. This suggests that parts of the Paleozoic fold belts are underlain by
Proterozoic lithosphere. We also infer that the North Australia craton extends off-shore into Papua New Guinea and beneath
the Indian Ocean. For depths in excess of 200 km a regionalization with smaller units reveals that some tectonic subregions
of Proterozoic age are marked by pronounced velocity highs to depths exceeding 300 km, but others do not and,
surprisingly, the Archean units do not seem to be marked by such a thick high wave speed structure either. The Precambrian
cratons that lack a thick high wave speed ‘‘keel’’ are located near passive margins, suggesting that convective processes
associated with continental break-up may have destroyed a once present tectosphere. Our study suggests that deep
lithospheric structure varies as much within domains of similar crustal age as between units of different ages, which hampers
attempts to find a unifying relationship between seismic signature and lithospheric age. q 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The inference that continental geotherms in the
Archean were not much different from the averages

Ž .seen today, despite pervasively 200–3008 hotter
Žmantle temperatures, has been supported but also

.refuted, e.g., Strong and Stevens, 1974 by both
Žobservations Burke and Kind, 1978; Boyd and Gur-

.ney, 1986; Boyd, 1989 and numerical simulations
Ž . ŽRichter, 1984, 1985; Lenardic, 1998 see also Jau-
part and Mareschal, 1999, and Nyblade, 1999, this

.volume . Combined with experimental data on dia-
mond stability in the mantle, the age of the continen-

Ž .tal lithospheric mantle CLM inferred from diamond
Ž .inclusions Richardson et al., 1984 and Re-OS dat-

Žing of mantle xenoliths Pearson et al., 1995; Pear-
.son, 1999, this volume , and the correlation between

composition of continental mantle and the age of the
Ž .overlying crust Griffin et al., 1998 this suggests the

Ž .presence of a thick G175 km Archean and Early-
Proterozoic subcontinental lithosphere that has stabi-
lized shortly after being formed and has remained
coupled to the crust ever since. This ‘‘cold’’ litho-
sphere, with geothermal gradients generally less than

y1 Ž .238 km Burke and Kind, 1978 , must have been
stabilized against convective disruption by its com-

Žposition and its rheological properties Jordan, 1988;
Richter, 1988; De Smet et al., 1999, this volume;

.Shapiro et al., 1999a;, this volume .
Cooling of the lithosphere provides a satisfactory

Žexplanation for the geophysical signature e.g., grav-
.ity, bathymetry, seismic properties of oceanic plates

Ž .Sclater et al., 1981 , but the large CLM thickness
inferred from seismic imaging cannot be explained
by cooling alone. If a cold, negatively buoyant conti-

Žnental lithosphere is stabilized by rheology that is,
.the strength of the plate the thermally induced den-

sity contrasts would produce anomalies in the long-
wavelength gravity field and geoid, which are not

Žobserved Kaula, 1967; Jordan, 1975b, 1978; Shapiro
.et al., 1999b, this volume . Considering geological,

geochemical, and geophysical evidence, Jordan
Ž .1975b, 1978 postulated a mechanism for producing
a petrologically distinct chemical boundary layer un-
der the cratonic parts of the continents. In his isopyc-
nic model the negative buoyancy of cold lithosphere
is compensated by positive compositional buoyancy.
Neutrally buoyant and probably more viscous than

the surrounding mantle, this ‘‘keel’’ of depleted,
refractory continental mantle, or tectosphere, is
thought to remain coupled to the crust for billions of
years and thus plays a crucial role in regulating

Žcontinental development and stability Jordan, 1981a,
.1988 . The presence of such ‘‘keels’’ has been cor-

roborated by seismological studies that reveal a
Ž .300–500 km thick, anomalously fast lithosphere
under some of the oldest parts of the continents
ŽJordan, 1975a; Sipkin and Jordan, 1975, 1976;
Woodhouse and Dziewonski, 1984; Su et al., 1994;
Masters et al., 1996; Ekstrom et al., 1997; van der¨

.Lee and Nolet, 1997b . To first order this relation-
Žship seems to hold globally Okal, 1977; Jordan,

.1981b; Polet and Anderson, 1995 , but, as we show
in this study, significant departures may occur on
smaller length scales.

The lateral variation in upper mantle structure,
such as the differences between oceanic and conti-
nental regions and between stable or tectonically
active domains, can be studied with a variety of
seismic imaging techniques. The type of data used
depend on the specific research objectives. Else-

Ž .where in this volume, Bostock 1999 reviews tech-
niques used for high-resolution imaging of the crust
and lithospheric mantle with phase conversions and
scattering of seismic body waves. Here we consider
variations in elastic properties on a larger scale than
considered by Bostock; these can be constrained by a
variety of methods and data, for example dispersion

Žcurves of fundamental-mode surface waves Toksoz¨
.and Anderson, 1966; Priestley, 1999, this volume ,

the dispersion of singlets in the eigenfrequency mul-
tiplets of fundamental spheroidal and toroidal modes
Ž . Ž .Dahlen, 1976 , vertical delay times of multiply

Žreflected body wave phases Sipkin and Jordan, 1975,
.1976 , and higher mode phase and group velocities

Ž .Cara, 1979 . With the advent of different methods
Žof surface-wave tomography Woodhouse and

Dziewonski, 1984; Nolet, 1990; Trampert and
.Woodhouse, 1995, 1996; Ekstrom et al., 1997 direct¨

images have been made of the aspherical structure of
the upper mantle. Typically, the horizontally propa-
gating surface waves provide better radial resolution
than vertically incident body waves, especially when
higher modes are included in the analysis. Body
waves potentially provide better lateral resolution of
lithospheric structure. In general, global data sets
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resolve structure on the scale of sub-continental age
provinces. For example, the two-fold division of
Australia into a Phanerozoic and Precambrian part is

Ž .resolved in the global models Ekstrom et al., 1997 ,¨
but these do not constrain variations in structure over

Ždistances less than about 1000 km Laske and Mas-
.ters, 1996 . Regional studies can provide better hori-

zontal resolution, in particular if additional data from
regional seismometer networks are available.

Australia is well suited to investigate deep conti-
nental structure. The makeup of the continent is

Ž .extremely varied Fig. 1 . Based on outcrop, conti-
nental Australia can be divided in a western, central,

Ž .and eastern domain see Fig. 1c but smaller-scale
Ž .units have been identified as well see Fig. 1a, b .

The western third of the continent comprises granites
and greenstones of the Pilbara and Yilgarn blocks,

Žwhich formed in the Archean 3500 and 3100 Ma,
.respectively and have been stable since at least 2300

Ž .Ma Plumb, 1979 . There is little or no Phanerozoic
cover of these cratonic units. Central Australia con-
sists of a series of intracratonic Late-Proterozoic–
Early-Paleozoic basins separated by fault-bounded
blocks exposing Mid-Proterozoic basement rocks
Ž .Lambeck, 1983 . The Tasman Line — first drawn

Ž .by Hill in 1951 Veevers, 1984 but different inter-
pretations exist — separates this Precambrian out-
crop from exposed Phanerozoic formations in the
east. Its definition is based largely on surface geol-

Žogy and, in regions of limited exposure such as
.across the Eromanga basin , on lineations in gravity

Žand magnetic anomaly maps Murray et al., 1989;
.Wellman, 1998 . Moreover, the continent is favor-

ably located with respect to zones of active seismic-
Ž .ity Fig. 2 , which provide ample sources for seismic

tomographic imaging, and the SKIPPY seismometry
Ž .project van der Hilst et al., 1994 has provided data

coverage that allows surface wave tomography with
unprecedented resolution.

In this paper we briefly describe the tomographic
technique that we have used to determine lateral
variations in shear wave speed in the Australian
mantle and discuss the relationship between the
thickness of the high wave speed lithosphere and
variations in crustal age. We present our model both
in terms of the inversion results and as wave speed
averages over well-defined geotectonic regions. Us-
ing regionalizations at different spatial scales we

show that the deep structure of the Australian conti-
nent varies significantly, not only across the large-
scale tectonic units but also within domains of
roughly the same age. These observations are impor-
tant for our understanding of the Australian continent
but also have ramifications for studies of deep conti-
nental structure and evolution on the basis of global
regionalizations of crustal age and tectonic history.

2. Imaging with seismic waves: seismic tomogra-
phy

Tomography is a technique for reconstructing a
Ž .function ‘‘the unknowns’’, or ‘‘the model’’ from

Ž .projections ‘‘the data’’ along a set of curves. This
relationship is often expressed as an integral over a

Ž . Ž . Ž .certain volume V, H g r d x r drsb , with g rV i i i
Ž .the Frechet derivative or sensitivity kernel describ-´

ing the functional dependence of the measurements
Ž . Žb on the model perturbations d x r or in linearizedi

form as a system of normal equations Axsb, with
A the sensitivity matrix containing the appropriate
Frechet derivatives and x and b the model and data´

.vector, respectively . If the medium under study is
the human body, then the function might be the
density of organ tissue, and the data used to con-
strain it might be the intensity of transmitted X-rays
Žthe principle behind many kinds of medical tomog-

Ž ..raphy Herman, 1979 . For imaging the Earth, one
uses seismic waves, which are affected by anoma-
lous structure, so that the phase arrival time, ampli-
tude, or entire waveform differ from the ones ex-
pected in a spherical reference Earth model. Such
differences are then interpreted in terms of velocity
and attenuation variations of seismic waves within
the Earth. A major complication is that the sources
Ž .earthquakes or man-made explosion and receivers
Ž .seismometers are distributed very unevenly over
the surface of the Earth so that some regions are
constrained by many data whereas others are not
sampled at all. This renders the tomographic problem

Žunderdetermined that is, not all unknowns can be
.determined independently and the solution is non-

unique. Out of a large number of solutions we
choose a solution by minimizing a penalty function,
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Fig. 2. Locations of the SKIPPY, IRIS, GEOSCOPE, and AGSO stations used in this study. The solid stars depict epicenters of all earthquakes
Ž . Ž .source: Engdahl et al., 1998 for which data were used in this study Ns336 . Abbreviations used: QLD: Queensland, NSW: New South
Wales, VICsVictoria, SAsSouth Australia, TASsTasmania, NTsNorthern Territory, WAsWest Australia. Gray dashed lines depict
plate boundaries.

Žwhich typically includes regularization terms also
.known as damping and accounts for a priori infor-

mation.
ŽDifferent kinds of seismic tomography exist see,

Ž ..for example, the overview by Nolet 1987 . The
data that can be used differ in frequency content and

Ž .in the way they sample Earth’s interior see Fig. 3 .
Body-wave tomography often makes use of travel-

time perturbations from reference times. With sur-
face waves, which typically have lower frequencies
than body waves, the principle is the same, but they
sample the Earth in a different manner. Rather than
having their sensitivity to Earth structure concen-

Ž .trated along a ray path such as in Fig. 3b this
sensitivity is given by a frequency-dependent kernel
Ž .Fig. 4 . Frequency is a proxy for depth; the higher

Ž .Fig. 1. The geology of Australia at different scales and with different definitions of the units. a Most detailed representation considered in
Žthis paper. The dashed line is the Tasman Line, which divides the Precambrian western Australia from Phanerozoic eastern Australia from

. Ž . Ž .Zuber et al., 1989 . b Australian crustal elements, representing continent-scale groups of geophysical domains from Wellman, 1998 . CA,
Ž .Central Australia; NA, Northern Australia; P: Pinjarra; WA, Western Australia; SA, South Australia; T, Tasman; NE, New England. c A

coarse, fourfold regionalization of the Australian continent based on crustal age. The crustal age decreases from Archean in the westernmost
part, to predominantly Proterozoic in the central part, and Phanerozoic to the right of the Tasman line.
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the frequency of the waves the more their sensitivity
shifts to shallower depths. For a given frequency, the

Ž .fundamental mode surface waves Fig. 4a sample
Ž .shallower structure than the higher modes Fig. 4b ,

and inclusion of the latter thus provides for increased
depth resolution.

( )3. Partitioned waveform inversion PWI

The interpretation of waveforms in terms of as-
pherical variations in Earth’s structure is often parti-

Ž .tioned into 1 a non-linear waveform inversion that,
for each record, seeks to determine the 1D structure

Ž .Fig. 3. Body and surface-wave phases. a Composite record section of vertical-component seismograms arranged in order of increasing
epicentral distance to two different earthquakes. The dashed lines represent the arrival times of the body-wave phases S, SS and SSS

Ž .calculated from the ak135 wave speed model Kennett et al., 1995 . The Rayleigh-wave surface wave L can be thought of as a limitingR

case of multiple reflections propagating across the surface. The solid lines and shaded areas indicate two group velocity windows. The first
y1 Ž .window, defined between 4.9 and 4.2 km s selects phases sampling the upper-mantle the ‘‘higher-mode window’’ . The second window,

between 4.2 and 3.4 km sy1 selects fundamental-mode surface waves. We note that for each record the precise windows are set manually
upon visual inspection of the waveforms. Seismograms have been filtered between 10 and 45 mHz for the higher modes, and between 10

Ž . Ž .and 25 mHz for the fundamental modes. b Ray geometry in the upper mantle of the body-wave phase shown in a .



( )F.J. Simons et al.rLithos 48 1999 17–43 23

Ž . Ž .Fig. 4. Sensitivity Frechet kernels for surface wave propagation. The kernels represent EcrEb r , i.e., the sensitivity of the phase velocity´
Ž .c of a particular set of surface wave modes to a perturbation of the shear-wave speed b at a particular depth. Top Fundamental mode.

Ž .Bottom Higher modes. Surface-wave studies done with fundamental modes are mostly sensitive to shallow structure, while most of the
sensitivity at depth is due to the higher modes.

Ž .between source and receiver see Section 3.1 and
Ž .2 a geometrical, linear tomographic inversion which
combines the individual path constraints into a 3D

Ž .model for Earth structure see Section 3.2 . Parti-
Ž .tioned Waveform Inversion PWI , developed by

Ž .Nolet 1990 , has previously been used to study the
Župper mantle beneath Europe Nolet, 1990; Zielhuis

. Žand Nolet, 1994a,b , South Africa Cichowicz and
. ŽGreen, 1992 , North America van der Lee and
. ŽNolet, 1997a,b , and Australia Zielhuis and van der

.Hilst, 1996 . Here we review some basic aspects of
the technique; for more complete descriptions we

Ž . Ž .refer to Nolet et al. 1986 , Nolet 1990 , and Ziel-
Ž .huis and Nolet 1994a .

3.1. WaÕeform inÕersion for path-aÕeraged structure

In the first step of PWI individual seismograms
are analyzed and, within the restrictions discussed
below, inverted for shear velocity variations with
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Ž . Ž .depth, db r with r radius , averaged along the
source–receiver path. This involves the matching of

Ž .observed waveforms with theoretical synthetic seis-
mograms, which are computed as a sum of surface-
wave modes using the JWKB approximation
Ž .Woodhouse, 1974 . The waveform synthesis re-
quires information about the earthquake focal mech-
anisms, which is obtained from the Harvard Centroid

Ž . ŽMoment Tensor CMT catalog Dziewonski et al.,
.1981 and the National Earthquake Information Cen-

Ž . Ž .ter NEIC Sipkin, 1994 .
The JWKB formalism assumes that lateral hetero-

geneity is sufficiently smooth compared to the wave-
length of the seismic waves used, which imposes a
lower limit for frequency. For our application, with
perturbation scale lengths typically greater than ;

400 km, epicentral distances ranging from 1000 to
4000 km, and a typical phase speed of about 4.5 km
sy1, a lower frequency limit of not much less than

Ž10 mHz is predicted on theoretical grounds Kennett,
1995; Wang and Dahlen, 1995; Dahlen and Tromp,

.1998 . In practice this criterion can be relaxed a bit
and for the fundamental modes we consider a lower

Žlimit of 5 mHz although most data are for frequen-
.cies higher than 8 mHz . The path-average approxi-

mation also implies an upper-frequency limit, both
for the fundamental mode and the overtones, because
cross-branch coupling between modes, as would arise

Žfrom lateral heterogeneity Kennett, 1984; Li and
.Tanimoto, 1993; Marquering and Snieder, 1995 and

which brings out the ray character of the higher
modes, such as SS, is not accounted for. The detri-
mental effects of ignoring mode coupling are aggra-
vated with increasing frequency. However, Marquer-

Ž . Ž .ing et al. 1996 and Marquering and Snieder 1996
have demonstrated that if data coverage is dense the
results will be little changed by the adoption of mode
coupling techniques in the inversion. Moreover, the
largest differences would occur outside the depth
range that is also constrained by the horizontally
propagating fundamental modes; therefore, we only

Ždiscuss structure to a depth of 400 km. We note that
structure beneath stations or events that is not well
sampled by rays from different directions, such as on
the edge of the model, may exhibit spurious vertical
structure resulting from the one-dimensionality of
the kernels. This may be the case for the deep fast
anomaly beneath the NWAO station at Narrogin,

.West Australia. At high frequencies the fundamen-
tal-mode Rayleigh waves become sensitive to steep

Ž .gradients in shallow structure Fig. 4 , such as at the
transition from oceanic to continental crust, which
can severely distort the waveforms. Along with low-
passing the data, we minimized such effects by
accounting for variations in crustal thickness within
the region under study on the basis of crustal thick-
ness information from converted phases recorded at

Žthe SKIPPY stations Shibutani et al., 1996; Clitheroe
.et al., submitted .

Ž . Ž .Kennett 1995 and Kennett and Nolet 1990
conclude that with an upper frequency limit of 20
mHz for the fundamental mode and 50 mHz for the
higher modes the surface-mode summation used in
PWI provides a representation of the seismic wave
field that is adequate for our purposes. Because the
admissible frequency limits differ we use group ve-
locity windows to isolate the fundamental and higher
mode part of the records so that we can analyze them

Žwithin the frequency bands discussed above see also
.Fig. 3 .

An example of waveform fits is given in Fig. 5.
The wave trains for the fundamental and higher
modes have been normalized to unit amplitude. Both
sections of the seismogram are fitted separately
within the applicable frequency band. The initial fits

Ždepict the difference between the observed data thick
. Ž .solid lines and the synthetic records thin lines

produced from a reference model. For this event in
Southern Sumatra the fundamental-mode Rayleigh
waves arrive earlier than predicted from the average
Earth for all stations considered, suggesting rela-
tively fast wave propagation across the western and
central part of the continent. But at some stations the
mismatch is larger than at others; compare, for in-

Žstance, the records of ARMA Armidale, New South
. ŽWales and CTA or CTAO, Charters Towers,

.Queensland . These differences are indicative of lat-
Žeral variations in wave speed for these earthquakes

the data indicate that the average wave speed along
the path to ARMA is faster than along the one to

.CTA . For the same stations, the difference between
the observed and synthesized overtones are smaller
than for the fundamental mode, suggesting that the
wave speed variations in the deep part of the model
are smaller than in the shallow part. The bottom

Ž .panel of Fig. 5 shows the excellent final fit of the
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Fig. 5. Waveform fitting. Observed data are plotted as thick solid lines, predictions are depicted with thin lines. Seismograms are for a Mb
Ž .5.8 event in Southern Sumatra, at 103.98E, 5.78S , located at 56 km depth. Great circle paths to the stations are plotted in the inset. ‘‘Initial

fits’’ are predictions made by surface-wave summation, using an assumed reference model. ‘‘Final fits’’ are obtained by the nonlinear
Ž . Ž .inversion procedure described in Nolet et al. 1986 see text .

waveforms, both for the higher-frequency overtones
as well as for the lower-frequency fundamental
modes.

3.2. Tomographic inÕersion for 3D structure

Once the path-average of the variation of wave
Ž Ž ..speed with depth db r is determined for each

source–receiver combination these 1D profiles are
used as observations in a tomographic inversion for

Ž Ž .3D variations in shear wave speed db r,u ,w , with
.r radius, u colatitude, and w longitude . This linear

tomographic inversion may be performed by a vari-
ety of methods, such as the ones described by Nolet
Ž . Ž . Ž .1990 , Zielhuis 1992 , Zielhuis and Nolet 1994b ,

Ž .or van der Lee and Nolet 1997b .
The tomographic problem is parameterized by

Žmeans of local basis functions equal-area blocks in
latitude and longitude direction; and box-car and

.triangular basis functions for radius . The system of
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equations is solved in a generalized least square
Žsense, using the LSQR iterative algorithm Paige and

.Saunders, 1982; Nolet, 1985 . The damping applied
is a combination of first-order gradient damping,
which minimizes the differences in structure between
adjacent cells, and norm damping, which produces a
bias toward the reference model used. The model
presented in this paper results from careful experi-

Žmentation with all variables involved damping,
.weights, cell size , and parameters such as variance

reduction and retrieval of synthetic input models
have been used as guidance. After 200 iterations of
the LSQR inversion a variance reduction of about
90% was obtained. The reference model used for the
3D inversion has a crustal thickness of 30 km, which
is a reasonable average for the region under study.
For the mantle we used a modified PREM model
Ž .Dziewonski and Anderson, 1981 , smoothly interpo-

Žlated over the 220 km discontinuity Zielhuis and
.Nolet, 1994b .

3.3. Differences with respect to preÕious studies of
Australia

We have made several modifications to the meth-
Ž .ods by Zielhuis and Nolet 1994b , including a dif-

ferent form of weighting of the individual data fits, a
parameterization with an increased number of basis
functions in radial direction, and we added a parame-
ter that can absorb effects of epicenter mislocation.
The effects of these improvements are, however,
subtle, and most of the differences with previous

Žmodels Zielhuis and van der Hilst, 1996; van der
.Hilst et al., 1998 can be attributed to the use of an

expanded data set.
Firstly, we assign an uncertainty to the individual

fits based on a weighted combination of the signal
bandwidth, the length of the group velocity win-
dows, the x 2-norm, and the zero-lag cross-correla-
tion value of the synthetic and observed waveforms,
as well as the ability to fit both the fundamental and
higher mode data. The reciprocals of the uncertain-
ties obtained were used to weight the data in the

Ž .inversion. Secondly, like Zielhuis and Nolet 1994b
we used a combination of boxcar and triangular basis
functions, but we have added additional node points
in order to extract more information on deep struc-
ture from the large number of higher modes in our

data set. Thirdly, we have used the hypocenter loca-
tions from the global data file by Engdahl et al.
Ž .1998 , but in this region source mislocations can be
substantial owing to sparse station coverage of the
southern hemisphere. A mislocation of 20 km, on an
epicentral distance of 2000 km can cause a spurious
wave speed anomaly of 1%. Without attempting a
formal earthquake relocation we aimed to absorb
such effects of source mislocation in a denuisancing
parameter in the linear inversion for 3D structure.
This has an effect similar to damping, and varying
the degree of source relocation allows us to identify
the structural features in our model that are required
by the waveform data only.

4. Data used in this study

Between May 1993 and October 1996 the Aus-
tralian National University operated the Skippy seis-

Ž .mometry project van der Hilst et al., 1994 . This
project involved 6 arrays of up to 12 portable broad-
band seismometers that together synthesized a na-

Ž .tionwide array Fig. 2 and was intended to exploit
Australia’s location with respect to regional seismic-
ity and provide dense data coverage for a range of
tomographic imaging techniques. The individual ar-
rays were deployed for about 6 months at a time.
Parts of the large set of surface wave data were used

Žin previous studies Zielhuis and van der Hilst, 1996;
.van der Hilst et al., 1998 , which focused on central

and eastern Australia because data coverage in the
west was not satisfactory at the time. In addition to
the data from the SKIPPY experiment we have used
data from broadband permanent stations from the

ŽIRIS Incorporated Research Institutions for Seismol-
. Žogy , GEOSCOPE, and AGSO Australian Geological

.Survey Organization . The ;1600 vertical-compo-
nent seismograms from about 340 seismic events

Ž .provide excellent data coverage Fig. 6 . Further
improvements in the resolution, in particular of the
western part of the continent, are still expected,
given the continued monitoring of earthquake activ-
ity by AGSO.

We used the portion of the vertical-component
seismogram from the arrival of direct S up to, and
including, the arrival of the fundamental mode of the
Rayleigh wave. This time window includes multiple
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Ž .Fig. 6. Top Great-circle paths of the 1596 event-receiver combi-
Ž .nations used in this study. Bottom Path coverage. Path lengths

and variance of the directions of the rays crossing in 28=28 cells,
two indicators of tomographic quality, are combined and ex-

Žpressed on a relative scale black indicates well sampled; white
.indicates no sampling .

body wave reflections at the free surface, such as SS
Ž .and SSS Fig. 3 . The group velocity windows used

for the isolation of the fundamental and higher modes
are approximately 3.4–4.2 and 4.0–5.0 km sy1,
respectively, but for each individual record the exact
limits are set after visual inspection. With this selec-
tion, the fundamental mode is truncated before the
arrival of scattered and multipathed surface waves,
and body waves with turning points in the deep
mantle are excluded. For example, direct S is the
first body wave phase considered at a distance of

2000 km, but at 4000 km this is SS, and at 6000 km
Ž .SSS, etc. Fig. 3 . In recognition of the frequency

limitations imposed by the approximations implicit
Ž .in the method see above , fundamental mode data

were fit in the 5–25 mHz range and the higher
modes were modeled within 8–50 mHz. About 40%
of all seismograms contained higher-mode windows
for which good fits could be obtained.

5. Results

Here we discuss briefly the spatial resolution and
the general aspects of our model, compare our results
to variations in shear wave speed as inferred from a
global inversion, and describe in detail how the shear
wave speed varies within several well-defined tec-
tonic units that constitute the Australian continent.

5.1. Spatial resolution

Image quality does not only depend on the sheer
number of data but also on the azimuthal distribution

Ž . Žof the crossing paths Aki and Richards, 1980;
.Menke, 1989; Lay and Wallace, 1995 . For each cell,

Žwe added the variance of the directions between 0
. Ž .and p of the rays normalized from 0 to 1 to the

normalized sum of the path lengths to provide a
Žbetter measure of the quality of data coverage Fig.

.6 . The data coverage is good throughout the Aus-
tralian continent but degrades towards the southwest.
Since all AGSO data have not yet been used we
expect further improvements in this part of the conti-
nent.

In order to assess the reliability of the images we
have performed test inversions with synthetic data
calculated from different input models; the ability to
reconstruct an input model from the synthetic data is
then used to assess how well real structure can be
constrained by the available data. We have used
different synthetic input models, with harmonic wave

Žspeed variations as well as spike tests for a discus-
sion of such resolution tests, see, e.g., Humphreys

.and Clayton, 1988 or Spakman and Nolet, 1988 ,
and others in which we tested the robustness of a
specific structure in the model. Based on these tests

Žand on theoretical considerations Kennett and Nolet,
1990; Zielhuis, 1992; Zielhuis and van der Hilst,
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.1996 we conclude that the horizontal resolution in
the best resolved parts of the continent approaches
250 km, and the vertical resolution ranges from 50

Ž .km at 100 km depth to between 100 and 150 km
Ž .around 300 km depth . As expected from the data

Ž .coverage Fig. 6 , the resolution in the central and
east is still superior to that in western Australia.

For the purpose of this paper we evaluated whether
the data can constrain the wave speed variations on
the length scales considered in the finest regionaliza-

Ž .tion described below see Section 5.4 . In the experi-
ment, different wave speeds were assigned to various
tectonic regions of the Australian continent. Fig. 7
displays the results of two such tests. In the first, the

input anomalies of Fig. 7c were put at 80 km depth,
with zero perturbations elsewhere in the model. We

Žcalculated synthetic data for all 1600 paths both for
.fundamental modes and the overtones and repeated

the linearized inversion for 3D structure. The result
for that layer is given in Fig. 7a. In the second

Ž .experiment the input pattern Fig. 7c was placed at
210 km depth, with the response shown in Fig. 7b.
These tests show that the wave speed variations are
well resolved on the length scales we are interested
in, but at shallow depth the image quality is better
than at larger depth. In general wave speed contrasts
are well resolved, but the amplitude of the wave
speed variations is less well determined. We note

Fig. 7. Results of resolution experiment. Input models were constructed by assigning constant wave speed anomalies to different geotectonic
regions and at different depths. Anomalies are in percent from a spherical reference model. Synthetic data were generated on the basis of all

Ž . Ž . Ž .wave paths used in actual inversion. a Recovery of anomaly placed at 80 km. b Recovery at 210 km. c Input anomaly used in both
tests. Note the difference between both color schemes. Thick dashed lines give approximate location of Tasman Line.
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that in the regionalized presentation of our results
Ž .see Section 5.4 the wave speeds were averaged

over the regions identified, but in the test inversions
shown here such averaging was not done.

Ž .Fig. 8. Depth slices through our preferred velocity model. Anomalies are in percentage from a spherical reference model see text . The
y1 Ž . y1 Ž . y1 Ž .reference velocities used are 4500 m s at 80, 120, and 170 km depth a–c ; 4513.5 m s at 210 km d ; 4581 m s at 260 km e , and

y1 Ž .4851.5 m s at 400 km depth e . The color scales used are for a and b, c and d, and e and f, with diminishing values of saturation which
reflects the decreasing magnitude of the anomalies with depth. Thick dashed lines give approximate location of Tasman Line.
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5.2. Shear waÕe speed Õariations in the Australian
upper mantle

Figs. 8 and 9 display some of the tomographic
Ž Ž .results. The shear wave speed anomalies b r,u ,w

Ž ..yb r are plotted as percentages of the wave0
Ž Ž ..speed in the reference model b r which is a0

Žmodified version of PREM without the discontinu-
.ity at 220 km . Wave propagation is slow beneath

the Phanerozoic eastern part of Australia and fast
beneath the Proterozoic and Archean domains, at

Žleast to a depth of 200 km e.g., Fig. 8a–c and Fig.
.9 . The Phanerozoic high wave speed lithosphere is

Žrelatively thin, generally less than 80 km note the
cross-sections have been cropped to show the depth

.range between 15 and 450 km , and overlies a
pronounced low-velocity zone that extends to ap-

Ž . Žproximately 200 km depth Fig. 9 see also Goncz
and Cleary, 1976; Goncz et al., 1975; and Zielhuis

.and van der Hilst, 1996 .
In agreement with Zielhuis and van der Hilst

Ž .1996 our model reveals that at depths shallower
than 150 km the wave speed gradient from the
eastern to the central domains occurs east of where it
would be expected on the basis of the exposure at

Žthe surface of Proterozoic rock indicated by the

Ž .Fig. 9. Profiles through the model. Anomalies in percentage from a spherical reference model see text . The high wave speeds in the
Ž . Ž .northeastern corner of the map, which show at the right hand side of cross-sections a and c , reflect the recent subduction of the Pacific

Ž .beneath the Indo–Australian plate. The high wave speed feature to the southwest of Tasmania, c , may be related to the Australia–Antarctic
Ž . Ž .discordance Gurnis et al., 1998 but this part of our model is not well sampled see Fig. 6 .
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.Tasman Line . The presence of high wave speed
lithosphere east of the Tasman line was confirmed
by the analysis of fundamental mode dispersion be-

Žtween stations along the same great-circle path Pas-
. Ž .sier et al., 1997 Fig. 10 . In several regions, the

lateral wave speed contrast coincides with surface
outlines of sedimentary basins in easternmost Aus-
tralia, in particular the western margin of the Bowen
and Surat basins. At greater depths the wave speed
divide shifts westward, and at 170 and 210 km depth
it appears to parallel the Tasman line and the western
margin of the Eromanga basin. In northeastern Aus-
tralia, the wave speed contrast is located to the west
of the Georgetown Inlier, and this Proterozoic unit is

part of a rather thin high wave speed lid with a
Žpronounced low velocity zone underneath see Fig.

.9 . In contrast, the Proterozoic shields of central
Australia are delineated by high wave speeds down

Žto at least 250 km e.g. between stations WRAB and
.SCOG in Fig. 10 . The area of the Late-Paleozoic

ŽAlice Springs orogeny Amadeus basin and Mus-
.grave and Arunta blocks stands out from the adja-

cent shields by lower wave speeds. This may reflect
the thick layer of sediments in this region. Interest-
ingly, also the Kimberley block, which is often
interpreted as the westward continuation of the North

ŽAustralia craton see, e.g., Shaw et al., 1995 and Fig.
.1b has a seismic signature that differs significantly

Fig. 10. Stations, events, great circle paths, and wave speed profiles at selected locations, superimposed on the shear wave speed variations
Ž .at a depth of 140 km depth Zielhuis and van der Hilst, 1996 . The panels display wave speed variation to a depth of 250 km in eastern and

central Australia as inferred from the differential dispersion of fundamental model Rayleigh waves between stations along the same great
Ž .circle path Passier et al., 1997 . In all velocity panels, perturbations range from y5% to 5% and the depth ranges from 0 to 250 km.

Ž .Modified after Passier et al., 1997 . Note that our current models are based on more data than were available to Zielhuis and van der Hilst
Ž .1996 .
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from that of the Proterozoic craton. Likewise, the
deep structure beneath the Canning basin differs
from that beneath central Australia and from the

Ž .Archean cratons further South Fig. 8b–d .
Below 200 km depth the central cratons continue

to be marked by fast anomalies, but the Archean
Yilgarn, Pilbara, and Gawler cratons do not seem to
be marked by wave speeds that are significantly
higher than the reference model, with the exception
of the localized high wave speeds under station

NWAO in the southern Yilgarn craton, but these
might be an artifact of using one-dimensional sensi-

Ž .tivity kernels see Section 3.1 . With the exception
of the region encompassing the Alice Springs
orogeny, the mantle beneath 300 km depth beneath
the Proterozoic and Archean appears to be rather
homogeneous. In this depth range, the most pro-
nounced fast anomalies are associated with the sub-
duction zones to the North and Northeast of Aus-
tralia and with the intriguing structure east of the Mt.

Ž . Ž .Fig. 11. Comparison with global model in spatial domain. Clockwise: a Rayleigh-wave inversion result by Ekstrom et al. 1997 , at 60 s.¨
Ž .This phase-velocity map records the anomalies of fundamental modes of some narrow frequency band around 60 s, or 17 mHz. From

inspection of the kernels of Fig. 4, such map represents structural wave speed deviations with a maximum sensitivity around 120 km depth.
Ž .We therefore compare it to our inversion results at those depths. b Wave speed anomalies at 120 km, using only fundamental modes from

Ž . Ž .permanent seismometer stations from IRIS and GEOSCOPE . The resolution of the result is roughly equivalent to the one in a , with certain
Ž . Ž .differences attributable to differences in path geometry. In a and b , the location of the 6 permanent stations is indicated by the black

Ž . Ž .triangles. c Our preferred model at 120 km depth. Thick dashed lines give approximate location of Tasman Line. d Power spectrum of
Ž .the shear wave speed model at 80 km depth. The results are compared with the model by Ekstrom et al. 1997 .¨
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Ž .Isa block at 238S . Resolution tests and inversions
with subsets of the data demonstrate that the latter
anomaly is well resolved and required by the data
used.

5.3. Global Õs. regional models

Our regional model reveals variations in shear
wave speed on smaller scales and with larger ampli-
tude than indicated by global tomography models.
To better understand such differences we compared
our maps to the global images both in the spatial and
spectral domains. Fig. 11a displays the wave speed
variations according to the global model by Ekstrom¨

Ž .et al. 1997 , which contains information from about

1700, globally distributed earthquakes, and only a
small number of permanent stations on or near the
Australian continent. We obtain a similar result if we
apply our inversion technique to fundamental mode
data from the six regional IRIS and GEOSCOPE stations

Ž . Žthat were also used by Ekstrom et al. 1997 Fig.¨
.11b , although we retrieve somewhat lower wave

speeds beneath the marginal basins east of Australia.
Ž .Following Chevrot et al. 1998a,b we also compared

the power spectrum of our model with that from
Ekstrom, which was parameterized in spherical har-¨
monics up to degree 40, corresponding to a wave-
length of about 1000 km. Across the entire spectrum
our regional model does have somewhat higher am-
plitudes than the global model by Ekstrom et al.¨

Fig. 12. Four-part regionalized representation of the shear wave speed model. This regionalization is based on large-scale variations in
Ž .crustal age see Fig. 1c .
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Ž .1997 , but particularly so at wavelengths smaller
Ž .than 2000 km Fig. 11d . This is primarily a conse-

quence of degrading resolution at those wavelengths
Žin the global model see Fig. 13 in Ekstrom et al.,¨

.1997 . From this comparison we conclude that when
evaluated at similar wavelengths the spatial and
spectral characteristics of global and our regional
models are generally in good agreement with each
other, and the superior resolution at high wave num-

Ž .bers comparing, e.g., Fig. 11a and c is not dictated
by the parameterization or damping but results from
the dense data coverage provided by the Skippy

project and the inclusion of higher-mode Rayleigh
waves.

5.4. Seismic signature of distinct tectonic regions

‘‘Tectonic’’ regionalizations, whereby seismic
properties are averaged over well-defined geological
domains, have formed the basis of first-order testing

Žof the tectosphere hypothesis Jordan, 1975a, 1981b;
.Okal, 1977; Polet and Anderson, 1995 , the synthesis

Ž .of global seismic data Nolet et al., 1994 , and the
Žcalculation of travel-time corrections Gudmundsson

Ž . Ž .Fig. 13. Age-dependent wave speed variations with depth. Left Absolute wave speeds. Right Wave speed perturbations from a
Ž . Ž .continental reference model. Inset Geographic location of the regions used see Fig. 1c . Compare with Fig. 12 for a planview. Below

;250 km, the differences of average wave speed between those regions are an order of magnitude smaller than in the shallow mantle.
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.and Sambridge, 1998 . We have used regionaliza-
tions to investigate the relationship between the

thickness of the high velocity lid and crustal age at
different length scales.

Ž . Ž .Fig. 14. Detailed regionalized representation of the shear wave speed model. In a and c , a 12-part subdivision was chosen, whereas in
Ž .c–f , the domain centered over the Eromanga basin was subdivided to bring out the anomalous character of the fast structure centered at
238S. For more discussion, see text. Thick dashed lines give approximate location of Tasman Line.



( )F.J. Simons et al.rLithos 48 1999 17–4336

In our first experiment we used a three-fold tec-
tonic regionalization based roughly on crustal age
Ž .Fig. 1c , with a further subdivision of the eastern
domain in two parts motivated by wave speed maps
Ž Ž . .see Zielhuis and van der Hilst 1996 and Fig. 8 .
We averaged the wave speed perturbations over these
domains. Fig. 12a–b shows the rather dramatic west-
ward progression of seismic wave speed, which cor-
relates well with the general increase in crustal age
Ž .Fig. 1c . However, deeper in the upper mantle this
relationship breaks down and beneath 200 km depth
the central Proterozoic is characterized by fast wave
propagation while the average wave speeds in the
Archean units are comparable to those under the

Ž .Phanerozoic at large Fig. 12c,d . Radial wave speed
profiles, calculated for each domain, further illustrate
that the recently tectonized eastern seaboard of Aus-
tralia is generally slow, with a pronounced low-

Ž .velocity zone centered around 150 km Fig. 13 . The
Precambrian central and western parts do not show
this reduction in wave speed; instead, the high-veloc-
ity lithosphere beneath these provinces is generally
200–250 km thick. Note that the Archean is faster
than the Proterozoic for z-150 km but that the high
wave speed signature does not extend to as large a

Ž .depth Fig. 13 . Our results are in general agreement
Ž .with the results by Gaherty and Jordan 1996 and

Ž .Gaherty et al. 1996 who argued for a difference of
similar magnitude between fast continental and slow
oceanic mantle to a depth exceeding 250 km.

It is obvious from geological maps and results of
tomography that significant variations in crustal

Žstructure and seismic properties and our ability to
.constrain them occur on much smaller length scales

than represented by the large scale regions discussed
above. Therefore, we designed another regionaliza-
tion based on geological units that better represent
variations in tectonic age. This tectonic subdivision
Ž .Fig. 14 is based on the crustal elements map by

Ž .Shaw et al. 1995 and refinements by Wellman
Ž .1998 ; it consists of a northern, central, western,
and southern Australian domain, as well as the Tas-

Žman group and the New England fold belt see Fig.
. Ž .1b , and the Pinjarra the southwestern-most part .

Ž .On the basis of our wave speed maps Fig. 8 we
treat the Kimberley block separately from the north-
ern Australian domain, the Canning basin apart from
Central Australia, and the Pilbara apart from the

Yilgarn craton. In Fig. 14a,b we maintain our earlier
division of the Tasman domain into a unit compris-

Ž .ing the western parts of the Eromanga and Murray
basins and a unit with the eastern Lachland and New

Ž .England fold belts see Fig. 1a . In Fig. 14c–f we
have subdivided the Eastern and Western Tasman
domain in a northern and southern part so as to
prevent the anomalous fast structure centered around
Ž .1458E, 238S from biasing a larger region.

Ž .This regionalization Fig. 14 largely confirms the
westward progression of seismic signature at depths
less than 200 km but also reveals significant depar-
tures of the general trends. The high wave speed in
the Archean western Australian domain can largely
be attributed to the Yilgarn block; the Pilbara block
is not marked by higher-than-average wave speeds
but resolution in this particular area may be lacking.
Recall that the high wave speeds beneath the station
NWAO may be an artifact of using 1D kernels, and
the signature of the Yilgarn region may thus be
biased. The high wave speed under central Australia
is mostly associated with the central block-and-basin
structure and the North Australia craton. Beneath the
Kimberley block and the Canning basin the pro-
nounced positive wave speed anomalies vanish be-
neath 150 km depth, and at a slightly larger depth
also the Archean Yilgarn, Pilbara, and Gawler units
lose their deep seismic expression. However, the
Proterozoic North Australia craton is still faster than
average at depths in excess of 250 km. Surprisingly,
the wave speed anomaly beneath the region encom-
passed by the Alice Springs orogeny seems to persist
to depths in excess of 300 km. The upper mantle and
transition zone beneath Eastern Australia seems more

Žcomplex than its Precambrian counterpart see also
.Fig. 9c and Section 5.2 and on average the transi-

tion beneath geological domains in eastern Australia
Ž .are faster than in the west Fig. 9b,c .

6. Discussion

The tectosphere concept as formulated by Jordan
Ž .1988 implies that the negative thermal buoyancy of
the CLM is largely offset by changes in composition.
Here we do not image composition and, therefore,
use a less restricted definition. High wave speed lids
that are more than ;200 km thick would be dynam-
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ically unstable if the negative buoyancy owing to the
low temperature is not somehow compensated by

Žchanges in composition Jordan, 1975a,b; Anderson
and Bass, 1984; Polet and Anderson, 1995; De Smet
et al., 1999, this volume; Shapiro et al., 1999a,b, this

.volume . In the following we loosely refer to ‘‘con-
tinental keels’’ or ‘‘tectosphere’’ when the thickness
of the high wave speed lid as inferred from our
results exceeds this value.

6.1. Regional deÕiations from a global pattern

On the basis of global wave speed models, Jordan
Ž . Ž .1981b , Nolet et al. 1994 , Polet and Anderson
Ž .1995 , and others, concluded that there is a good
agreement between the velocity anomalies and the
surface pattern of crustal formation ages. The Pre-
cambrian domains are fast, whereas most Phanero-
zoic regions are underlain by a seismically slow
upper mantle. Such observations have often been
used to corroborate the correlation between crustal
age and the composition of the CLM inferred from
geological data. Global wave speed models have
suggested that the high wave speeds persist down to

Ž .500 km depth Su et al., 1994; Masters et al., 1996
but the depth extent of the high-velocity anomalies
under stable continental regions has not been well
constrained.

The fundamental and higher mode data used in
our study are not consistent with these earlier results
and, instead, constrain the thickness of the high wave
speed CLM to less than 250–300 km. For Australia
a strong correlation between surface age and seismic
structure does exist, but only at long wavelengths
Ž .l)1500 km and for depths shallower than ;200
km. At smaller length scales there are parts of Pre-
cambrian shields that are marked by high wave
speeds to even larger depth but there are also many
such regions without a deep seismic expression. At
the length scales considered in our study, the ‘‘tecto-
sphere’’ beneath the Proterozoic domains is as thick
as or thicker than beneath Archean units, but the

Žwave speed in the latter appears to be higher Fig.
.13 . However, some Proterozoic domains, for in-

stance the Georgetown Inlier in northern Queens-
land, are not marked by a deep, seismologically fast
keel. On the other hand, some regions devoid of
Proterozoic or older outcrop appear to have a tecto-

sphere-like CLM. Significant variations in seismic
properties thus occur beneath geological provinces of
comparable crustal age or tectonic setting and similar
complexity may exist for other continents as well.
Hence, for Australia there does not seem to be a
simple relationship between tectosphere structure and
crustal age.

6.2. Eastern Australia

Beneath easternmost Australia the high wave
speed lid is thinner than 80 km in most places,

Žentirely absent in some for instance beneath the
.Queensland Volcanic Province , and mostly under-

lain by a pronounced low velocity zone centered at
Žabout 150 km depth see Zielhuis and van der Hilst

Ž . . Ž1996 and references therein see also Figs. 9 and
.13 . Tectonically this area is relatively young, and in

the southeast volcanism may have ceased only a few
Ž .thousand years ago Johnson, 1989 . The geothermal

gradient is steep, the present-day surface heat-flow is
Ž y2 . Ž .high 70–100 mW m Cull and Denham, 1979 ,

Žand studies of mantle conductivity Lilley et al.,
.1981; Finlayson, 1982 suggest that volatile-rich ma-

terial or partial melt may be present. Therefore, the
pervasive lower-than-average wave speeds in this
region are most likely the result of thermal processes

Ž .associated with the Late-Cretaceous ;80 Ma
opening of the Tasman Sea and accompanying vol-

Ž .canism Storey, 1995 , volatile infusion during sub-
duction prior to that event, and the recent volcanism
in the region.

To the west of the low wave speed region, but
still east of the Tasman line, the wave speed signa-
ture suggests the presence of a seismically fast root.
Although it is not as thick as the CLM beneath the
Proterozoic proper, this could imply that some of the

Žearly Paleozoic fold belts for example the Ade-
.laidean and western part of the Lachland and basins

Ž .e.g., western part of the Murray basin are underlain
Žby Precambrian basement Zielhuis and van der Hilst,

.1996 . This interpretation, which was recently
corroborated by Re-Os model ages of up to 1.96 Ga

Žfor upper mantle xenoliths in western Victoria Han-
.dler et al., 1997 , would have implications not only

for understanding the structural development of these
fold belts and basins but also for the paleogeographic

Žreconstruction of the Rodinia supercontinent Powell,
.1998; K. Karlstrom, pers. comm., 1999 .
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It is unlikely that the anomalously fast structure at
a depth greater than 250 km, i.e., beneath the pro-

Ž .nounced low velocity zone see Fig. 8c–fFig. 9b , is
related to stable lithospheric structure formed in situ.
Instead it may represent allochthonous material. Per-
haps it represents one or more accreted terranes of
continental tectosphere that was originally formed
elsewhere. Given the north-northeastward motion of
the Australian plate relative to the lower mantle
Ž .DeMets et al., 1990 , a perhaps more plausible
explanation is that fragments of formerly oceanic
lithosphere that were subducted beneath the island
arcs to the north and northeast of Australia have
subsequently been overridden by the continent.

6.3. Central and Western Australia

As mentioned above, the seismic signature of the
tectosphere in central and western Australia changes
significantly within geological provinces of compa-
rable age and tectonic setting, and the thickest tecto-
sphere appears to be associated with the Proterozoic
shields, not with the Archean cratons. Moreover,
some of the fast anomalies beneath central and east-
ern Australia do not correlate with surface geology
in an obvious fashion. A detailed interpretation of
these observations is beyond the scope of this paper,
but we speculate on a few scenarios that might
explain the observed complexity.

Assuming that the interpretation of the thick high
wave speed structure in terms of stable continental

Ž .keels tectosphere is basically correct, two funda-
mentally different explanations can be given. One
possibility is that the differences within and between
the Archean–Proterozoic provinces are entirely due
to how the structures were originally formed, and
have persisted ever since. Conditions for melt deple-
tion associated with tectosphere formation could have
varied from region to region. However, this com-
plexity is not readily consistent with the correlation
between crustal age and mantle composition inferred

Ž Ž ..from geological data e.g., Griffin et al. 1998 ,
which implies a certain uniformity of formation pro-

Žcesses. Another explanation is that a thick z)250
.km tectosphere formed everywhere but only sur-

Ž .vived beneath central Australia. Shapiro et al. 1999a
showed that a cold tectosphere could be supported
by high viscosity alone but that compositional buoy-

ancy is required to annihilate part of the gravity
signal and to stabilize the ‘‘keel’’ during formation
when the temperature was higher and the viscosity
lower. The CLM can be eroded by later thermal
processes, which would reduce its viscosity, in par-
ticular when it is already weakened by hydratation,
for example by volatile infusion during subduction
Ž .Nolet and Zielhuis, 1994 . The removal of CLM by
plumes, subduction, or small-scale convection asso-
ciated with continental break-up has been invoked to
explain the deep structure beneath western part of

Ž .the Russian Platform Nolet and Zielhuis, 1994 , the
anomalously low subcrustal P and S velocitiesn n

beneath the southwestern margin of the Proterozoic
Ž .Baltic Shield Bannister et al., 1991 , and the ab-

sence of a seismically fast CLM beneath the Rocky
ŽMountain front in North America Eggler et al.,

.1988 , the Proterozoic Grenville province in the
Žeastern part of United States van der Lee and Nolet,

. Ž1997b , and the Archean Sino–Korean craton see
.Griffin et al., 1998 and references therein . The

position of the ‘‘rootless’’ Archean Yilgarn, Pilbara,
and Gawler blocks near passive margins suggests
that an original deep high-velocity lid could have
been destroyed by convective processes associated
with continental break-up when western and south-

Žern Australia parted from India and Gondwana onset
. Ž .;130 Ma and Antarctica starting ;80 Ma

Ž .Veevers, 1984 . Much like the rifting of Australia
from New Zealand, the separation of Greater India
from Australia was preceded and accompanied by
extensive magmatism and related thermal processes
Ž .Storey, 1995 .

Ž .Alternatively, the deep z)200 km high wave
speeds represent temperature perturbations associ-
ated with subcontinental downwellings instead of
stable tectosphere. This may apply to the localized
high wave speed structure beneath the central Aus-
tralian region involved in the Late-Paleozoic Alice
Springs orogeny, which may continue to lower man-

Ž .tle depths Grand, 1998, pers. comm. . In this sce-
nario, the permanent thick part of the continental
plate might have an almost uniform thickness of
about 200–250 km beneath all domains of Archean
or Proterozoic age, and the deep, high-velocity
anomalies under central and northern Australia re-
flect convective instabilities under the continent. Cold
convective drips beneath continents have been sug-
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Žgested before Gurnis, 1988; De Smet et al., 1999,
.this volume and were invoked to explain the deep

Žhigh wave speeds beneath the Canadian shield Pari
. Žand Peltier, 1996 see, however, Shapiro et al.,

. Ž .1999b . For North America, Li et al. 1998 showed
that the undulations of the 410 km discontinuity,
which marks the isochemical phase change from
olivine to wadsleyite, are small and do not correlate
with the presence of a cold CLM. From this they
conclude that the cold drips must be small, if they
exist at all. For Australia such studies have not yet
been completed.

7. Conclusions

We have analyzed about 1600 broad-band, verti-
cal-component seismograms provided by the perma-
nent IRIS, GEOSCOPE, and AGSO stations and the
portable seismograph stations of the SKIPPY project.
The combination of dense wave-path coverage and
the use of both the fundamental and higher modes of

Ž .the Rayleigh surface wave allowed us to delineate
aspherical wave speed variations of the Australian
continent in unprecedented detail. Our current inver-
sions account for isotropic wave speed variations
only. In this paper we have focused on the presenta-
tion of the results, with special emphasis on the
relation between wave speed variations in the upper
mantle and the geological age of the overlying crust.
In order to investigate whether that relationship de-
pends on length scale of the wave speed variations
and crustal structures considered, we have performed
different tectonic regionalizations of our new wave
speed model. We reach the following conclusions:

Ž .1 For large scale lengths, and above ;200 km,
there is a dramatic westward progression of litho-
spheric wave speed with increasing crustal age, in
agreement with global studies. In general, the

Ž .Phanerozoic lithosphere -80 km thick is underlain
Žby low velocity anomalies with respect to a conti-

.nental reference model ; such a LVZ is absent be-
neath the Precambrian units, which instead are un-
derlain by fast S-wave anomalies to about 200–300
km depth.

Ž . Ž .2 Even on these large scales l)1500 km the
high wave speed lid of the Proterozoic provinces
Ž . Ž .central Australia is generally thicker 250–300 km

Ž .than that of the Archean cratons 175–250 km , but
the wave speed anomalies are higher in the latter.
Our estimates of the thickness of the Archean CLM
are slightly larger than, but given the uncertainty,

Žconsistent with, those of the Kaapvaal craton Priest-
.ley, 1999, this volume .

Ž .3 The Early-Paleozoic mountain belts in south-
Ž .eastern Australia Adelaidean and western Lachland

and the western part of the Phanerozoic Murray
basin are underlain by tectosphere-like upper mantle
Ž .;150 km thick . The inference that crustal defor-
mation has occurred on a Proterozoic ramp is consis-
tent with mid-Proterozoic Re-Os ages for upper man-
tle xenoliths from the Mt. Gambier volcanic complex

Žseveral hundred km east of the outcrop divide the
.so-called Tasman line between the Proterozoic cen-

Žtral shields and the Phanerozoic fold belts Handler
.et al., 1997 . These observations are important for

understanding the extent of Precambrian lithosphere
in Australia as well as the reconstruction of the
Proterozoic super-continent Rodinia.

Ž .4 The high wave speed structures that we inter-
pret as old continental keels often continue off-shore,
for instance northward into New Guinea, and south-
ward into the Indian Ocean. The latter may represent
stretched continental lithosphere resulting from rift-
ing between Australia and Antarctica. Likewise, the
inferred high wave speed keel just east of the Tas-
man Line could represent thinned lithosphere due to
extension associated with the break-up of Rodinia
Ž .post-750 Ma .

Ž .5 At shorter wavelengths, parts of the Precam-
brian shields are underlain by high wave speeds to
depths greater than 200 km but other such domains
lack a deep seismic signature altogether.

Ž .6 The large variability of the seismic signature
Ž .of the deep continent may be explained by 1 as yet

poorly understood differences in the original frac-
tionation and depletion of the upper mantle and —

Ž .more likely — 2 the local disruption and removal
of once thick tectosphere by later tectonic processes.
We notice that the ‘‘rootless’’ Archean cratons are
located near old passive plate margins, suggesting
that destabilization of tectospheric mantle has oc-
curred by small-scale convection associated with
continental break-up and subsequent rifting. Alterna-
tively, some of the deep high wave speed structures

Žmay reflect cold downwellings e.g., beneath central
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.Australia or the relics of allochthonous terranes
Žeither exotic tectospheric blocks accreted onto east-
ern Australia, or remnants of subducted slab overrid-

.den by the plate on its northeastwardly journey .
Ž .7 Variations in deep continental structure within

regions of similar crustal age and tectonic setting are
significant and often as large as variations between
such age units. This implies that the wave speed
models do not always support a simple relationship
between mantle composition and crustal age and that
global correlations based on geological regionaliza-
tions on scales smaller than about 1000 km should
be considered with caution.
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