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9. Density Structure
Although the primary focus for the development of the AuSREM model was the
creation of 3-D seismic wavespeed models, one of the additional products was a
density model. For the crust, density was estimated from P wavespeed using
relationships derived from laboratory measurements, implemented as a set of
quadratic relations for different ranges of P wavespeed (Salmon et al., 2013b).
For the lithospheric mantle, the density distribution was derived from the SV
wavespeed, again using a formulaic approach. In this case, allowance was made
for the rather low densities associated with high SV wavespeeds in strongly
depleted harzburgitic material in the mantle (Kennett et al., 2013).

The AuSREM density distribution was taken as starting point by Aitken et al.
(2015), who undertook a 3-D inversion to fit the observed gravity field across
Australia. The gravity data employed combine both satellite and near-surface
gravity observations, with the removal of a continental-scale gravity field linked to
the density variations in the upper mantle. The residual gravity disturbance is
then carefully corrected to produce a Bouguer gravity anomaly. Effects
associated with gridding were minimised by upward continuation, e.g. up to
15 km for an inversion using 0.25° cells.

Figure 9.1: Density at 5 km below the surface from the gravity inversion.

Figure 9.2: Density at 15 km below the surface from the gravity inversion.
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The initial reference model includes the influence of sediments, the crust and the
mantle. On the continent, the Seebase model (Frogtech, 2005) illustrated in
Figure 2.9 was employed, with a density model based on compaction,
supplemented by CRUST1.0 (Laske et al., 2013) elsewhere. The crustal
thickness was taken from the model of Aitken et al. (2013) based on gravity
inversion using the Moho database of Salmon et al. (2013b), again supplemented
by CRUST1.0. The initial crustal density across the continent uses the crustal
component of the AuSREM model (Salmon et al., 2013a). A uniform crustal
density of 2890 kg/m3 is used for oceanic crust. In the mantle below 50 km, the
density is based on the mantle component of AuSREM (Kennett et al., 2013),
with a simple regression model based on AuSREM above 50 km.

This reference model has root mean square misfit to the gravity data of 343 mGal,
which is rather more than the 135 mGal variation of the gravity data employed.
Much of this discrepancy comes from the absence of smaller-scale structures
that can be introduced in a detailed inversion.

Figure 9.3: Density at 25 km below the surface from the gravity inversion.

Figure 9.4: Density at 35 km below the surface from the gravity inversion.

At the local and regional scale, most methods for the inversion of gravity data to
produce a density model rely on the superposition of the response of polygonal
shapes with constant density. However, such methods rapidly become unwieldy
at the full continental scale, especially in 3-D. Aitken et al. (2015) have therefore
reformulated the problem to work directly in terms of the partial differential
equation relating gravitational potential to a continuous density distribution.
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The acceleration due to gravity at the surface can then be found from the vertical
derivative of the gravitational potential. The solution of the partial differential
equation is accomplished through a 3-D finite element approach in a geodetic
coordinate system that gives a full allowance for the Earth's curvature.
The inversion procedure employs iterative updates of a density correction to the
initial reference model using the minimisation of a cost function combining the
misfit to the gravity data with smoothness and damping constraints. The inversion
is implemented through massively parallel computation. Aitken et al. (2015)
describe the careful selection of the parameters defining their choice of cost
function that is made possible by the efficient computational procedure.

With this inversion scheme, based on the partial differential equations, the root
mean square misfit to the gravity data can be reduced below 3 mGal with only
mild smoothing and model damping. The resulting density models display
noticeable layering in the lithosphere, and a distinct contrast between the
continental and oceanic domains at all depths (Figures 9.1–9.9). The deviations
from the reference model are not large (median 14 kg/m3), but are able to
incorporate scales of heterogeneity not well represented in the reference model.
Thus, considerable detail is added in the upper crust, notably in central Australia
(Figures 9.1–9.2). The model changes continue into the mantle, reducing with
depth and with much less detail.
The crustal component of the density model is displayed in Figures 9.1–9.4, with
depth slices at 5 km, 15 km, 25 km and 35 km below the surface; the same set of
slices as previously illustrated for seismic velocities (Figures 7.11–7.13). The
effect of the sedimentary basins is most pronounced in the zone down to 5 km,
but there are also significant influences from the large gravity anomalies in
central Australia that decline only slowly with depth. By 15 km depth (Figure 9.2),
the dominant features can be associated with the main tectonic features across
the continent. Thus much of the Bouguer gravity anomaly must have its origin in
the upper part of the crust. Nevertheless there are significant trends in the
density distribution in the middle part of the crust. At 25 km depth (Figure 9.3), we
see lower density beneath the Canning, Amadeus and Eromanga basins that
may have influenced the formation and preservation of these basins. By 35 km
depth (Figure 9.4), mantle densities are evident in the areas with thinner crust,
e.g. the Pilbara Craton, and the Lake Eyre Basin.
The patterns of density variation differ in the lower part of the crust from the
shallower zones. Further, the crustal thickness derived from the depth to Moho
(Figure 7.16) has little direct relation to crustal topography or shallow densities,
and has weak correlation with the lower crust. Aitken et al. (2015) suggest that
the configuration of crustal thickness is largely determined by the thickness of
higher density lower crust (> 2900 kg/m3) that may arise from mafic underplating.

Figure 9.5: Density at 50 km below the surface from the gravity inversion.

The complex configuration of crustal thickness across the continent means that
between 30 km and 55 km depth there is a distribution of both crustal densities
and the higher values, typically greater than 3200 kg/m3, associated with the
mantle. In the depth slices below 50 km (Figures 9.5–9.9) we have shifted the
density scale compared with Figures 9.1–9.4 so that the more subtle features
associated with density variations in the lithospheric mantle are evident.
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Despite the presence of thick crust in central Australia, the results of the gravity
inversions show only moderate variation in density at 50 km depth (Figure 9.5).
Higher density regions tend to persist to about 100 km depth beneath the regions
with thicker crust (Figure 9.6–9.7), suggesting the presence of distinct domains in
the mantle lithosphere.
Aitken et al. (2015) chose not to apply any artificial depth weighting to enhance
deeper density variations. As a result, there is a tendency for variations in density
to be relatively smooth due to the reduction of the sensitivity of gravity data to
shorter wavelength features at depth, unless non-smooth features are present in
the original reference model.

Figure 9.6: Density at 75 km below the surface from the gravity inversion.
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In the AuSREM reference model, lowered densities in the upper mantle are
assigned to the zones of highest shear wavespeed, recognising a likely
harzburgitic origin with highly depleted mantle. The resulting boundaries of the
zone of lowered density, particularly for the West Australian Craton, are not much
modified by the inversion procedure, though some additional regions in the North
Australian Craton are needed to account for the surface variations in gravity.
The patterns of density variation are compatible with a transition from thicker
older lithosphere (Archean to early-Proterozoic) to thinner Phanerozoic
lithosphere at around 140°E, though there is no distinct boundary.

Figure 9.7: Density at 125 km below the surface from the gravity inversion.
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Apart from the lowered densities beneath the West Australian Craton and parts of
the North Australian Craton, the density structure across the continent becomes
relatively homogeneous below 150 km depth (Figure 9.8). However, there is a
distinct contrast between the higher density continental regions and the lower
density ocean mantle that diminishes at greater depth (Figure 9.9).
The density and gravity variations produce significant pressure variations, which
can be extracted from the procedure of Aitken et al. (2015) as a direct product of
the solution of the partial differential equations. Their approach excludes
influences from upper mantle buoyancy forces and features related to platetectonic movements, as well as ocean loading, but allows a full assessment of
the effects of local density and gravity.

Figure 9.8: Density at 175 km below the surface from the gravity inversion.

The calculated pressure variations in the continental crust reduce downwards
until about 30 km depth with only modest variability at that depth. This suggests
that a significant amount of isostatic compensation has been achieved in the
more felsic part of the crust.
Conversely, in the continental mantle, pressure variations strongly reflect crustal
thickness, so that the zones of thick crust upset the isostatic balance achieved at
shallower levels. The presence of higher density mantle compensates for these
crustal effects. By 125 km depth, the pressure is close to background values,
except in Western Australia where higher pressures persist to around 200 km
depth.

Figure 9.9: Density at 225 km below the surface from the gravity inversion.
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The pressure models of Aitken et al. (2015) show a very strong contrast between
the oceanic and continental domains. Beneath the oceans, lateral variations in
pressure generally correlate with bathymetry and thus with the age of the sea
floor. The highest pressures are found beneath the youngest regions, particularly
at the Southeast Indian Ridge. In the Tasman Sea there is no clear relationship
with age, with consistent pressures throughout.
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Complete isostatic compensation is never achieved beneath the oceanic domains.
But, as on the continent, the pressure variations minimise at around 125 km
depth, which is the thickness of mature oceanic lithosphere.

This text is taken from The Australian Continent: A Geophysical Synthesis,
by B.L.N. Kennett, R. Chopping and R. Blewett, published 2018 by ANU Press
and Commonwealth of Australia (Geoscience Australia), Canberra, Australia.

