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12. Relations between Fields
So far we have concentrated on aspects of individual
geophysical fields rather than their interrelations. One
of the benefits of working with uniform representations
of the fields is that we have common registration and
sampling. This means that we can readily superpose
different aspects of the information, and also
undertake quantitative comparisons in the spectral
domain.
One of the ways in which we can introduce the
aspects of different fields is by the use of ternary
colour. We have seen in Chapter 3 the application of
such three-colour images for the rendering of the
results of radiometry, with potassium on the red
channel, thorium on the green channel and uranium on
the blue channel (Figure 3.1). In a similar way, we can
place appropriate fields on the three colour channels
and so gain a rather different appreciation of their
interrelations than a simple visual comparison.
In Figure 12.1 we display a ternary image for
magnetics, gravity and topography. We have placed
the total magnetic intensity on the red channel, the
Bouguer gravity on the blue channel and topography
on the green channel. The elevated topography of the
Eastern Highlands is prominent as a green band, with
extension into Tasmania. Topographic influence is
also strong in the centre of Australia and in the
Hamersley Basin. Elsewhere we see interesting
interactions between the magnetic and gravity signals.
Where these are balanced, as in the Mt Isa region and
the South Australian Craton, we get a bright lilac
colour. When the magnetic and gravity features are
displaced we see a colour dipole, e.g. in the Albany–
Fraser Orogen, and the Musgrave and Arunta
provinces.

Figure 12.1: Three-colour rendering of the relation between the total magnetic intensity,
Bouguer gravity and topography.
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In Figure 12.1 we have presented the ternary image
without annotation, but it is also helpful to superimpose
the geological provinces as in Figure 12.2. We
immediately notice the strong correspondence of the
differences in the correlations of these three major
fields with the geological boundaries.
The subtle interrelations between the fields manifest in
a variety of ways. For example, there is distinct
banding in the Yilgarn Craton that corresponds to the
major crustal divisions of Korsch and Doublier
(2016)—cf. Figure 2.7. Likewise, the subdivisions of
the Madura and Coompana provinces beneath the
Eucla Basin, manifested in the full crustal seismic
reflection profile (Figure 7.4), have perceptible
expression in the ternary image, mostly from the
interaction of gravity and magnetics.
The ternary image also draws attention to the
continuity of structures extending from the Musgrave
Province to the Rudall–Paterson Province at the
eastern edge of the Capricorn Orogen. Even in the
areas of cover we see faint but distinctive signatures
as in the Canning, Eromanga and Murray basins.
When we want to look at the relation between just two
fields we can gain maximum contrast by working with
complementary colours, such as yellow–blue or red–
cyan. We use such representations below to highlight
aspects of the connections between structures
contributing to the gravity and magnetic anomaly fields,
and the relation between gravity and topography.

Figure 12.2: Three colour rendering of the relation between the total magnetic intensity,
Bouguer gravity and topography with superimposed geological provinces.
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12.1 Gravity and Magnetics
Inherently, the gravity and magnetic fields sense different aspects of the same
Earth. Gravity variations are induced by mass (density) changes beneath the
observer, and its sensitivity to such contrasts falls off with the square of depth.
Magnetic methods are sensitive to changes in the induced and intrinsic magnetic
fields of rocks, controlled by their susceptibility to magnetisation, with sensitivity
that falls off with the cube of depth. The magnetic field, therefore, senses
shallower variations in structure. Magnetic properties are dominantly controlled
by the iron content of rocks, and vary over a much wider range than densities,
which link to the balance of the different minerals within a rock.
In Figure 12.3 we present the Bouguer gravity and magnetic field on the same
scale and at the same resolution. When we compare the magnetic map to the
gravity map, it can readily be observed that the gravity data show a much
broader-scale pattern, such as the low gravity response of the Pilbara and Yilgarn
cratons, and the major changes in crustal thickness in central Australia. The
magnetic data, however, are more sensitive to the structures that bound

individual provinces and structures and rock packages within these provinces.
Thus the distinct belts of the Mt Isa Province are much more apparent in the
magnetic data, including their continuation to the south underneath the Eromanga
Basin.
In Chapter 4 we introduced the spatial integral of the magnetic field. This
magnetic integral has depth dependence much closer to that of gravity, so it is
more sensitive to deeper structures than the raw magnetic data. The integral is
also more reflective of bulk mineralogy, as it represents the horizontal spatial sum
of magnetic responses. As can be seen from Figure 12.3, the magnetic integral
has a closer match to the character of the gravity results. This correspondence is
particularly notable for the provinces that lie beneath the Eucla Basin. The
eastern margins of the Yilgarn Craton are also apparent as magnetic integral
highs, and these high responses match the lower gravity response due to crustal
thickening at the boundary of the craton.

Figure 12.3: Gravity, magnetic and magnetic integral maps with geological provinces.
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Figure 12.4: Binary colour representation of the relation between Bouguer gravity and the spatial integral of the magnetic anomaly field, with geological province
boundaries shown on the right hand panel.
In Figure 12.4 we illustrate the relation between the magnetic integral and gravity
data, which are relatively consistent in their depth sampling. The similarities
between the two fields are now apparent when plotted with complementary
colours (yellow tones for gravity, blue tones for the magnetic integral).

Mt Isa shows contrasting banding of strong gravity and magnetic integral features.
The termination of these strong signatures of the Mt Isa Province against the
Cork Fault under the cover sequence is striking, because of its contrasts in
gravity and magnetic behaviour.

The low magnetic response corresponding to the Amadeus Basin and the
underlying province are very clear, with the much higher magnetic integral
response associated with the fault to the south of the Arunta Province clearly
defined. The magnetic integral tends to emphasise features under cover, and in
the combined response we see clear subdivisions within the Eromanga Basin.

The West Australian Craton is outlined by a gravity and magnetic doublet. In
contrast, the edges of the North Australian Craton show a dominantly magnetic
signature. Although the South Australian Craton is rather clearly delineated in the
ternary image in Figure 12.1, it is less evident when we employ the binary image
of magnetic integral with gravity in Figure 12.4.
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In Figures 12.3–12.4 we have presented the full
spatial integral of the magnetic data, calculated in
the
spectral
domain.
With
the
spectral
representations of the fields we can also take
fractional spatial derivatives and integrals of the
gravity and magnetic data. The concept is similar to
the half-vertical derivative shown in Chapter 4, and it
produces striking results.
We illustrate in Figure 12.5 the half-derivative of the
gravity field and the half-integral of the magnetic
field, compared with original gravity and magnetic
images. As in the comparison of gravity and spatial
integral of the magnetic field, the combination of the
half-derivative of gravity and the half-integral of
magnetics has a similar dependence on the depth of
anomalies. This depth sensitivity is focused
shallower than raw gravity data, and deeper than
raw magnetic data.
Whilst the full fields produce maps which are
sensitive to the bulk nature of the rocks, the
fractional horizontal derivatives and integrals
produce maps that are significantly more sensitive to
subtle features of the orientation of features. In
consequence, we can perceive the grain of
structural features across Australia in a way that is
not often recognised at the continental scale,
especially for the magnetic data.
Of particular note is the structural grain of the
eastern goldfields of the Yilgarn Craton, which is
quite different in the gravity half-derivative to other
parts of the Yilgarn. The structures of the eastern
undercover extension of the Arunta Province are
also much more apparent, including those structures
which then serve to truncate the undercover
extension of the Mt Isa Province.

Figure 12.5: Gravity, magnetic, gravity half-derivative and magnetic half-integral maps with
geological provinces.
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Figure 12.6: Comparison of the half-derivative of
gravity and the half-spatial integral of the
magnetic anomaly field.

In Figure 12.6 we make a direct comparison of
these auxiliary gravity and magnetic fields,
including a binary image to emphasise the
balance of the different trends. We use a red
channel for the gravity features and cyan for the
magnetic, so that we would get white where
strong features in both fields coincide.
The broad sweep of northwest–southeast
oriented features through the centre of the
continent contrasts with the swirls through the
Pilbara and the north–south orientation of
lineations at the western boundary of the Yilgarn
Craton with the Pinjarra Orogen and in the
gravity features of the Eastern Goldfields.
The Mt Isa Province shows a distinct contrast in
structural lineation to the southern part of the
North Australian Craton. A somewhat similar
grain is apparent in the binary image under the
McArthur Basin and north of the Tennant Creek
Inlier.
Magnetically, the half-integral map matches very
well with the subtle approximately east–west
features of the Curnamona Province that are the
result of later deformation during the Delamerian
Orogeny. Slightly further west, we see the
confluence of more northerly grain and the main
central Australian trends. These cross in the
neighbourhood of the supergiant Olympic Dam
ore deposit.
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12.2 Gravity and Topography
In the Bouguer gravity field, corrections are introduced
to remove the immediate effects of surface topography
and the gravitational effects of the rocks above sea
level.
Nevertheless, as can be readily seen in
Figure 12.7, there are clear broad correspondences
between gravity anomalies and topography. The fields
are shown individually and also in a binary colour
combination that helps to emphasise the relation
between the two fields.
In both the Eastern Highlands and much of West
Australia, there is a relatively direct link between the
gravity and topography. This is also found in the more
subdued variations in the northern part of the North
Australian Craton. In contrast, there are notable
variations of both gravity and topography in central
Australia that have subtle offsets in position.
As noted in Chapter 9, the density and pressure fields
inferred from the surface gravity field suggest that a
significant amount of isostatic compensation is
achieved in the top 25 km of the crust. The remainder
of the gravity signal is more deeply seated. Zones of
thick crust upset the isostatic balance achieved at
shallower levels. The presence of higher density
mantle compensates for these crustal effects. Across
much of the continent by 125 km depth, the pressure
is close to background values.

Figure 12.7: Bouguer gravity, topography and binary
colour representation of the relation between
Bouguer gravity and topography.
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So far we have presented the relation between gravity and topography in visual
terms directly in the spatial domain. Since we have the major fields represented
on a common 4096 x 4096 pixel domain, we can also exploit their spectral
characteristics. This allows us to look at field interrelations in a variety of ways.
The most direct approach is to look at the transfer function between fields. This
complex admittance can be constructed as the spectral ratio of the fields. The
amplitude and phase can then be transformed back to the spatial domain.
Unfortunately such images are complex, and do not have the desired spatial
specificity because they start from information at the full continental scale.
The apparent solution is to use specific data windows, but then the
representation of the important components at long wavelength tends to be
limited. This difficulty can be overcome by using a similar approach to that used
by Chopping and Kennett (2015) in their study of the depth of magnetisation (see
Section 4.3). With a hierarchical approach, using multifold sampling to stabilise
the results, it is possible to construct stable representations of the longest
wavelength features at variable window scales.
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relations between the gravity and topography fields, which can be modelled via
the deformation of a lithospheric plate overlying a viscous mantle. With the
assumption of an elastic plate, a spectral relation between the gravity and
topography fields under load is predicted that depends on the flexural rigidity of
the plate with a single spectral peak as a function of wavenumber k. This flexural
rigidity is commonly parameterised in terms of an elastic thickness Te proportional
to the cube root of the rigidity. More complex models with lamination can also
include the possibility of internal loading. The quantity Te is an artificial construct
and has no direct physical meaning, but can provide a useful comparator
between regions.
Even without invoking any particular model of compensation, we can associate
peaks or troughs in the admittance relation with an appropriate depth using the Te
relation. We use this correspondence in Figure 12.9 to look at the nature of the
relation between gravity and topography at the continental scale.

As in the magnetisation study, we here employ 400 km x 400 km spatial tiles,
with the centre moved by 60 km for successive tiles. This approach yields 3600
tiles across the continent for which we are able to undertake spectral analysis.
We can examine the correlation coefficient between gravity and topography in the
wavenumber domain, using a normalised coherence measure derived from
averaging the 2-D wavenumber field to extract a 1-D result in terms of a single
wavenumber k (e.g. Simons et al., 2000). The coherence will be unity when the
gravity and topography are completely correlated and drops to zero when there is
no correlation.
An alternative approach is to work with the local admittance constructed from the
local spectral estimates, with again averaging to produce a 1-D result. We
illustrate the amplitude of the 1-D admittance for two tiles in Figure 12.8. There is
a distinctive pattern with a peak at long wavelength, then a significant drop
followed by a second peak at higher wavenumber. The full 2-D admittance field
contains additional information on the local directional relations of the fields that
indicate anisotropy in properties.
As well as the hydrostatic compensation of topography by heterogeneities in
density, the classic style of isostasy, compensation can be achieved by flexure of
the lithosphere with consequent stresses. Such flexure produces regional

Figure 12.8: 1-D admittance between gravity and topography as a function of
wavenumber for tiles in different locations: (a) Lachlan Orogen, (b) Yilgarn
Craton, Western Australia and (c) central Australia.
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Figure 12.9: Representation of the relation between gravity and topography through the variation in behaviour of the local admittance, with the spectral features
converted from wavenumber to equivalent depth.

In Figure 12.9 we display the variation in behaviour of the gravity–topography
admittance function in terms of equivalent depths for the wavenumbers
associated with the first, low wavenumber, peak in the spectrum, and the second,
high wavenumber, peak.

does not have a full complement of surrounding tiles, so there is a likelihood of
some distortion in the wavenumber spectrum. The broad area of northern
Australia with relatively deep compensation, extending below the Moho, has been
identified previously in Te studies, e.g. Simons et al. (2000).

For much of the continent, the second peak in the admittance spectrum occurs at
wavenumbers corresponding to Te values less than 30 km, as is common in
continental environments. This reflects the pressure field results in the density
inversion of Aitken et al. (2015) discussed in Chapter 9. The exceptions are in
the New England area, and the western part of northern Australia. New England

The first, low wavenumber, peak in the admittance spectrum shows considerable
variation across Australia. The equivalent depth of this peak provides an
indication of the level at which broad-scale support of topography occurs. The
absolute values displayed in Figure 12.9 need be treated with caution, since they
are derived from a thin plate model for the mechanical lithosphere that is an
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major oversimplification at these scales. These equivalent depths are likely to be
overestimated. Nevertheless, the relative depth behaviour provides an indication
of the major divisions within the mechanical lithosphere.
In the east we note a rather deep first peak around the Georgetown Inlier, when
the second peak is also a little deeper than its surroundings. Beneath New
England the separation between the two peaks closes towards the south.
Moderate depth support, at about the depth of the base of the lithosphere, is
present beneath the Murray Basin and the South Australian Craton.
Beneath much of the northern part of the North Australian Craton, the depth
corresponding to the first peak is rather high, but this is also where the second
peak also occurs at lower wavenumbers, i.e. greater equivalent depth. Clear
contrasts are seen with the Kimberley Block and the Mt Isa Province with
extensions beneath the McArthur Basin.
The distinction between the shallower equivalent depth beneath the Pilbara
Craton and greater depth beneath the northern Yilgarn Craton reflects trends also
seen in the seismic wavespeeds in the mantle. The east–west contrasts also
have some counterparts in the seismic results, notably with a distinct feature near
the Musgrave Province.
We can also map out the wavelength at which the gravity and topography fields
become uncorrelated, i.e. where local effects have no broader support. This
length scale is displayed in Figure 12.10. Not surprisingly, there is a fair
correlation with the behaviour of the spectral peaks, notably in the larger scale in
the Halls Creek area of the North Australian Craton.
Weak contrasts with the surroundings are evident in the largely covered
Thomson Orogen, and in the centre of the Yilgarn Craton. The moderate length
scale for the broad area around Cape York indicates a rather rapid fall off from
the second peak.

Tp

Figure 12.10: Wavelength at which correlation between gravity and topography
ceases.
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12.3 Depth of Magnetisation
We described in Section 4.3 the construction of estimates of the depth of
magnetisation by fitting a fractal model of magnetic behaviour across a suite of
tiles covering the continent. An ensemble approach allows an estimate of
uncertainty in the depth of magnetisation. The spatial resolution of these results
is 60 km.
This depth of magnetisation is commonly equated to the Curie depth, where
thermal effects erase magnetisation. The Curie temperature is 580°C for
magnetite. In Figure 12.11 we compare the results for the depth to magnetisation
with thermal estimates for the continent, and the properties of the Moho. These
depth of magnetisation results suggest that the control for Australia is not entirely
thermal.

The OZTemp model also displays a broad elevated temperature anomaly in
northern Australia that is not present in the TherMAP model. The relatively deep
base to magnetisation in this area suggests that the OZTemp anomaly is an
interpolation artefact produced by a limited number of concordant data with high
temperatures with no intervening constraints. The base of magnetisation is also
quite deep beneath the Kimberley Block, even though the temperature estimates
are relatively warm.
Some authors suggest that the Moho should represent a lower boundary on
magnetisation in continents, due to changes in the mineralogy across the crust–
mantle interface. In Figure 12.11 we therefore also compare the depth of
magnetisation to the Moho surface for Australia, shown in Figures 7.16–7.17.

In Figure 12.11 we display both the OZTemp estimates at 5 km depth obtained
by interpolation of information from well data (Figures 11.2–11.3), and the
geologically based TherMAP results for 4 km depth (Figures 11.4–11.5). We can
therefore examine where the estimates of the depth to the base of magnetisation
match expectations of Curie depth, and where they differ. Such differences may
indicate areas where our understanding of the thermal regime is incomplete, or
could arise from differences in geology resulting from processes such as major
tectonic events changing magnetic mineralogy.

For much of the continent, the differences between our results for the base of
magnetisation and Moho are within the uncertainty of our results. However, in the
case of the Yilgarn Craton of Western Australia, the base of magnetisation is
significantly deeper than the Moho.

Some of the shallowest depths to the base of magnetisation are beneath the
Canning Basin and Cooper Basin within the Eromanga Basin, where high
temperatures are encountered at shallow depth. Even so, there is not a direct
correspondence with the temperature estimates. In particular, we see the
influence of broad thermal anomalies away from any drilling control that are
captured to some extent in the TherMAP estimates.

Another area where the base of magnetisation is shallower than the Moho
estimate is beneath the western Eucla Basin, where the depth of magnetisation is
much shallower than for both the Yilgarn Craton to the west and the Gawler
Craton to the east. In many different datasets, e.g. Pn wavespeed (Figure 9.9),
and the reflection seismic transect (Figure 7.4), this zone shows distinctive
behaviour, indicating the presence of a distinct lithospheric block.

A relatively large depth to the base of magnetisation extends to the east from the
Arunta Province beneath the Eromanga Basin. These deep results for the depth
to base of magnetisation could imply a relatively cold region, highlighting the
spatial extents of the Arunta and Warumpi provinces beneath the basin. The
lower temperatures from the extension of the Arunta and Warumpi provinces is
not sampled through drilling, so this colder region is not depicted in the OZTemp
model.

Isolated spots in Central Australia where the depth of magnetisation appears to
be fairly shallow are likely to arise from the combination of rapid variations in
crustal thickness, including some rather thick crust, and the limited horizontal
resolution of the map of the base of magnetisation.

The Moho is also significantly shallower than the base of magnetisation for both
the Curnamona Craton and the eastern side of Australia, in areas such as the
New England Orogen, though resolution of the depth of magnetisation is
relatively weak in this zone.
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Figure 12.11: Depth of magnetisation compared with Moho depth and estimates of temperature, OZTemp at 5 km depth, TherMap at 4 km depth.
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12.4 Temperature and Compositional Variation in the Lithospheric Mantle
By jointly interpreting the results from seismic tomography and gravity
constraints, it is possible to estimate the temperatures and compositional state in
the mantle (Tesauro et al., 2017). The effect of the crust is removed from the
observed gravity and topography using the AuSREM crustal model, initially
assuming a homogeneous mantle. The residual gravity field that displays the
heterogeneity of the mantle and the residual topography are then inverted to
obtain a 3-D density model of the upper mantle. The use of both fields gives the
possibility of improving vertical resolution since they are induced by the same
density heterogeneity, but with different dependence on scale and depth. The
residual gravity and topography fields are displayed in Figures 12.12 and 12.13.

In the next stage, the thermal contribution to the density structure is estimated by
inverting the shear wavespeed distribution in the mantle from AusREM to
estimate temperature. In this way, the thermal and compositional models are
iteratively improved, following the approach developed by Kaban et al. (2014),
Tesauro et al. (2014).

Figure 12.12: Residual gravity field after removal of crustal effects using the
AuSREM crustal model.

Figure 12.13: Residual topography after removal of crustal effects using the
AuSREM crustal model.

Initially, a uniform composition is assumed to extract an estimate of the main
features of the temperature field. The difference between the thermal component
of the density and the total mantle density then provides a measure of
compositional variability.
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Negative density differences are then
compensated by modifying the model to
introduce a composition more depleted in
heavier constituents, such as iron (Fe) and
the minerals clinopyroxene and garnet.
The composite thermal and compositional
model is then tested against the 3-D density
and wavespeed fields, and iteratively
improved until a self-consistent result is
obtained. With the inclusion of compositional
variation, the estimates of temperature
beneath the cratonic zones increase by about
100–150°C, compared to a uniform
composition.
The resultant estimates of the temperature
field (Figure 12.14) show distinct differences
between the warm eastern margin of the
continent and the cooler zones beneath the
Archean and Proterozoic domains.
A
measure of the thickness of the thermal
lithosphere can be obtained by mapping the
1300°C isotherm; this depth reaches up to
250 km beneath the coolest parts of the
Yilgarn Craton.
The pattern of steps in lithosphere thickness
indicates a strong relationship with age,
consistent with that suggested by Fishwick et
al. (2005). The South Australian Craton, with
Archean to Proterozoic surface exposures,
has a much thinner and warmer lithosphere
than the other cratons. This modified state
could be a result of extensive metasomatism
associated with a major thermal event that is
manifest as the Gawler Large Igneous
Province (~1600 Ma).

Figure 12.14: Estimates of temperature distribution in the lithospheric mantle at 75 km, 125 km, 175 km and
225 km depth.
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The 3-D distribution of compositional
variability is extracted from the compositional
density variations illustrated in Figure 12.15,
which represents the difference between the
residual gravity field and the contribution from
thermal effects. Although these density
variations are modest in amplitude, they
require significant variations in composition.
Strong depletion is needed beneath the
Northern and Western Australian cratons with
thick and cool lithosphere, likely of mostly
Archean provenance with only localised
disturbance in the Proterozoic (Figure 12.17).
In central Australia, the thick low-temperature
lithosphere is somewhat more fertile. The
slower shear velocities in the uppermost
mantle are not accompanied by any
significant seismic attenuation, and so a
thermal origin is unlikely. This suggests the
need for compositional change, e.g. the
presence of a low temperature phase such as
amphibole (cf. Fishwick and Reading, 2008).
The compositional results shown in
Figures 12.15–12.17 suggest the presence of
distinct domains in the Australian lithosphere,
e.g. between Archean and Proterozoic
regions. We display the Magnesium Number
(Mg#=100xMg/[Mg+Fe]) as a function of
depth. Stronger iron depletion is required in
Western Australia than elsewhere. Indeed,
this depletion appears to extend to depths
that lie beneath the lithosphere. The
extended depletion suggests that there may
be some component of lithospheric erosion
due to the rapid northward motion of the
Australian Plate.

Figure 12.15: Compositional density variations remaining after extraction of the thermal signal from the residual gravity
field at 75 km, 125 km, 175 km and 225 km depth.
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Beneath the Proterozoic terranes, depletion
is much reduced below 150 km depth. The
Paleozoic domains display a generally more
fertile regime.
The details of the temperature and
compositional
fields
displayed
in
Figures 12.15–12.17 depend on assumptions
about the material properties as a function of
temperature and composition. Nevertheless,
the general features of the patterns are
robust, and support significant segmentation
of structure through the full lithosphere.

Figure 12.16: Estimates of compositional variation in the lithospheric mantle at 75 km, 125 km, 175 km and 225 km
depth through Magnesium Number (Mg#).

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.

