
Earth Physics Introduction 

Research into the structure and dynamics of the Earth uses a range of 
modern physical and mathematical techniques grouped into four themes of 
Geodynamics, Geophysical Fluid Dynamics and the Centre for Advanced Data 
Inference (CADI). Work in the Earth Physics area spans observational, 
theoretical, computational, and data oriented studies that are all directed 
towards understanding the structure and processes in the solid and fluid 
Earth, and their environmental consequences. The four themes in Earth 
Physics have considerable cross-interaction, particularly through a common 
use of computational methods.  

Prof B.L.N. Kennett, the Area Coordinator, was awarded the Jaeger Medal for 
Australian Earth Science from the Australian Academy of Sciences in May 
2005 and at the end of the same month was elected as a Fellow of the Royal 
Society of London.  

Work in geophysical fluid dynamics this year includes a new theoretical model 
for the thermohaline overturning circulation of the oceans, based on insight 
from laboratory experiments on turbulent entrainment. Experimental runs in 
the GFD laboratory have been linked to major computational simulations, e.g. 
in understanding the amount of mixing that takes place in density-driven 
exchange flow through constrictions, such as ocean straits. Other classes of 
laboratory investigations include studies of lava flow dynamics, particularly in 
pre-existing channels and three-dimensional simulations of subduction to 
understand the flow around subducting plates. 

Studies of the interaction of mantle dynamics with mantle chemistry, with the 
aid of numerical models, suggest that early plate tectonics is a more viable 
concept than previously thought, which would change the expected cooling 
history of the mantle. Further the age of mantle trace components depends 
little on the viscosity structure but mainly on the rate of processing through 
zones of melting. 

In seismology, the long running Tasman Line experiment was completed this 
year and all 20 stations have been recovered. This data has made significant 
contributions to the resolution of structure in the neighbourhood of the 
transition from Precambrian to Phanerozoic Australia, both from surface wave 
tomography and in the mapping of crustal structure using receiver functions. 
The improved resolution of lithospheric structure suggest the presence of 
three steps in lithosphere thickness in the transition from the cratonic core in 
the west to the eastern seaboard of the continent.  

A deployment of short-period instruments in the Murray Basin has provided 
important tomographic constraints on structures beneath the basin. A further 
major deployment has been made in Eastern Victoria that will run to mid 
2006, and when linked with previous data should provide high density of 



station coverage across the whole of Victoria. 
Waveform correlations methods have been successfully employed on data 
from the Tasman Line experiment to provide new constraints on crustal and 
upper mantle structure from surface wave analysis. 

In the Centre for Advanced Data Inference projects have been conducted in 
geomorphology, probability theory, statistical inference techniques, structural 
seismology, airborne geophysics, earthquake seismology, computational 
mineral physics and geodesy. This year saw continued development of the 
CADI inversion toolkit whereby CADI visitors and project participants have a 
simple interface to both software and hardware facilities including the 
Terrawulf parallel cluster. 

The focus of the glacial rebound work in 2005 has focussed on Arctic Eurasia 
from the time of the penultimate glacial maximum (MIS 6 or the Late Saalian 
at ~145,000 years ago) up to the present with the goal of establishing 
constraints on the ice thickness and ice margins for some of the major phases 
of the last glacial cycle. A major compilations of field evidence for the ice 
margin locations and shoreline elevations and sea levels across the region has 
been completed and the inversion of which has led to new ice models from 
140,000 years to 60,000 years ago, including the time of the renewed 
initiation of the ice sheets after the last interglacial. 

 
Geodetic research during 2005 produced significant improvements in the 
accuracy of the analysis of GPS, primarily through software developments 
made at RSES in modelling geophysical phenomena such as atmospheric 
pressure loading, ocean tide loading and atmospheric propagation effects. A 
successful GPS field observation program was carried out in Papua New 
Guinea on a transect of sites along the western border, in the Schouten 
Islands, central Highlands and the Papuan Peninsula region. 

 

 

 

 

 

 



GEOPHYSICAL FLUID DYNAMICS INTRODUCTION 

Geophysical Fluid Dynamics is the study of fluid flows and their roles in 
transporting heat, mass and momentum in the oceans, atmosphere and 
Earth’s deep interior. In RSES, the research in this field focuses on the 
exploration of physical processes of importance in three different areas: �• 
convection, mixing and circulation in the oceans, with implications for climate, 
�• magmatic and volcanic processes, and�• convection of the solid silicate 
mantle, with its implications for plate tectonics and the evolution of our 
planet. 

Geophysical Fluid Dynamics (GFD) emphasises the importance of dynamical 
modelling. At the ANU our research program is anchored strongly in 
experimental fluid dynamics and benefits from the excellent facilities of a 
purpose-built 400 sq. m laboratory and workshop area, opened in 2000. This 
is one of the premier GFD laboratories in the world, and one of only two such 
labs in Australia. It is well known around the world for its contributions across 
fluid dynamics, oceanography and ‘solid earth’ geophysics. A second crucial 
strand of our research lies in advanced computing, and this work benefits 
from a range of computing facilities within the Research School and in the 
Australian Partnership for Advanced Computing (APAC) located at ANU. 

SUMMARY OF DEVELOPMENTS IN 2005

This year, an exciting new theoretical model for the thermohaline overturning 
circulation of the oceans was completed and published in Ocean Modelling (by 
Dr Hughes and Prof Griffiths). Growing out of insights from their laboratory 
experiments published in the previous year, this model expresses the role of 
turbulent entrainment into the major sinking regions of the oceans, which 
take the form of overflows from marginal seas and dense slope currents 
falling to large depths in the oceans. It turns out that entrainment, a 
previously neglected process in this global context but one that has long been 
known to cause large dilutions of the dense sinking water with surrounding 
waters, can have a substantial effect on the global density distribution in the 
oceans and on the rate of overturning of bottom and surface waters. Once 
this effect is included, the model indicates that the globally averaged vertical 
mixing rates in the oceans as measured by oceanographers, are consistent 
with observed overturning rates, top-to-bottom density difference and surface 
thermal forcing, without any need to call for the much larger mixing rates 
previously indicated by the simpler one-dimensional (Munk) advection-
diffusion balance. 

Other work on ocean processes includes a very successful attempt to measure 
the amount of mixing that takes place in density-driven exchange flow 
through constrictions, such as ocean straits (figure A), the interaction of 
headland wakes in coastal waters with disturbances carried from upstream by 
a mean flow, and a study of low-frequency variability, induced by the effects 
of baroclinic eddy instability and interaction of flow with bottom topography in 
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the oceans, using a high-resolution quasi-geostrophic coupled ocean-
atmosphere model

Studies of the interaction of mantle dynamics with mantle chemistry, using 
numerical models, also have yielded some important findings.  First, a 
possible explanation has emerged for a well-documented strong depletion of 
incompatible trace elements prior to 4 billion years ago, due to enhanced 
sinking of subducted basaltic crust through the early upper mantle, whose 
viscosity was relatively low at the time.  This would make early plate tectonics 
more viable than previously thought and change the expected cooling history 
of the mantle.  A second finding is that the age of mantle trace components 
depends little on the viscosity structure and other details of models, even 
whether they are in two or three dimensions.  Rather, the age depends 
mainly on the rate of processing through zones of melting.  Since this is more 
predictable it opens the way for a clearer understanding of the chemical 
evolution of the mantle. 

In other work, a re-examination of the heat flowing from the core into the 
mantle suggests that radioactivity is not required in the core to help drive the 
dynamo that generates Earth’s magnetic field, and an extensive review of the 
mantle plume hypothesis concludes that it is a viable and useful hypothesis, 
though it is unlikely to explain all volcanism that is not related to plate 
tectonics.  Experimental work continued on three-dimensional laboratory 
simulations of subduction, involving a dense high-viscosity plate, which sinks 
into the lower density low-viscosity mantle. The experiments reveal the 
influence of the lithosphere-mantle viscosity contrast on the process of 
subduction and the induced flows in the surrounding mantle. 

Studies of volcanic processes have progressed through a thorough theoretical 
and experimental investigation of the ‘run-out’ of rapidly released volumes of 
lava in pre-existing channels or valleys, which has revealed the conditions 
under which the lava flows are stopped by yield strength or when they are 
stopped by cooling. Flows from continuous vents on a slope and the way in 
which flows form their own channel have also been examined. A novel 
theoretical prediction of channel width compares well with the results from 
laboratory experiments. 

The group continued to benefit from the presence of Emeritus Professor J.S. 
Turner. Prof. Griffiths and Drs Hughes and Hogg taught the “Ocean 
Dynamics” unit in the RSES Physics of the Earth Honours program. Prof. 
Griffiths again taught a 3rd year undergraduate course on fluid dynamics and 
ocean-atmosphere dynamics in the Department of Physics and Theoretical 
Physics, ANU. The staff, students and visitors all acknowledge the vital 
contributions of our technical support staff, A.R. Beasley and C.J. Morgan, to 
our research program. A new ARC Discovery grant was awarded to Prof. R.W. 
Griffiths for studies of the fundamental dynamics of the oceans’ meridional 
overturning circulation. 
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The dynamics of the ocean thermohaline circulation, and ‘horizontal 
convection’ 

R.W. Griffiths, G.O. Hughes, M.A. Coman and J.C. Mullarney 

The meridional overturning circulation of the oceans is an example of 
“horizontal convection”, a flow forced by heating and cooling at the same 
horizontal surface. In studying horizontal convection we aim to provide insight 
into the dynamics that underpin the complex overturning circulation in the 
oceans. In recent years we have conducted both laboratory experiments and 
numerical simulations of horizontal convection, in cases of either thermal or 
thermohaline forcing (figure 1). This work has progressed during 2005 on a 
number of fronts.  

 

Figure 1: A photograph of dye tracer in the convective circulation in a long box of 
water which is cooled through the right hand half of the base and heated through 
the left hand half of the base. The box interior is 1.25 m long and 0.2 m high, but 
only the left 1/2 of the length is shown. Features include small-scale convection 
above the heated base of the tank, with a narrow plume ascending on the left 
hand wall. 

We have developed a theoretical model that successfully describes many 
aspects of horizontal convection including the vertical density structure (figure 
2), the thermal boundary layer thickness adjacent to the differentially heated 
boundary, and the dependence of the heat transfer upon the Rayleigh 
number and other quantities. 

Figure 2: Theoretical prediction 
(solid line) of the temperature 
profile and a comparison with 
laboratory data (long-short 
dashed line) from a horizontal 
convection experiment (Mullarney 
et al. 2004).  

The prediction is based upon the 
properties of water at the 
average temperature in the box. 
The additional curve (dashed 
line) is a prediction based on 



water properties at the coldest temperature in the flow (16 ºC) and indicates 
the robust nature of the results. 

The application of horizontal convection to the meridional overturning 
circulation in the global oceans has been controversial. Early experimental 
work by Sandstrom (1908, 1916) is frequently cited as evidence that heating 
and cooling at the ocean surface cannot lead to the observed vigorous 
overturning circulation. In particular, that work is cited as showing that 
heating and cooling sources at the same level (as is the case at the ocean 
surface) cannot drive a significant circulation. However, Sandstrom’s 
conclusions are at odds with modern experiments on horizontal convection. 
Hence we have revisited Sandstrom’s original experiments and find that some 
of his original conclusions require revision. In recreating his experiments we 
observe strong flows irrespective of the relative level of heating and cooling, 
and these are consistent the results of modern experiments in which heating 
and cooling are distributed over a planar horizontal surface. We conclude that 
heating and cooling at the same level can force strong a circulation 
penetrating through the full depth of a basin. 

We have continued the development of a simple mathematical model for the 
ocean circulation that gives predictions consistent with a variety of field 
estimates. Entrainment of ambient water laterally into dense localized sinking 
currents is predicted to be an important mechanism of vertical heat transport 
in the global oceans. We have also examined the dependence of the results 
upon the amount of entrainment into the sinking currents (characterized by a 
mathematical constant Ez, Figure 3) and the vertical mixing rate averaged 
over the interior of the oceans (characterized by the diffusivity k*, Figure 4). 
These results show that failure to allow for entrainment into highly localized 
sinking regions in models can be partially offset by artificially increasing the 
vertical diffusivity in those models. However, we find that approximate 
parameterisation of entrainment in this manner leads to model predictions 
that are flawed in other respects. As most climate and ocean numerical 
models are unable to resolve the sinking regions, our results illustrate the 
imperative for the development of better entrainment parameterisations for 
use in computations. 

(a) (b) 



Figure 3: The theoretical dependence of (a) overturning volume flux and (b) top-
to-bottom density difference predicted by our model for entrainment constant Ez 
= 0.05, 0.1 and 0.2, and other parameters appropriate to the global oceans (Ez = 
0.1 is the normally accepted value). The hatched band indicates the uncertainty of 
the measured globally-averaged ocean value in each case. Lines indicate the 
power law slopes predicted by previous non-rotating and geostrophic scaling 
theories. 

(a) (b) 

Figure 4: The theoretical dependence of (a) overturning flux and (b) top-to-
bottom density difference predicted by our model for the vertical diffusivity k* = 
10-6, 10-5 and 10-4 m2/s, and other parameters appropriate to the global oceans 
(k* = 10-5 m2/s is the observed value in the oceans). The hatched band indicates 
the uncertainty of the measured globally-averaged ocean value in each case. Lines 
indicate the power law slopes predicted by non-rotating and geostrophic scaling 
theories. 

We have also examined numerically the effect on horizontal convection of a 
small additional heat input at the top boundary in figure 1. This system is a 
simple thermally-driven representation of the ocean’s meridional overturning 
circulation (again inverted for comparison with laboratory experiments) with a 
small amount of geothermal heating at the ocean bottom. A more vigorous 
overturning circulation is observed when the additional heat input is 
destabilizing (as for geothermal heating), whereas a stabilizing flux (heating 
at the top of the box) results in a slower circulation and a plume that no 
longer penetrates through the full depth of the box (Figure 5). Our results 
suggest that the geothermal heating in the oceans (about 1% of the heat 
supplied at the surface) could enhance the overturning by about 10%. 

Additional aspects of horizontal convection are being investigated in studies 
commenced this year, in order to better understand the fundamental 
dynamics as well as oceanic complexities. These aspects include the nature of 
transient adjustment to perturbed boundary conditions, the case of (nearly) 
symmetric boundary heating such that there is a plume at both ends of the 
basin (mimicking the slightly unequal North Atlantic and Southern Ocean 
sinking), and the effects of planetary rotation. 



(a) 

(b) 

 

(c) 

Figure 5: Two-dimensional numerical solutions (showing streamfunction 
contours) for the convective circulation in a long box of water which is (a) cooled 
through the right hand half of the top and heated through the left hand half of the 
top; (b) as for (a), but with heating at the base equal to 10% of the heating at the 
top; and (c) as for (a), but with cooling at the base equal to 2% of the cooling at 
the top. 



Dynamics of ocean straits and overflows 

Straits and sills commonly exercise control over the rates of water transport 
out of estuaries and marginal seas, and between abyssal ocean basins. 
Analytical methods are frequently used to estimate flow through these 
constrictions; our approach focuses on extending the simple analytical 
solutions to more realistic cases. 

T.J. Prastowo, R.W. Griffiths, G.O. Hughes and A.McC. Hogg 

We have continued a study of the amounts of mixing that occur in two-layer 
density-driven exchange flows. The flow involves a strong velocity gradient 
between layers flowing in different directions, and this flow can become 
critical (i.e. reach the speed of gravity waves on the density interface), so that 
there is a hydraulic control point in the strait or above the sill. The mass flux 
through the constriction is also influenced by the mixing between the layers. 
This year we have continued a series of experiments in a long channel (figure 
6), from which both the amount of mixing and the effect of the mixing on the 
exchange rates is determined (as a function of the density difference and 
constriction width). The exchange rate is found to be a constant 82±1% of 
the exchange rate predicted by inviscid hydraulic theory. The mixing can be 
described in terms of an efficiency - the proportion of the available potential 
energy (released by the flow over a given time) that goes into raising the 
density field by vertical mixing. We find that exchange flows driven by density 
differences in excess of 2% have efficiencies of 11±1% (figure 7). We have 
also developed scaling theories that predict both the observed exchange rate 
and the measured mixing efficiency. Ongoing work is aimed at understanding 
a measured decrease in mixing efficiency at density differences less than 2%. 

 

Figure 6: A movie of the exchange flow through a horizontal constriction in a 
laboratory water channel, showing the shear instability and subsequent turbulent 
mixing. 

   




 

Figure 7: Mixing efficiency as a function of density difference 

L.M. Frankcombe and A.McC. Hogg 

Motivated by observations that tidal oscillations can modify the density-driven 
flow through straits we have attempted to characterise the response of sill 
and strait flows to time-dependence.  The approach is to simulate the time-
dependent flow with an idealised numerical model, using a new set of open 
boundary conditions developed for use in ocean models (in collaboration with 
Dr J. Nycander of Stockholm University).  
 
The model is computationally efficient, allowing the simulation of time-
dependent flows over a wide parameter space.  The results are compared 
with a theoretical prediction (the black curve in figure 8). The simulations 
demonstrate that, contrary to previous investigations, the effect of tidal 
period may be offset by reflections and nonlinearity. Thus there is a strong 
dependence of flux upon tidal amplitude, but not period, as seen in figure 8. 



 

Figure 8: Simulated flux as a function of tidal amplitude. The black line shows a 
theoretical prediction, while the coloured lines showed the flux for a number of 
cases with different tidal period. 

A.McC. Hogg and  G.O. Hughes 

The extension of analytical hydraulic solutions to fluids with viscosity (whether 
a molecular viscosity or a parameterised turbulent eddy viscosity) is a difficult 
problem that remains unsolved. In this work we propose that such a solution 
is only possible numerically, and construct a numerical algorithm for solving 
such flows. A sample solution for hydraulically controlled viscous one-layer 
flow over a sill is shown in figure 9. 

 

Figure 9: Solution of viscous hydraulically controlled flow over a sill showing (a) 
layer height and streamlines; and (b) fluid velocity (colour scale), with inset 
showing the velocity profile at the sill crest. 



The numerical solution method is used to demonstrate that flux decreases 
with both bottom drag and viscosity, as shown in figure 10. Furthermore, we 
demonstrate that the effect of internal viscosity is greatest at intermediate 
values of viscosity, contrary to previous theoretical predictions. 

 

Figure 10: Flux as a function 
of dimensionless bottom drag, 
Cd/A and dimensionless 
viscosity 1/ReA. 



The role of ocean eddies in the ocean circulation and climate 

A.McC. Hogg 

This study is part of a long-term project to determine whether ocean eddies 
need to be resolved by climate models to correctly simulate present and 
future climates. In previous years, this project concentrated on the variability 
of the double gyre circulation in the ocean (relevant to the North Atlantic and 
North Pacific Oceans). The study, which was a collaborative effort between 
ANU, Florida State University and the National Oceanography Centre, 
Southampton, identified a new mode of ocean variability which is only present 
when eddies are explicitly included in the simulation. Furthermore, it was 
shown that this ocean variability might contribute to climate variability.  

 

Figure 11: Potential vorticity field of the upper ocean for an idealised, eddy 
resolving ocean simulation. Flow in this re-entrant channel is from left to right. 

In 2005 this work was extended to the mid-latitude flow of the Southern 
Ocean (see figure 11 for a sample image of the vorticity distribution in the 
eddy-resolving model, and figure B for sea surface temperature and 
pressure). The model displays a robust mode of inter-decadal variability, as 
shown by the energy time-series in figure 12, that is not observed in standard 
ocean models. This suggests that ocean models cannot correctly simulate 
ocean variability. 
Resolution of this 
problem is part of 
an ongoing 
project. 

 

Figure 12: 
Illustration of the 
variability o
in the Southern 
Ocean model. The 
variability is 
characterised by large variations in both potential energy (PE; solid line) and 
kinetic energy (KE; dashed line), and the time-series is divided into four dynamical 
regimes for analysis. This variability only occurs when ocean eddies are fully 
resolved. 

bserved 



The melting of ice in the Arctic Ocean: double-diffusive transport of 
heat from below 

J.S. Turner 

This study has been motivated by two oceanographic observations: an 
increase in the rate of melting of sea ice in the Arctic Ocean, and the advance 
of an anomalously warm tongue of Atlantic water across the Arctic below the 
halocline over the last few decades.  These raise the question: are these two 
observations related? The results of previously reported laboratory 
experiments have shown that, in principle, an increased rate of melting can 
be produced by vertical double-diffusive transports, but the aim now is to 
assess whether this mechanism is quantitatively sufficient to explain the 
observations. 

There is certainly enough heat in the intruding tongue to melt all the sea ice 
in about a year. But a careful assessment of the purely vertical transport, 
based on the results of laboratory experiments and associated theories, 
shows that this can account for only about 5% of the flux required to melt all 
the surface ice in this time.  An alternative source of heat is the solar input to 
the surface mixed layer. In particular years when detailed measurements and 
calculations have been made, this input from the atmosphere could explain 
both the seasonal cyclic behaviour of the ice and the increased melting rate. 

However, given the large heat content in the advancing tongue of Atlantic 
water it is worth exploring other advective mechanisms that could bring this 
heat to the surface. For example, a strong downflow of salty water, formed 
by freezing on the shelves round the Arctic basin, could penetrate through the 
halocline into the warm layer and mix this up to the surface.  This mechanism 
is currently being investigated in the laboratory and theoretically by Mathew 
Wells, a former PhD student in the GFD group and presently at Yale 
University. 



Effects of upstream disturbances on coastal wake flows 

M.J. O'Byrne R.W. Griffiths and J.H. Middleton 

Laboratory investigations are addressing the effect of upstream disturbances 
on the flow around islands and headlands in coastal waters, as part of an 
ARC-funded collaboration between the University of New South Wales, the 
University of Colorado at Boulder and the Australian National University.  

Our first experiments on this problem were carried out in a one-metre 
diameter cylindrical tank, with a model headland drawn through initially 
stationary water. While simple and convenient, these experiments had the 
disadvantage of not having a bottom or sidewall boundary layer in the 
oncoming flow. In a new arrangement, the same tank is placed on a rotating 
table, so that the headland, base and sidewall can be impulsively set in 
motion relative to the water, thus providing physically more realistic boundary 
layers. 

Results indicate that at a Reynolds number of 1000 or less, the unperturbed 
wake of a semi-cylindrical headland is almost stable. Adding a perturbation 
generated by flow past a small cylinder placed upstream of the headland 
leads to instability with a frequency given by the incident disturbance. When 
the wake is naturally unstable, conditions are found under which the wake 
frequency is changed owing to a frequency 'lock-on' effect to the frequency of 
the upstream disturbance (figure 13). We observe a periodic dipole vortex 
formation. 

  

Figure 13: Still images of an experiment with a headland Reynolds number of 
1000, indicating pairing of incident vortices with an induced vortex of opposite 
sign in the wake. The image on the right was extracted 4s after the left-hand 
image, during consecutive dipole formation events. Flow is from left to right. The 
coastline, a vertical wall, is at the bottom of the images. 

 



Convection in complex geometries 

Convection drives flows throughout the atmosphere and oceans, and in many 
engineering and industrial applications. Such flows are driven by buoyancy 
forces that arise from locally destabilising variations in temperature and/or 
chemical composition within a fluid. These convective flows are the primary 
mechanism by which heat, mass and chemicals are transferred between parts 
of the fluid domain. In many practical situations the confining geometry is 
complex and has a dramatic influence on the flow.  

M. A. Coman, G. O. Hughes, R. C. Kerr and R. W. Griffiths 

This year we have completed a study of the convection in a two-chamber 
cavity that is heated and cooled on opposite vertical endwalls (Figure 14). 
This flow is forced to pass through a relatively small gap connecting the 
chambers, a geometry that is relevant to the flow over a sill between ocean 
basins, or through doorways in buildings. The introduction of the barrier 
between the two chambers severely disrupts the flow. Recent measurements 
have shown that both the flow structure and the heat transfer through the 
gap are almost independent of the lateral position of the barrier. However, 
the mass exchanged between the chambers increases with the relative width 
RL of the hot chamber. 

  

Figure 14. Dye visualization of the convective exchange flow between two 
connected chambers driven by heating and cooling of the left and right endwalls, 
respectively. The relative size of the hot and cold chambers has little effect on the 
flow structure and heat transfer between the chambers. 

K.C. Yeh, G.O. Hughes and K. Lovegrove 

We have studied convective flows inside an inclined cavity that was open at 
one end (Figure 15). This geometry models a ‘cavity receiver’, which is used 
to harness thermal energy at the focus of a concentrating solar paraboloidal 
dish. The dish system can be inclined to track the sun and the cavity 
temperature is typically increased by several hundred degrees Celsius. An 
understanding of the ensuing convective flow inside the cavity receiver is 
important for providing design pointers to minimise convective heat losses 
and hence improving the efficiency of solar collection. However, visualisation 
of airflows in a high-temperature cavity receiver is impractical. Instead, we 
have simulated such flows using convection driven by salinity differences in 



water. By matching the Grashof number of convective flows in the laboratory 
to those typical of solar cavity receivers, we have found that the circulation 
inside the cavity is generally laminar (figure 15). However, at marginally 
higher Grashof numbers the cavity circulation was observed to become 
turbulent, corresponding to a significant increase in convective losses. 
Convective losses are reduced when the cavity axis is closer to vertical and 
the geometry can trap a larger volume of the buoyant fluid. 

(a) 
(b) 

     (c) 

Figure 15: Visualisation of the 
convective circulation in the 
solar collector cavity when the 
cavity axis makes an angle with 
the horizontal of (a) 0º, (b) 30º 
and (c) 60º. 



The formation of channelized lava flows and their final runout length 

In continuing studies of lava flow dynamics and the behaviour of flows with 
cooling and solidification, we have examined channel formation on slopes as 
well as the factors controlling the final length of flows produced by the rapid 
release of a volume of melt in an existing channel or valley. 

R.C. Kerr, R.W. Griffiths and K.V. Cashman 

 

Figure 16:  Photograph of a Hawaiian lava channel, whose surface is a 
combination of incandescent melt (red) and broken solid surface crust (dark 
material). 

In a collaborative project with volcanologist Professor K.V. Cashman of the 
University of Oregon, and funded by both the ARC and the National Science 
Foundation, we have explored the formation of basaltic lava channels (Figure 
16), with the aim of understanding the factors controlling the channel width 
and the resulting flow behaviour. To model the lava flows, we use laboratory 
experiments in which molten polyethylene glycol (PEG) wax flows under cold 
water along the base of a wide sloping tank (Figure 17). When the wax is 
released at a constant flow rate from a point source, it flows both down and 
across the slope at the same rate in a early-time regime, before undergoing a 
transition to a long-time regime where downslope flow is faster than lateral 
flow.  Eventually, the lateral flow is stopped by the strength of the growing 
surface crust, and the flow then travels downslope in a channel of constant 
width.  

Using scaling analysis, we have derived expressions for the final channel 
width in both the early-time and long-time flow regimes, as a function of the 
flow rate, the slope, the density difference driving the flow, the lava viscosity, 
the thermal diffusivity, and the yield strength of the crust. We also found a 
dimensionless flow morphology parameter that controls whether the 
subsequent channel flow occurs in a `mobile crust' regime (involving lots of 



exposed melt and consequent heat loss) or in a `tube' regime (involving a 
complete solid roof and relatively small heat loss from the melt).   

The theory has been successfully applied to understand the formation of a 
basaltic sheet flow lobe in Hawaii, for which we estimated a crust yield 
strength of order 6 x 104 Pa. Our results provide important insight into 
conditions that promote lava tube formation, which is in turn responsible for 
greatly increasing the length of individual flows.  Flows may change from 
mobile crust to tube regime (or vice versa) at a constant flux, simply from 
local changes in the slope.  

 

Figure 17: Time-lapse video movie of molten PEG wax flowing down a wide 
uniform slope and cooled from above. The flow is viewed from above, and the tank 
is 90 cm wide. Solid wax is white, liquid PEG is transparent and the base of the 
tank is black.  

A.W. Lyman and R.C. Kerr 

Over the past three years, we have modeled the emplacement dynamics of 
lava flows using a combination of theoretical scaling analyses and laboratory 
experiments (Figure 18), for the case when a fixed volume of lava is rapidly 
released and propagates as a two-dimensional flow. When the lava has no 
internal yield strength, we have identified four dynamical flow regimes that 
can arise: an inertial slumping regime, a horizontal viscous regime, a sloping 
viscous regime, and a crust yield strength regime that finally stops the flow. 
When the lava has an internal yield strength, it can also flow in a sloping 
viscoplastic regime, which is accurately predicted by a simple box model that 
we have developed.  




Our results have been applied to predict the propagation downhill of various 
volumes of two typical lavas: a Hawaiian lava with no internal yield strength 
and a Mt. Etna lava with an internal yield strength. In particular, we show 
that sloping flows of the Mt. Etna lava are stopped by the surface crust 
strength rather than the internal yield strength. Our work will be helpful both 
in predicting the advance of flows from future volcanic eruptions, and in 
placing bounds on the durations of eruptions of large prehistoric flows. 

 

 

Figure 18: Time-lapse video movie of the release of a fixed volume of molten PEG 
wax down a sloping channel underneath cold water. 




Dynamics and Chemical Evolution of the Earth’s Early Mantle 

G. Davies and J. Huang 

Isotopes and trace elements have been used by geochemists to document a 
range of source types in the mantle whose apparent ages approach two 
billion years.  Numerical modelling of mantle dynamics is used in this project 
to explore and exploit this information.  It extends previous modelling in two 
ways: into the past, hotter mantle and into three dimensions at present Earth 
conditions.  Some significant results have been obtained and more are 
imminent. 

The 2D modelling has extended the previous models to the more extreme 
conditions of the early mantle, which was hotter, had lower viscosity, and 
convected faster. The upper mantle becomes quite depleted of a denser, 
basaltic component when the mantle is hotter than about 1500°C.  This 
provides a plausible explanation for a very strong and early depletion of the 
mantle sources of the earliest preserved materials (ancient rocks and zircon 
crystals) documented by geochemists. 

 

Figure 19.  Temperature and stream lines (upper) and tracer concentration 
(lower) after 500 Ma of subduction and convective stirring in the mantle.  The 
model features two “oceanic” plates converging towards and subducting under a 
central “continental” region.   



The tracers represent the basaltic component of the mantle composition, and 
simulate both its melting near the surface and its excess density in the 
mantle. Melting concentrates the tracers into an oceanic “crust”, and because 
of their greater density after subduction they settle out of the lower-viscosity 
upper mantle (the upper 30% of the model).  Some tracers also accumulate 
at the base of the model, although many remain suspended in the lower 
mantle, which is 30 times more viscous than the 
upper mantle. 

Figure 20. Progressive depletion of basaltic 
components in the early upper mantle.  The plot 
shows vertical profiles of horizontally averaged 
tracer concentration at various times in the model 
shown in Fig. 1, revealing a rapid depletion of the 
upper mantle, a slight enrichment of the lower 
mantle and a strongly enriched thin layer at the 
base. 

This early depletion has other potentially 
important implications.  Oceanic crust formed in 
these conditions would be quite thin, and this wou
plate tectonics, which in turn would provide a mechanism for cooling the 
mantle. Such a mechanism has been lacking, as the previously expected thick 
oceanic crust would tend to inhibit plate tectonics and mantle cooling. 

ld enhance the viability of 

A further possible implication is that the mantle ‘hangs’ in this hot state until 

The 3D modelling has been carried out by Research Associate Jinshui Huang, 

We have found that the main control on the residence time of previously 

radioactive heating declines enough to allow it to drop into the present, cooler 
state.  Such a transition might correspond to a well-documented major 
geological transition around 2.5 Ga ago. 

who arrived early in 2005.  This work uses the 3D-spherical code “Terra” 
obtained from Professor P. Bunge (Munich) and Dr. J. Baumgardner (Los 
Alamos).  The code has required considerable adaptation and testing.  
Although it turned out to be not as robust as hoped, this is less important 
than expected and clear results have already been obtained. 

melted components is the rate of processing through the melting zones. The 
geometry, viscosity structure and excess density of subducted oceanic crust 
have only secondary effects. The residence times are predicted quite well with 
a very simple theory based on the rate of reprocessing of material relative to 
the total volume of the mantle.  Since the rate of reprocessing depends only 
on plate velocities and melting depths, which are relatively predictable, these 
results promise a substantially improved understanding of the chemical 
evolution of the mantle. 



The Viability of Mantle Plume Theory 

G. Davies 

Mantle plumes were proposed in the 1970s as an explanation for age-
progressive volcanic ‘hotspot tracks’ and for large flood basalt eruptions.  
Recently the plume theory has come under criticism.  Some maintain that 
plumes have been disproven or that there is little evidence for plumes and the 
plume theory is unquantified and infinitely malleable, and so is not a scientific 
theory.  A quite heated controversy has been underway.  Others merely point 
out that there is much volcanism that does not obviously accord with plume 
theory, without implying there are no plumes at all.  A substantial review of 
the subject was therefore undertaken to clarify the status of the theory. 

The review points out that plumes can be inferred from well-known 
observations with few assumptions and no theory, that a well-quantified 
physical theory of plumes exists, that plumes are to be expected in the silicate 
mantles of planets and that a number of important questions about plumes 
have been quantitatively resolved.  The review notes there are indeed 
observations that do not obviously accord with plume theory and that other 
mechanisms may need to be considered.  Some recent numerical modelling is 
noted in which compositional density considerably complicates plume 
dynamics, and this may explain some hitherto puzzling volcanism.  The review 
concludes that plumes are a quite viable theory, but plumes probably do not 
explain all volcanism that is not related to plate tectonics. 



Thermal Evolution of the Core and Mantle 

G. Davies 

The thermal budget of the core is a key quantity relating the generation of 
the magnetic field, the growth of the solid inner core and the generation of 
plumes in the mantle.  Recently modellers of the core dynamo responsible for 
generating the magnetic field have appealed to the possibility of radioactivity 
in the core to accommodate all of these phenomena, but new results indicate 
this may not be necessary. 

Estimates of the conductivity of the core have been revised upwards.  This 
implies the core is cooling faster and hence that the solid inner core is 
younger than previously thought, only about 1 Ga.  However, solidification of 
the inner core makes the dynamo mechanism more efficient, so before the 
inner core began to crystallise a higher heat flow would have been required to 
maintain the dynamo, which is documented via magnetised rocks as far back 
as 3.5 Ga.  Some recent calculations have yielded early core and mantle 
temperatures that seem unreasonably high, and core radioactivity has been 
proposed to resolve the problem, as this would allow a higher heat flow 
without requiring the core temperature to have declined as much.  However 
there are strong geochemical arguments against core radioactivity. 

It turns out that an inappropriate formula has been used by others for the 
heat carried into the mantle from the core-mantle boundary.  Using a more 
appropriate formula that yields lower core heat flow in the past, I find that a 
non-radioactive core is less problematic than previously concluded. More 
detailed consideration of the complicated interactions and the considerable 
uncertainties is underway. 



Rollback subduction – insights from laboratory experiments 

W. Schellart 

 

Figure 21. The photograph shows a laboratory experiment with subduction of a 
relatively high-viscosity slab. The slab was initially horizontal on the surface of the 
tank of corn syrup. One end begins to sink once it is slightly disturbed, and the 
rest of the slab follows, with a degree of migration of the point of sinking (the 
trench). 

Three-dimensional laboratory simulations of subduction, involving a dense 
high-viscosity plate that sinks into a mantle of lower density and viscosity, 
have been used to develop insights into the nature of lithosphere subduction 
and trench motion. In the simulations, the mantle reservoir represents the 
entire mantle (from the surface to 2900 km depth) and is homogeneous 
throughout. The experiments are specifically designed to investigate the 
influence of the plate-to-mantle viscosity ratio on the style of subduction and 
on the pattern of subduction-induced mantle flow. In particular, the relative 
importance of trench-ward plate velocity versus trench velocity, as well as the 
flux associated with poloidal and toroidal flow were investigated. The viscosity 
ratio was varied by altering the temperature (from 4 degrees C up to 28 
degrees C), noting that the viscosity of the experimental plate material is 
much less temperature dependent than that of the experimental mantle 
material. This resulted in a variation of the viscosity ratio from ~60 to ~1400. 
Such a range of viscosity ratios covers the predicted range of effective 
viscosity ratios in nature. We conclude from the observations that, in 
facilitating roll-back of the slab (trench migration), quasi-horizontal mantle 
flow around the edges of the descending slab is much more significant than 
flow around the leading edge of the plate. 



GEODYNAMICS 2005 
 
The glacial rebound work in 2005 has focussed on Arctic Eurasia from the 
time of the penultimate glacial maximum (MIS 6 or the Late Saalian at 
~145,000 years ago) up to the present with the goal of establishing 
constraints on the ice thickness and ice margins for some of the major phases 
of the last glacial cycle.  A major compilation of field evidence for the ice 
margin locations and shoreline elevations and sea levels across the region has 
been completed and the inversion of which has led to new ice models from 
140,000 years to 60,000 years ago, including the time of the renewed 
initiation of the ice sheets after the last interglacial. 
 
Developments in both modelling and dating techniques have contributed to 
the study of sea-level fluctuations in the Mediterranean during the last 
interglacial.  The Mediterranean lies on the forebulge of the Late Saalian ice 
sheets and the present elevations of MIS 5e shorelines reflect the effects of 
the Stage 6 and subsequent ice sheets.  The study of speleothems from 
submerged caves and dating of molluscan shells hold the promise of refining 
the sea level curve, providing constraints on the extent of these ice sheets.  A 
laser ablation system coupled to a MC-ICP-MS has been used to explore the 
potential for more precise and accurate U-series dating of these shells. 
 
Another application of the glacial rebound work has been to assess stress 
evolution in the crust through a glacial cycle.  Specific questions about the 
stability of the crust during and after major glaciations have been addressed 
for sites in Sweden.  This has shown that fault stability is strongly dependent 
on location relative to the ice sheets and that the glacial-load stress is an 
important factor to be considered in decisions on waste repository locations.  
 
During 2005, research continued into understanding error sources within 
geodetic analysis and modelling the deformation of the Earth caused by 
geophysical processes such as solid Earth tides, atmospheric pressure loading, 
ocean tide loading as well as atmospheric propagation effects.  A successful 
GPS observing program was undertaken again in Papua New Guinea, adding 
important observations on many sites to those made over the past decade.  
John Dawson (Geoscience Australia) commenced a PhD investigating the use 
of Interferometric Synthetic Aperture Radar (InSAR) to measure crustal 
deformation in the Australian region. 
 
Early in the year, the Superconducting Gravimeter operated by RSES at Mt 
Stromlo recorded a long episode of free oscillations of the Earth after the Mw 
9.3 Sumatra-Andaman earthquake.  The Earth continued to oscillate 
measurably for  over three months after the earthquake and tsunami that 
devastated large areas of Asia on Boxing Day 2004, and the Mt Stromlo 
gravity station monitored the faint changes in gravity that accompanied the 
oscillations.  The observations at this and other stations around the world has 
produced the highest resolution spectrum of Earth’s free oscillations so far 



recorded, providing improved constraints on the internal structure of the 
Earth. 



TECTONIC STUDIES IN PAPUA NEW GUINEA GPS MONITORING OF 
PLATE MOTION AND CRUSTAL DEFORMATION 

Paul Tregoning1, Richard Decrevel1, Suvenia Hasiata2, Sylvester Tiki2, Steve 
Saunders3, Herb McQueen1, Kurt Lambeck1 

1. Research School of Earth Sciences, The Australian National University, Canberra, Australia  
2. Department of Surveying and Land Studies, Papua New Guinea University of Technology, 

Lae, Papua New Guinea  
3. Rabaul Volcano Observatory, Rabaul, Papua New Guinea 

 
The GPS program to measure crustal deformation in Papua New Guinea 
continued during 2005. The transect of sites along the western border was 
reobserved, spanning from Kiunga in the south to the northern coast at 
Vanimo. Sites at Telefomin, Tabubil, Green River and Bewani were all 
reobserved. The network of sites spanning the triple junction and the 
Schouten Islands was reobserved (thanks to Richard Decrevel and staff and 
students from Unitech for their involvement in organising and conducting the 
field program!). A second occupation was made at Tufi (first observed in 
2004) and a reoccupation at Misima (not observed since 1996). Also, staff 
from the National Mapping Bureau (NMB) reobserved at Kora and commenced 
observations at a new site at Kokoda. In addition, observations were 
continued by staff at the Rabaul Volcano Observatory of sites on the Gazelle 
Peninsula in eastern New Britain. Figure 1 shows the sites observed during 
2005.  

 
 
Figure 1: Sites observed in PNG during the 2005 field program (red dots) and sites 
observed during 2004 (black triangles).  



Results 

Schouten Islands/Wewak 
The analysis of the GPS data observed in the Wewak area and at sites in the 
Schouten Islands was undertaken as an Honours Project in 2005 by Ryan 
Ruddick. The aim of the study was to: 

• Estimate site coordinates from all available data  
• Estimate inter-seismic site velocities  
• Estimate co-seismic displacements caused by the 8 September 2002 

Wewak Earthquake  
• Resolve the inconsistency between uplift/tsunami runup studies and 

GPS co-seismic displacements  

 

The conclusions of the study were that inter-seismic strain accumulation was 
affecting the motion of the sites at Bam and Mut Mut Islands, as well as at 
Wewak, Ambunti and Maprik. Also, the sites located on the mainland are most 
likely not moving as part of the rigid Australian Plate nor Highlands Plate 
(proposed by Wallace et al., 2004). The observed horizontal co-seismic 
displacements are not consistent with the "classic thrust" interpretation of the 
earthquake as proposed by Borrero et al. (2003). Ryan also discovered that 
post-seismic relaxation is occurring at Kairuru Island (GPS site XAVI) and also 
at Wewak (WEWK). 

A copy of his honours thesis can be found at 
http://rses.anu.edu.au/geodynamics/gps/papers/ryan_honours05.pdf.  

http://rses.anu.edu.au/geodynamics/gps/papers/ryan_honours05.pdf


New Ireland/New Britain 
The GPS monitoring of post-seismic relaxation of the Gazelle Peninsula 
continued during 2005, with Steve Saunders and his team observing several 
sites. Non-linear motion of the sites is ongoing.  

The aftershocks following the November 2000 Mw=8.0 strike-slip and two 
Mw=7.8 thrust events have been relocated using the Arrival Pattern method 
(Tregoning et al., 2005). Analysis is continuing to separate the co- and post-
seismic components of deformation so that the former can be inverted to 
solve for the distribution of slip on the Weitin Fault as a result of the left-
lateral earthquake. Preliminary results are encouraging.  

The inter-seismic velocities (with respect to the South Bismarck Plate) are 
shown in the figure to the right.  

 
Figure 2: Position of permanently operating GPS receiver at Rabaul Volcano 
Observatory relative to the rigid South Bismarck Plate.  
 



 
 
Figure 3: Distribution of slip on the Weitin Fault, viewed looking to the southwest. 
Location of aftershocks from Tregoning et al (2005) are also plotted.  

 

 

Publications in 2005 relating to this work 

Tectonic interpretation of aftershock relocations in eastern Papua New Guinea using 
teleseismic data and the Arrival Pattern method. Tregoning, P., M. Sambridge, H. McQueen, 
S. Toulmin and T. Nicholson. Geophys. J. Int.,160(3), 1103-1111, 2005.  



GLACIAL ISOSTATIC ADJUSTMENT IN ANTARCTICA GPS 
MONITORING OF UPLIFT 

Paul Tregoning1, Richard Decrevel1, Herb McQueen1, Kurt Lambeck1

Research School of Earth Sciences, The Australian National University, Canberra, Australia 

Using GPS to monitor 
present-day uplift rates 
in the Lambert Glacier 
Drainage Basin continued 
during 2005. Owing to 
lack of logistical support 
from the Australian 
Antarctic Division, two of 
the four sites (Dalton 
Corner and 
Komsomolskiy Peak) 
were not visited in the 
2004/05 summer season. 
The satellite phone at 
Beaver Lake was 
removed and only the 
site at Landing Bluff 
transmitted data during 
the summer/autumn 
period. By now the 
computer disks at Dalton 
Corner and 
Komsomolskiy Peak will 
be full; unfortunately, no 
access to these sites will 
be provided during the 
2005/06 season either.  

The focus of the 
research in 2005 was in 
the improvement of the 
analysis of the GPS data 

recorded to date. Significant enhancements have been made to the GAMIT 
software, which have brought about dramatic increases in the accuracy of 
height estimates:  

• IERS 2003 solid Earth Tide model  
• Atmospheric pressure loading corrections  
• Absolute satellite and ground antenna phase centre variations 

and offsets  
• Weather-based mapping functions  
• Improved ocean tide loading models  



Figure 1 shows the improvement seen in the height estimates at Mawson 
between analysis computed in 2004 and that of 2005.  

 

 
 
Figure 1: Improvement in height estimates at Mawson brought about by 
improvements in analysis techniques.  
 
 



 

 

 

 

 

Figure 2: The GPS sites. Top (left to right) - Landing 
Bluff, Dalton Corner, Komsomolskiy Peak, and (left) 
Beaver Lake  



GEODETIC ANALYSES AT RSES 

IMPROVEMENTS OF GPS DATA PROCESSING 

Paul Tregoning1 Chris Watson2, Tonie van Dam3, Bob King4

1. Research School of Earth Sciences, The Australian National University, Canberra, Australia  
2. Centre for Spatial Information Systems, The University of Tasmania, Hobart.  
3. European Centre for Geodynamics and Seismology, Luxembourg.  
4. Department of Earth, Atmospheric and Planetary Sciences, Massachuessetts Institute of 
Technology, Cambridge, MA, U.S.A. 

During 2005 considerable improvements were made to the modelling of the 
theoretical range from site to satellite in an attempt to improve the accuracy 
of the analysis Significant enhancements have been made to the GAMIT 
software, which have brought about dramatic increases in the accuracy of 
coordinate - in particular height - estimates:  

• IERS 2003 solid Earth Tide model  
• Atmospheric pressure loading corrections  
• Absolute satellite and ground antenna phase centre variations 

and offsets  
• Weather-based mapping functions  
• Improved ocean tide loading models  

Solid Earth tide model  

In conjunction with Dr Christopher Watson, The University of Tasmania, the 
IERS 2003 solid Earth tide model was implemented and tested within the 
GAMIT software. Five years of data at over 140 globally distributed sites were 
computed using the old IERS92 model, then again with the IERS 2003 model. 
Computations were done on the Terrawulf facility at RSES.  

The results showed that the improved solid Earth tide model reduced the 
amplitude of the annual periodic signal in height estimates, with a maximum 
reduction occurring at mid-latitudes. Also, the errors in the earlier solid Earth 
tide model were shown to be aliasing into zenith tropospheric delay estimates 
at sub-daily frequencies. 

 



 
From Watson et al (2005).  

 



Atmospheric Pressure Loading Corrections  

Assessments were made as to whether site coordinates should be adjusted 
for atmospheric pressure loading at the observation level or whether it would 
suffice to apply daily-averaged values once the GPS phase observations were 
analysed. One year of global GPS data were processed - again using the 
Terrawulf facility at RSES - using various strategies for modelling of the 
atmospheric diurnal and semi-diurnal tides as well as the "non-tidal" 
component of the loading that is related to weather systems.  

The results of this study can be found in  

Atmospheric pressure loading corrections applied to GPS data at the observation level, 
Tregoning, P. and T. van Dam, Geophys. Res. Lett., 32, L22310, doi:10.1029/2005GL024104, 
2005.   

See also web pages related to ATM loading at  

• The effects of atmospheric pressure loading 
(http://rses.anu.edu.au/geodynamics/gps/atm/index.html ) 

• Applying atmospheric pressure loading at the observation level in GPS 
analysis (http://rses.anu.edu.au/geodynamics/gps/atm_gamit/index.html)  

Mapping Functions 

The new weather-based mapping functions VMF, VMF1 and GMF, were 
implemented in the GAMIT software and tested extensively. Global GPS data 
from July 2004 to August 2005 were processed using the Terrawulf Facility to 
compare the height time series using different mapping functions.  

Comparisons of the VMF1 and the routinely-used Niell Mapping Function 
(NMF) showed that the VMF1 produces height estimates with smaller annual 
periodic amplitudes and with a smaller precision than solutions of the same 
data using the NMF.  

See http://rses.anu.edu.au/geodynamics/gps/VMF/index.html for more 
details.  

Publications relating to this work 

The effects of atmospheric pressure loading and 7-parameter transformations on estimates of 
geocenter motion and station heights from space-geodetic observations, Tregoning, P. and T. 
van Dam, J. Geophys. Res., 110, B03408, dio:10.1029/2004JB003334, 2005.  

Atmospheric pressure loading corrections applied to GPS data at the observation level 
Tregoning, P. and T. van Dam Geophys. Res. Lett., 32, L22310, doi:10.1029/2005GL024104, 
2005.  
 http://rses.anu.edu.au/geodynamics/gps/papers/2005GL024104.pdf  

http://rses.anu.edu.au/geodynamics/gps/atm/index.html
http://rses.anu.edu.au/geodynamics/gps/atm_gamit/index.html
http://rses.anu.edu.au/geodynamics/gps/VMF/index.html
http://rses.anu.edu.au/geodynamics/gps/papers/2005GL024104.pdf


The impact of tropospheric mapping functions based on numerical weather models on the 
determination of geodetic parameters, Boehm, J., P.J. Mendes Cerveira, H. Schuh, P. 
Tregoning IAG Proceedings, Cairns, Aug. 2005, in press  

The GMF: A new empirical mapping function based on numerical weather model data, 
Boehm, J., A. Niell, P. Tregoning, H. Schuh Geophys. Res. Lett., in press. 

The impact of solid Earth tide models on GPS time series analysis, C. Watson, P. Tregoning, 
R. Coleman  Geophys. Res. Lett. In press 



Interferometric Synthetic Aperture Radar (InSAR) 

John Dawson, Paul Tregoning 

Research School of Earth Sciences, The Australian National University, Canberra, Australia 

The focus of the research in 2005 was to investigate the applicability of 
Synthetic Aperture Radar (SAR) as a tool for the study of deformation caused 
by earthquakes within Australia. Satellite SAR observations of the Australian 
continent have been made since 1991 from various multi-year, temporally 
overlapping satellite missions, including ERS-1, ERS-2, JERS-1, RADARSAT 
and ENVISAT. SAR data can provide a highly accurate, spatially 
comprehensive datasets over large areas of surface deformations that result 
from large earthquakes.  

Using data from ERS1/2 and ENVISAT we have characterised the typical 
spatial noise structure of InSAR observations made in Australia. Using this 
noise characterisation and catalogued Australian Earthquakes we have 
undertaken a simulation study, including geophysical inversion, to learn how 
InSAR may contribute to the investigation of earthquake deformation 
processes in Australia.  

 

Figure 1a) Simulated interferogram (60 x 60 km) of surface displacement as seen 
by the ENVISAT satellite (each colour fringe represents 28.3 mm of displacement 
in the satellite view direction). The earthquake simulated is the Mw=6.6 1968 
Meckering event. 1b) Simulated interferogram (60 x 60 km) including 
characteristic synthetic noise.  

Publications relating to this work 

Investigation of Australian earthquakes using InSAR J. Dawson, P. Tregoning and H. 

McQueen in preparation.



MOUNTAIN GLACIERS 

CONTRIBUTION TO SEA LEVEL CHANGE 

Gisela Estermann 
Research School of Earth Sciences, The Australian National University, Canberra, Australia 

Compared to the total area of ice on land of 16 x 106 km2 the area covered by 
mountain glaciers (excluding Antarctica and Greenland) is small. Nevertheless 
this area of almost 528 x 103 km2 has been retreating since the 19th century 
in most parts of the world. According to the IPCC report 2001 (Church et al. 
2001) sea level has been rising at a rate of 0.2 to 0.4mm per year water 
equivalent (w.e.) due to the melting of mountain glaciers since the end of the 
19th century. The aim in 2005 was to establish a global model to calculate the 
change in ice volume of mountain glaciers for a range of different parameter 
values. The approach for estimating the change in ice-volume of mountain 
glaciers has been taken and adopted from Zuo & Oerlemans (1997). The 
changes in ice-volume (melting rates) are based on the following parameters:  

• the area of the glaciated region  
• the temperature and  
• mass balance sensitivity, which is controlled by the annual precipitation  

 
Figure 1: Total change in ice volume for period 1865-1990 for 100 glaciated 
regions in mm w.e. Red bars indicate an decrease and blue bars an increase in ice-
volume.  

For sensitivity studies different parameter sets of temperature and 
precipitation have been used and the resolution necessary when modelling 
the areas of the glaciers has been analysed. The calculation of changes in ice-
volume starts in 1865. An initial imbalance between glacier and climate state 
has been allowed for to account for the fact that the glaciers in general were 
too big for the climate up to 1900. Other studies also show the imbalance, 
resulting in glacier retreat (or advance) in that period and that is probably not 
uniform over the world. Using a set of input parameters matching the one 
given in Zuo & Oerlemans (1997) as closely as possible results in a total 



change in ice-volume for the period 1865-1990 of 22mm w.e. (Zuo & 
Oerlemans obtain a rate of 27mm w.e. for the same period). 

In order to calculate changes in relative sea level and vertical deformation of 
the Earth's crust due to loading or unloading the Earth, two major 
assumptions have to be made:  

• description of the response of the earth due to changes in surface 
loads  

• the history of the surface loads, e.g.rates of mountain deglaciation  

With known melting rates in glaciated regions and the Earth response due to 
these changes, the effect on relative sea level and the Earth's surface itself 
has been calculated. The spatial pattern of relative sea-level changes due to 
mountain deglaciation shows a strong spatial variability, with both the surface 
deformation and change in sea level being much larger in areas close to the 
glaciated region. Of the mountain glaciers, those in Patagonia, Alaska and 
Canada, and the Arctic Sea (Iceland, Spitsbergen and Franz-Josef Land) make 
the most significant contribution to modern sea-level change, while significant 
vertical uplift also takes place in central Asia. Tide gauge, VLBI and GPS 
records are expected to include this effect of deglaciation. The contribution 
might be at a measurable level if the geodetic site is located close to the 
receding glacier.  

 
Figure 2: Spatial distribution of relative sea level changes applying recent 
mountain deglaciation. The contour interval is 0.1mm/year. Red contour lines 

indicate relative sea-level fall, blue indicate relative sea-level rise.  

The initial analysis was performed using a generalised data set defining the 
glaciated regions over a relatively coarse grid. The results for this model give 
a reasonably good estimate of the pattern of relative sea-level change and 
vertical deformation across the globe. In order to determine whether or not 
such a model would give accurate predictions of sea-level change for sites 
close to the glaciers, the results of this initial analysis were compared with 
those obtained for a more detailed model of the glacier coverage. Very high 



resolution digital models of the Alaskan and Spitsbergen's glacier fields were 
prepared and the results for these ice sheet models compared with those of 
the generalised models (see Figure 3 for Alaska's glaciers).  

The global pattern does not change much when applying the digitised data 
set. But the comparison at geodetic sites suggests that the position of the 
glaciers has a very strong impact on the character of sea-level change and 
vertical deformation for sites close to the glaciers.  

Figure 3: Comparison between locations and areas of glaciated regions in Alaska 
of generalised data set (left plot) and digitised data set (right plot).  
 

However, the results of the current model do not closely reflect the 
amplitudes of observed relative sea-level changes at existing tide gauge 
stations or uplift rates at GPS stations. In the examples of Alaska and 
Spitsbergen the estimates at geodetic sites are much smaller than the 
observed values. Therefore comparisons to other studies for the Alaska and 
Spitsbergen regions and refinements of the global model have been 
undertaken.  

 
Figure 4: Spatial distribution of sea-level changes in Alaska and Canada applying 
the digitised areas. The contour interval is 0.1mm per year. Stars are indicating 

the location of PSMSL tide gauge sites.  
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Laser Ablation U-Th dating of molluscan shells from Mediterranean 
interglacial deposits 

Andrea Dutton1, Stephen Eggins1, Fabrizio Antonioli2, Kurt Lambeck1

Research School of Earth Sciences, The Australian National University, Canberra, Australia 
2ENEA, RAgency for New Technologies, Energy and Environment, 00166 Rome, Italy 

We have examined a number of fossil gastropod shells belonging to the 
species Strombus bubonius with respect to their minor and trace element 
content, to determine the potential for precise and accurate U-series dating 
of these shells using a laser ablation system coupled to a MC-ICP-MS. These 
specimens were collected from Italy, Spain, and Tunisia and are associated 
with a fauna thought to represent the incursion of warm waters into the 
Mediterranean region during the last interglacial marine isotope substage 5e. 
Our objective was to explore the possibility of dating these shells using a U-
Th laser ablation technique similar to that reported in Eggins et al. (2003) 
and Pike et al. (2005) and to test the hypothesis that these shells grew 
during the 5e substage of the last interglacial. Our findings were four-fold: 
1) minor and trace element concentrations appear to contain fine-scale 
oscillations that may reflect the environmental influence of daily/tidal 
variability; 2) the uranium profiles along cross-sections do not display 
expected patterns of diffusive transport of uranium from the external 
environment into the shell as 
commonly observed in bone 
material (e.g., Pike et al. (2002)); 
3) relative abundances of U and 
Th isotopes can change 
dramatically within a transect of 
the shell; 4) the concentration of 
U (and particularly Th) in these 
particular specimens is too low to 
provide ages with the precision 
necessary to rule out the 
possibility that these shells grew 
during the 5a and 5c highstands 
of the last interglacial. 

Figure 1. Activity ratios are 
displayed in the upper two panels 
with relative concentration of 
uranium plotted in the lower panel. 
Data are plotted as consecutive 
data points, each spaced at 
~166�m in real distance across 
the shell. These parameters show 
high variability across the 
thickness of the shell and do not 
display expected diffusion profiles 
in uranium concentration. Inset 
shows location of laser path on shell. 
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Paired single-specimen analysis of foraminiferal stable isotope and 
element/Ca compositions: Exploring seasonal variability in the 
early Paleogene greenhouse climate 
Andrea Dutton1 and Stephen Eggins1 
1 Research School of Earth Sciences, The Australian National University, Canberra, Australia 

The objective of this investigation is to ascertain the seasonal variability in 
temperature and salinity of sea surface waters in the tropical Pacific during 
the late Paleocene and early Eocene by measuring the Mg/Ca and oxygen 
isotope composition of each individual foraminifera within a sample 
population. We paired these two analyses at the individual level by 
combining laser-ablation techniques to characterize the elemental 
composition with minimal damage to the specimen, followed by single-
specimen stable isotope analysis using conventional gas source mass 
spectrometry techniques. This study represents the first example of directly 
pairing multiple paleoceanographic proxies on the same specimens which is 
an important advance as it presents the real possibility of extracting twice as 
much information from the same size sample. 

 

Figure 2. Mg/Ca values were measured using laser-ablation ICP-MS on two 
different chambers of each test. Oxygen isotope data represent whole-shell 
analyses that were conducted after laser ablation analysis. In general, the oxygen 
isotope data appear to track surface water temperatures, as represented by the 
Mg/Ca data, but in several instances departures from this relationship (e.g., see 
arrow) represent the influence of variable surface water salinity on the �18O 
signal. 



Interlaboratory calibration of element/Ca ratio measurements using 
ICP-OES and ICP-MS 

Andrea Dutton1 and Stephen Eggins1 
1 Research School of Earth Sciences, The Australian National University, Canberra, Australia 

This international calibration effort grew out of discussions during a 
workshop on foraminiferal Mg/Ca that was held during the 8th International 
Conference on Paleoceanography, 2004. The first step in normalizing 
measurements between laboratories is to ascertain if there are analytical 
biases related to basic sample preparation, introduction into the instrument, 
and measurement on different types of instruments. To this end, we 
participated in an interlaboratory calibration study and prepared replicate 
dissolutions of three different powdered carbonate standards and analyzed 
the Mg/Ca and Sr/Ca compositions using a Varian Vista ICP-OES located in 
the Department of Earth and Marine Sciences, and also on the PQ2 ICP-MS 
housed in the Research School of Earth Sciences. Our results appear to 
agree well with published (accepted) values of minor element composition in 
these standards, although the internal precision on the ICP-OES appears to 
have deteriorated significantly over the past year resulting in accurate, yet 
less precise results than desired. This effect may be in some way related to 
the deterioration of the detection limits on this instrument and/or to the 
increase in drift observed during continuous instrument operation that has 
become characteristic within the past year. Nonetheless, the ICP-OES 
appears to have superior sensitivity and precision to the ICP-MS and remains 
our preferred method of analysis for applications to foraminiferal (and 
coralline) carbonate solution samples. Our participation of this study also 
serves to increase the international profile of The ANU in the field of marine 
science and paleoceanography and to establish the ANU as one of the 
leading facilities world-wide capable of producing reliable and accurate 
results in this subdiscipline. 

 

 

 

 

 

 

 



Free Oscillations of the Earth after the Sumatra-Andaman earthquake 
 
H. McQueen1, S. Rosat2, T. Sato2, & K. Lambeck1 
 
1 Research School of Earth Sciences, The Australian National University, Canberra, Australia 
2  National Astronomical Observatory of Japan, Mizusawa 
 
The Mw 9.3 Sumatra-Andaman earthquake of 26 December 2003 triggered 
large amplitude Earth oscillations which were monitored on the 
superconducting gravimeter at the Mt Stromlo gravity station for over three 
months.  A complex series of strong multimode vibrations continued for 
several weeks followed by a longer term signal of the more persistent modes 
of the whole Earth, dominated by the fundamental 0S0 breathing mode, 
providing a constant reminder of the huge amount of energy released by the 
event.  Signals generated by the December earthquake were still being 
recorded in March when a second major earthquake on a neighbouring plate 
boundary re-excited the vibrations.  
 

 
Figure 1. A comparison of the amplitude spectra of SG data at Canberra 
(240 h) after the 2001 Mw8.4 Peru event with the 2004 Mw9.03 Sumatra-
Andaman earthquake showing the greatly improved spectral resolution 
from the 2003 event (from Rosat et al 2005). 

 



The large amplitude and long duration of the vibrations provided a higher 
resolution spectrum of Earth’s free vibrations than any event since the 
installation of the SG at the site and provided unprecedented detail in the 
splitting of fundamental modes due to rotation and inhomogeneity inside the 
Earth.  The excitation of various modes of vibration by an earthquake 
depends on both its magnitude and mechanism and different earthquakes 
distribute their energy differently. The Sumatran earthquake was a relatively 
shallow event on a low angle fault and while it generated some very large low 
order modes it did not excite the elusive Slichter mode of oscillation in the 
Earth’s core to a detectable level in the SG spectra. 
 
The Superconducting Gravimeter at Mt Stromlo is the most sensitive 
instrument for monitoring gravity fluctuations and is one of four operating in 
the southern hemisphere.  It is operated by RSES in collaboration with the 
Japanese National Astronomical Observatory, Mizusawa, as  part of the Global 
Geodynamics Project, an international network of gravimeters attempting to 
detect motions in the earth's deep interior, infer details of its internal 
structure, and provide information on a range of problems in global 
geodynamics.  Data from the site is regularly archived at the GGP data centre 
(http://ggp.gfz-potsdam.de) 
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Glacial rebound and sea-level change: solutions for ocean-volume 
fluctuations, ice sheets and mantle rheology 

 
Kurt Lambeck. Tony Purcell, Jason Zhao, Andrea Dutton 
 
Research School of Earth Sciences, The Australian National University, Canberra, Australia 
 
As ice sheets melt or grow, the load on the earth’s surface changes and the 
planet’s shape and gravity field is modified.  This is seen in a range of 
geological, geophysical and geodetic observations. An important geological 
observation is the height and elevation of former shorelines above or below 
present sea level.  Geodetic observations include the radial displacement of 
the crust or the acceleration of satellites as the gravity field changes.  
Inversion of such observations provides information on the Earth’s rheology 
and on the history of the ice sheets.  The rheological results are robust and 
the main emphasis of current work is on improving models of the ice sheets.  
This is achieved through a combination of field, laboratory, and numerical 
modelling.   
 
Study areas included in 2005 projects include Scandinavia and Arctic Russia 
(see below), The Baltic Sea (through a joint project with Shiyong Yu and 
Bjoern Berglund of Lund University, Sweden), Greenland (through a joint 
project with Charlotte Sparrenbom of Lund University, Sweden), the Gulf of 
Mexico (through a joint project with Alex Simms of Rice University, USA), the 
Mediterranean (through joint projects with Marco Anzidei of INGV, Rome, and 
Fabrizio Antonioli of ENEA, Rome), and Singapore (through a joint project 
with Michael Bird, now at St Andrews, Scotland). 
 

 



 
 

 
 

 



 
 
Figure 1 (A-E). Palaeogeographical reconstruction for selected epochs for Eurasia 
from the time of the penultimate glacial maximum to the stadial corresponding to 
MIS 4. The areas covered by grounded ice are shown by the white translucent 
areas with ice thickness contours (white lines) at 250 m intervals from 0 to 1000 
m and at 500 m interval thereafter.  The contours of negative and zero sea level 
change are in red and positive values in yellow (e.g. the 200 m contour represents 
palaeoshorelines that are now 200 m above sea level). For (A) to (C) the negative 
contours are at 50 m intervals and the positive contours are at 100 m interval.  For 
(D) and (E) the negative contours are at 25 m intervals and the positive contours 
are at 50 m intervals.  The palaeo-shoreline locations are defined by the green-
blue boundary and palaeo-topography above coeval sea level is indicated by the 
green and brown colour gradations at 25, 50, 100, 200 m and higher elevations. 
Palaeo-water depths are defined by the blue colour gradations at -25, -50, -100, -
200 m and deeper depths.  The ocean depths and land elevations are with respect 
to sea level for the specified epoch.  Water depths of enclosed bodies are with 
respect to the sill elevation that defines the enclosed basin. 

 
The focus of the glacial rebound work in 2005 has been on Arctic Eurasia 
from the time of the penultimate glacial maximum (MIS 6 or the Late Saalian 
at ~145,000 years ago) up to the present.  The aim of this work is to 
establish constraints on the ice thickness and ice margins for some of the 
major phases of the last glacial cycle that are independent of glaciological or 
climate assumptions. The penultimate glacial maximum was one of the largest 
ice sheets over northern Europe and the Russian arctic, extending from the 
British Isles to the Taymyr Peninsula.  This was followed by the Eemian 
Interglacial and by a series of alternating stadials and interstadials over 
Russia and Scandinavia culminating in the last glacial maximum at ~ 20,000 
years ago, at the end of which the next cycle of glaciation started.  
 
The principal outcomes are: the completion of compilations of field evidence 
for the ice margin locations and shoreline elevations and sea levels across the 
region; the inversion of this data for ice thickness during the principal 
glaciations corresponding to the marine isotope stages 6, 5d, 5c and 4; and 
the palaeo-geographic reconstructions for these periods.   
 



During the Late Saalian the ice extended across northern Europe and Russia 
with a broad dome centred from the Kara Sea to Karelia that reached a 
maximum thickness of c. 4500 m and ice surface elevation of c. 3500 m 
above sea level.  A secondary dome occurred over Finland with ice thickness 
and surface elevation of 4000 m and 3000 m respectively (Figure 1). When 
ice retreat commenced, and before the onset of the warm phase of the Early 
Eemian, extensive marine flooding occurred from the Atlantic to the Urals 
and, once the ice retreated from the Urals, to the Taymyr Peninsula. The 
Baltic – White Sea connection is predicted to have closed at about 129 kyr BP 
although large areas of arctic Russia remained submerged until the end of the 
Eemian (Figure 1).    
 
During the stadials (MIS-5d, 5b, 4) the maximum ice was centred over the 
Kara-Barents Seas with a thickness not exceeding c. 1200 m.  Ice dammed 
lakes and the elevations of sills are predicted for the major glacial phases and 
used to test the ice models (Figure 1).  For example, large lakes are predicted 
for west Siberia at the end of the Saalian and during MIS-5d, 5b and 4, with 
the lake levels, margin locations and outlets depending interalia on ice 
thickness and isostatic adjustment.  Comparison with the field evidence then 
permits further inferences about the ice margins and ice thickness. The 
results are to appear in Boreas.  Subsequently the investigation has been 
continued from MIS-4 to MIS-2 to include the period of rapid changes in ice 
cover over Scandinavia and to provide constraints on the European and 
Russian ice sheets for the complete interval from MIS 6 to the present. 
 
Related to this investigation is the study of sea-level fluctuations in the 
Mediterranean during the last interglacial (MIS 5e).  The Mediterranean lies 
on the forebulge of the Late Saalian ice sheets and the present elevations of 
5e shorelines are interalia a function of the Stage 6 and subsequent ice 
sheets.  The predicted Eemian sea-level signal for these locations is distinctly 
different from that at sites further from the former ice sheets and the 
differences are determined by the ice and earth model parameters.  The 
amplitudes of the signals at both sites are determined by these parameters 
and by the ice volumes during the interglacial.  The comparison of the data 
from the Mediterranean with far-field evidence from Western Australia 
indicates that land-based ice volumes during the middle and later parts of the 
Eemian were less than during the present interglacial by as much as 5 m sea-
level equivalent (Figure 2).  Related work in the Mediterranean includes the 
study of speleothems from submerged caves and dating of molluscan shells to 
refine the sea level curve for the past and earlier cycles and further work on 
the use of Roman-era fish tanks as sea-level indicators (see Anzidei et al., 
2005). 
 
A second focus has been on the stress evolution in the crust during a glacial 
cycle to answer specific questions about the stability of the crust during and 
after major glaciations.  What is the evolution of the state of stress in the 
crust during a glacial cycle and how does the crust respond to the 
superpositioning of these stresses on long-term background stress fields?  If 



these questions can be resolved it becomes possible to estimate the likelihood 
of fault reactivation during future glacial cycles in areas that may otherwise 
be appropriate for the long-term storage of nuclear waste.  These questions 
have been investigated for waste repository sites in Sweden, using the past 
glacial cycle as representative of future cycles and it has been possible to 
show that fault stability enhancement or reduction is strongly dependent on 
location relative to the ice sheets and that the glacial-load stress is a factor to 
be considered in any final decisions on repository site locations.  
 

 
 

 



 

 

 
Figure 2:  Same as Figure 1 but for the post Eemian period.  The rebound contours 
are the same as in Figure 1 (D). 
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SEISMOLOGY 2005 

Work in Seismology covers a variety of studies using wave propagation 
processes to study the nature of the Earth. The many strands of the research 
combine field obervations, computer modelling and inversion and extensive 
data analysis to exploit the favourable location of Australia for seismic studies.  

Professor Brian Kennett was awarded the Jaeger Medal for Australian Earth 
Sciences from the Australian Academy of Sciences in May 2005 and later in 
the same month was elected as a Fellow of the Royal Society of London, with 
a citiation that included work on the structure beneath the Australian Region.  

The main focus of research in Seismology is the investigation of the three-
dimensional structure of the Earth using probing via seismic waves generated 
by earthquakes or man-made sources. This work builds on the extensive 
efforts of deployments of portable instruments across Australia and in East 
Antarctica, with developments in interpretation, seismic tomography and 
theoretical and computational work on seismic wave propagation.  

Four portable stations are still in place in the Australian Antarctic Territory 
with stations deep into the interior, data retrieval and some station recovery 
was planned by Dr Reading for this 2004-2005 summer season, but has been 
hampered by logistic considerations  

The long running Tasman Line experiment was completed this year and all 20 
stations have been recovered. The data has made significant contributions to 
the resolution of structure in the neighbourhood of the transition from 
Precambrian to Phanerozoic Australia, both from surface wave tomography 
and in the mapping of crustal structure using receiver functions. In particular 
the nature of the transition in lithospheric structure at depth is quite complex 
and there are suggestions of a three distinct steps in lithospheric thickness. 
Efforts are being made to exploit gradient information from the 3-D shear 
wavespeed models to pin down the nature of the transitions.  

The long-term data from the Tasman Line experiment has also been used to 
examine the use of waveform correlation methods to recover the impulse 
response between a pair of stations. It has proved possible to get satisfactory 
results for station separations up to 2000 km, with the fundamental mode 
Rayleigh wave the most prominent feature on the recovered records. The 
preliminary analysis shows clear lateral variations in Rayleigh wave group 
velocity across the area covered by the stations, indicating horizontal 
variations in crustal structure.  

A major deployment of short-period recorders has been madein Eastern 
Victoria; when completed this survey will tie in with the earlier MALT surveys 
undertaken by Monash and Flinders Universities to povide high density 
coverage across almost all of Victoria. A muich smaller deployement 



commenced in South Australia in December in the neighbourhood of Mt. 
Gambier with the aim of determining whether there are any residual velocity 
anomalies associated with this area of relatively recent volcanism (6000 B.P.).  

As poart of an ARC funded Linkage Project with Dr M. Keep from the 
University of Wesetern Australia and Dr P. Cummins from Geoscience 
Australia, a combined group has deployed eight broadband instruments 
across northwestern Western Australia to provide a network for improved 
location of smaller seismic events and structural studies. It is hope that this 
will help to delineate the neo-tectonic trends both on-shore and off-shore.  

Jingming Duan and Scott Savage have kept the Warramunga seismic and 
infrasound arrays running at a high performance level during the year. Tony 
Percival has provided valuable relief support at the WRA array again this year 
in addition to his regular work on the support and enhancement of the solid-
state instruments for short-period recording. He has been able to dramatically 
increase the memory capacity using new generation flash-cards. Forty of the 
upgraded instruments are in use in the current EVA experiment.  

A successful ARC LIEF application this year, in association with the University 
of Adelaide and Macquarie University, will provide support for 15 new 
recorders with combined seismic and electromagnetic recording capbilities. 
We hope that this will lead to synergies between the different methods of 
Earth sounding.  



AUSTRALIAN STUDIES 

B.L.N. Kennett. A. Reading, N. Rawlinson, M. Heintz, S. Fishwick, K. Procko, 
E. Saygin, A. Abdulah 
 
The configuration of earthquake belts around Australia provides a wealth of 
events at suitable distances to be used as probes into the seismic structure of 
the upper mantle. The few permanent seismic stations have been 
supplemented with extensive deployments of portable broadband stations for 
periods of a few months at each site. The broad band records have been used 
in a variety of studies of 3-D structure.  

Surface wave tomography is based on matching seismic waveforms on 
individual paths and then mapping the path-specific constraints on shear 
structure into a 3-D model. Higher frequency body wave arrivals are refracted 
back from the variations in structure in the mantle and are particularly 
sensitive to discontinuities in structure. Observations out to 3000 km provide 
coverage of the structures down through the transition zone. For northern 
Australia, the combination of short-period and broadband observations 
provides detailed information on both P and S wavespeeds and attenuation 
structure.  

There is a complex pattern of 3-D structure beneath the Australian region. 
The cratonic region in the centre and west is underlain by a thick mantle 
lithosphere extending to around 200 km depth with fast wavespeeds 
(especially for S waves). However, the mobile belt in Central Australia has 
comparatively low wavespeeds to at least 75 km depth with fast lithospheric 
material beneath. In the asthenosphere the S wavespeeds diminish and there 
is significant attenuation. Beneath the eastern zone of Phanerozoic outcrop 
the lithosphere is generally thinner (less than 140 km) and the asthenosphere 
beneath has a pronounced low velocity zone for S again with high 
attenuation.  



Surface wave tomography 

S. Fishwick, B.L.N. Kennett and A.M. Reading 

The extraction of information on 3-D shear wavespeed structure from surface 
waves proceeds in two main steps. Firstly a path specific model is found by 
matching the characteristics of segments of the observed seismograms with 
theoretical results. Both the fundamental and higher mode Rayleigh waves on 
the vertical component are exploited in the frequency band from 0.007 to 
0.02 Hz. The seismogram matching requires a good knowledge of the event 
location and the source mechanism, and is most effective for events with 
magnitude greater than 5.4 for which reliable centroid moment tensor 
solutions are available.  

The second stage of the surface wave tomography is to use the assembly of 
path constraints to build a 3-D model. The present images of the shear 
wavespeed have been obtained by using a B-spline representation of the 
velocity variation at each depth. The inversion proceeds with an initial pass to 
retrieve large scale structure with an 8 degree knot spacing, and then the 
knot spacing is refined to allow the introduction of smaller scale structure.  



 
Figure 1: Configurations of earthquakes, stations and paths used in the surface 
wave tomography.  

Nearly 2000 paths have been used in the current model, with as many as 
possible taken from the portable stations to achieve as comprehensive a 
distribution of crossing paths as possible and thereby obtain good resolution 
of structure. The distribution of sources and recorders is shown in Figure 1(a), 
and the path density for the tomographic inversion is displayed in Figure 1(b). 
The distribution of earthquake sources and available data mean that some 
regions are more densely sampled, but across the continent we have good 
coverage and crossing paths as is needed for reliable tomographic results. In 
the earlier stages of the surface wave studies the 3-D models changed 
markedly as new data was added since there was a major effect on path 
constraints. Now, however, the current results are robust over the continent. 
Nevertheless sampling in the oceanic regions to the south is still somewhat 



limited and further refinement can be expected in this area once new events 
are captured.  

Figure 2 shows the distribution of shear wavespeed as a function of depth at 
50 km intervals, displayed as deviations from the continental reference model 
ak135 (Kennett et al, 1995). The S wavespeed in the mantle for model ak135 
increases slowly with depth from 4.49 km/s at 75 km depth to 4.55 km/s at 
225 km and there is no zone of lowered seismic wavespeeds. Shear 
wavespeeds lower than the ak135 values can readily be produced by the 
influence of increased temperature, but very fast wavespeeds associated with 
the cratonic elements are likely to require some chemical or textural 
component. The advantage of ak135 is that it provides a common reference 
for both surface wave and body wave studies.  

The inversion for the image of shear wavespeed structure has been carried 
out in a way that emphasises contrasts in velocity structure and so reveals 
structural trends, but probably over-estimates the range in seismic 
wavespeeds. We have employed a 2 degree knot spacing in the B-spline 
representation and have restricted attention to the frequency range 0.007-
0.02 Hz in the analysis of the surface wave portion of the seismograms to 
minimise influences of coupling between higher modes; as a result the 
potential resolution of structure in the images of shear wavespeed is at a 
horizontal scale of approximately 200 km and a vertical scale of about 30 km. 
Strong localised wavespeed variations should be detected, but cannot be 
reliably imaged.  

 
Figure 2: Shear wavespeed anomalies relative to the ak135 model.  



The images of mantle shear wavespeed structure start at 75 km depth (Figure 
2a) to minimise any influence from crustal structure, particularly from the 
zones of rather thick crust in the North Australian Craton and in southeast 
Australia. The maximum sensitivity of the Rayleigh waves at 50 s period (0.02 
Hz) is located below the crust at 75 km depth, so that the surface-wave 
portion of the seismograms provides a dataset primarily sensitive to upper 
mantle structure. The deviations of shear wavespeed from the reference 
model are substantial, with higher wavespeeds generally in central and west 
Australia compared to the eastern margin of the continent.  

At 75 km depth the pattern of seismic velocities is quite complex. There are 
zones of slower wavespeed in central Australia in the regions affected by the 
Alice Springs orogeny (~300 Ma) surrounded by faster S velocities. Most of 
western Australia has fast shear wavespeeds with the fastest velocities 
reached beneath the Capricorn orogen separating the Pilbara and Yilgarn 
cratons. The slower wavespeeds in the southwest of Australia at 75 km depth 
appear to correlate with the presence of a distinct gneissic terrain within the 
Yilgarn craton, also seen in receiver function studies (see 2003 Annual 
Report).  

On the eastern margin of the continent, the shear wavespeeds are much 
lower than in central Australia and there is a fairly close correspondence with 
the regions with recent volcanism in the Newer Volcanics Province of Victoria 
and South Australia, extending into Bass Strait, and in the Atherton region of 
northern Queensland. The presence of the Lord Howe Rise is indicated by 
shear wavespeeds somewhat faster than its surroundings.  

The pattern of wavespeeds in the mantle changes sharply by 125 km depth, 
and now the centre and west of the Australian continent are uniformly fast. 
The transition in central Australia, with depth, from modestly slow to fast 
wavespeeds is comparable to the available vertical resolution, and suggests a 
very rapid transition in material properties, rather than a change in thermal 
regime. At this depth the transition from elevated to lowered wavespeeds 
relative to the ak135 reference model extends to the east of the outcrop of 
Precambrian rocks, and so differs from most recent versions of the "Tasman 
Line". The Phanerozoic belt in eastern Australia has a thin zone of high 
wavespeeds in the lithosphere extending to about 100 km and beneath this 
there is a zone of lowered wavespeed which extends along most of the east 
coast of Australia, as seen in Figure 2(b),(c). The low seismic wavespeeds 
extend to the east beneath the Tasman Sea, where sea floor spreading cea  

By 175 km depth (Figure 2c) the region of faster shear wavespeeds is 
concentrated to the west of 140 E. Within this zone there are clear indications 
of substructure in the sub-cratonic lithosphere; as, for example, the two 
distinct patches of fast wavespeed beneath the Yilgarn Craton. In the east, 
the zone of strongly lowered seismic velocities beneath the eastern margin of 
Australia and the Tasman Sea continues and is most likely associated with 
increased temperatures.  



The general level of wavespeed contrast is significantly reduced at 225 km 
depth, Figure 2(d), for both fast and slow velocities. Nevertheless, there is 
still a distinct contrast in seismic wavespeeds across the continent, with a 
sharp gradient in seismic wavespeeds close to 140 E. There is only a small 
displacement from the corresponding transition at 175 km depth, so that the 
edge of the fast wavespeeds must have a relatively steep dip. High 
wavespeeds persist to at least 225 km over much of the cratonic region, 
notably beneath the Proterozoic North Australian Craton and in the Archaean 
Yilgarn. However, at greater depth new trends in faster wavespeed structure 
appear, e.g., a roughly east-west feature along the southern coast of 
Australia is present below 250 km. It is therefore difficult to define a clear 
base to the cratonic lithosphere from these surface wave results.  

Regions such as the Kimberley Block in northwestern Australia appear to 
maintain a distinct character compared with their surroundings to significant 
depth. This suggests that the lithosphere is able to retain its character over 
very long periods of time and that there is the potential for using the nature 
of the seismic images to gain insight into the way the lithosphere might have 
been assembled.  

As is apparent from Figure 2, the major change in mantle structure below 150 
km depth occurs on an approximately north-south trend close to 140 E. To 
the west of this line the higher velocities extend coherently to 200 km or 
below, whilst to the east the area of elevated wavespeed hardly extends 
below 150 km, with a further step to thinner lithosphere along the eastern 
margin. It is possible that this set of transitions reflects the accretion of a 
continental block to the original core of Australia before the prominent 
Palaeozoic subduction events in the Lachlan Fold belt. There is no simple 
relation between the structures in the mantle and the conventional Tasman 
line that represents the eastern limit of surface exposure of Precambrian 
material.  

Figure 2 shows the variation in seismic wavespeeds with no allowance for 
possible anisotropy and thus directional dependence of the speed of 
propagation of the Rayleigh surface waves. If sufficient crossing paths pass 
through a specific patch, we can use the variations in wavespeed as a 
function of direction of travel to extract estimates of the azimuthal anisotropy 
in shear wavespeed using an approximation based on near horizontal 
propagation of shear energy that is well satisfied by the fundamental mode 
contribution. To secure adequate data sampling we employ a 4 degree knot 
spacing in the inversion for azimuthal anisotropy and thereby confine 
attention to the longer spatial wavelengths in the seismic structure.  



 
Figure 3: Inversion for azimuthal anistropy for the rayleigh wavetrains, indicating 
a clear change in pattern in depth, with deeper directions more closely aligned to 
absolute plate motion.  

The results of our inversion displayed in Figure 3 confirm the earlier studies of 
Debayle and Kennett (2000, 2003) that had more restricted path coverage. 
The pattern of azimuthal anisotropy across the continent shows a distinct 
change from a strong east-west component at around 100 km depth, likely to 
be due to "frozen" stress patterns, to a near north-south orientation at 200 
km (close to the absolute plate motion). This change in the direction of the 
fast axis of the azimuthal anisotropy with depth, within the zone of faster 
wavespeeds, appears to be confined to the Australian continent. The change 
may well be a consequence of Australia's rapid motion northwards 
(approximately 7 cm/yr) imposing strains on the base of the lithosphere that 
induce orientation of mineral assemblages.  



Body wave Anisotropy 

M. Heintz 

  The structure of the upper mantle beneath the Australian continent is 
investigated using teleseismic shear-wave splitting to extract seismic 
anisotropy.Measurements have been performed on data recorded at 190 sites 
with portable broadband seismic recorders, covering almost the entire surface 
of the continent since 1992. The average time span of the various 
deployments, primarily designed for surface wave tomography, is six months, 
which is rather limited for shear wave splitting analysis. However, the data set 
does provide a full continental scale survey using the reasonably favourable 
distribution of seismicity from Australia. Seismic anisotropy has the potential 
to provide insights into the lithospheric structure and the possible mechanical 
coupling between the crust and the upper mantle, but prior results for 
Australia have indicated relatively small levels of splitting and a complex 
pattern of anisotropy from shear wave splitting. These results are confirmed 
with our new and far more extensive measurements across the whole 
continent.  

Theobservations of shear wave splitting of body wave phases (SK(K)S and 
PK(K)S) show little consistency at or between stations and is not correlated 
with the almost north-south absolute plate motion (APM) from recent models. 
Results from shear wave splitting analysis performed using the method of [1], 
together with the global solutions computed for a few stations using a set of 
events to solve for the splitting parameters [2], are shown below. The present 
study extends the preliminary results of [3] to a much larger number of 
stations spanning the whole continent.  

Despite the good potential coverage of backazimuth with respect to the useful 
distance range (i.e. between 85 and 150°), the short time span of recording 
at most of the portable stations does not allow the recording of many events 
with large magnitude (>5.5) and good signal-to-noise ratio. The new Tasman 
Line project with a duration of 2 years may however allow the recording of 
more numerous suitable events.  

At the continental scale, the pattern of anisotropy from shear wave splitting is 
rather complex, and we do not highlight any simple relation between the 
anisotropy and absolute plate motion (APM). If mantle flow is envisioned as 
the main source of anisotropy as suggested by the results obtained from 
surface waves [4],[5, 6] (at least below 150 km depth), we might consider 
rather complex deviations of the mantle flow around the numerous cratonic 
blocks building the continent to accommodate the nearly north-south APM of 
the Australasian plate with the scattered directions of anisotropy measured at 
the surface. Surface wave tomographic results suggest that the base of the 
lithosphere may well have a rather complex form. Mantle flow-related 
anisotropy can therefore not be completely ruled out.  



Despite the limited geological outcrop, especially in Phanerozoic eastern 
Australia, that is almost entirely covered by sedimentary basins, and to the 
limited amount of reliable measurements, no direct correlation is seen 
between the measured orientation of the fast polarisation planes of shear 
waves relative to North and the known superficial structures. Having a closer 
look at the data, some correlations between the splitting parameters and the 
structural trends along, for instance, the Halls Creek orogen bordering the 
eastern edge of the Kimberley basin or along the New England and Lachlan 
fold belts in the southeastern part of the continent, may however be 
highlighted.  

 
Figure 1: Directions 
of fast shear 
wavespeed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



In the Kimberley block (region #1, fig.1 ), the directions of anisotropy 
measured within the framework of the portable experiments (1997-1998) 
show various orientations. In the eastern part, the directions are oriented 50-
60°, sub-parallel to the structural trend of the Halls creek orogen, whereas in 
the western part, the directions are close to 90° and are not obviously related 
to the structural trend of the King Leopold orogen. However, only one 
measurement per station has been considered as reliable along the King 
Leopold orogen, and splitting parameters can only be correctly interpreted in 
the context of a large number of measurements covering a range of 
backazimuths.  

In the southern part of the Yilgarn cratonic block, two main directions of 
anisotropy are observed on both sides of 30°S latitude (region#2). The 
N40/50°W directions of anisotropy observed north of this line are parallel to 
some regional faults. South of 30°S latitude, a set of 10 stations recorded the 
same event (day 00341, latitude 39.57°, longitude 54.80°, depth 30 km, 
magnitude 7.5) and the coherence between the individual results per station 
is particularly striking because extending over 600km, whereas the pattern of 
anisotropy from shear wave splitting is usually expected to vary in continental 
areas that experienced long and complex history such as Precambrian 
platforms: all stations indeed exhibit a null result which corresponds either to 
an absence of anisotropy beneath the stations or to the polarization plane of 
the fast S-wave oriented N45/50°E or N40/45°W (fig.6c). A N40/45°W 
orientation of the polarisation plane of the fast S-wave would match pretty 
well to the global NW-SE trend of the faults in the southwestern part of the 
Yilgarn craton; however, despite the good consistency of the results at the 
deployment scale, no firm interpretation can be envisaged on the basis of a 
single measurement per station.  

The results from permanent stations, with a long span of recording, are 
essentially null (see [7-10]). The pattern of azimuthal anisotropy derived from 
surface waves is, on the other hand, striking. It is possible that the changes in 
azimuthal anisotropic properties revealed by the surface waves lead to very 
little net splitting for a wave travelling nearly vertically. Due to the different 
wavelengths of both types of waves, they are not sensitive to the same 
structures, and the superficial structures of the continent vary at such a short 
scale that it is not possible to compare both sets of results. The two sets of 
observations may either emphasize different phenomena, or indicate a much 
more complex form of anisotropy.  
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RECEIVER FUNCTION STUDIES 

A.M. Reading, E.Saygin, B.L.N. Kennett, M. Heintz 
 
The deep crustal structure across the West Australian Craton has been 
determined using receiver function analysis of broadband records from 
temporary seismic stations. These stations were deployed in a series of 
experiments using both widely-spaced station configurations and denser 
coverage in the form of lines/groups of stations. Data from the permanent 
stations, MBWA and NWAO, were also included. The improved coverage 
obtained from the combined deployments allows investigation of seismic 
structure over the whole craton at a resolution greater than the scale of the 
main terrane groups. We are thus able to investigate the variations in crustal 
structure across the West Australian Craton in terms of craton assembly and 
crustal evolution.  

 



Figure 1: Receiver functions studies in western Australia  

We find remarkable consistency of structure within several of the individual 
Precambrian terranes, most notably the Pilbara, Murchison and Southern 
Cross. Some systematic variability in seismic structure exists across more 
extensive terranes, notably towards the edge of the craton. The structure 
beneath orogenic belts is more variable and shows a less pronounced seismic 
Moho.  

 

Figure 2: Variation of receiver 
functions for WR stations  

We confirm that receiver function 
methods can be used to delineate 
the extent of Precambrian 
terranes in regions where 
geological exposure of the surface 
is limited and provide an effective 
alternative to active source 
seismic techniques for deep 
crustal targets  



 

Figure 3: Summary of variation in crustal character across Western Australia 
terranes.  



LITHOSPHERIC STRUCTURE OF TASMANIA FROM TELESEISMIC 
TOMOGRAPHY 

N. Rawlinson, A.M. Reading and B.L.N. Kennett 
 
The tectonic evolution of Tasmania (SE Australia) in the early to mid 
Palaeozoic and its relationship with the Phanerozoic terranes of eastern 
mainland Australia is not well understood, due in part to a lack of information 
on the deep structure and composition of its lithosphere. In 2001 and 2002, 
an array of 72 short period and broadband seismic recorders with a nominal 
spacing of 15 km was deployed across northern Tasmania (Figure 1), with the 
aim of imaging the underlying crust and upper mantle using 3-D teleseismic 
traveltime tomography.  
 
 

 
Figure 1: Locations of the 64 short period (red dots) and eight broadband (purple 
triangles) stations that comprise the TIGGER seismic array in northern Tasmania.  

Using a recently developed and robust adaptive stacking technique, a total of 
6520 (see Figure 2) relative P-wave arrival times have been picked from 101 
distant earthquake records spanning a four month period. A new iterative 
non-linear tomographic procedure based on a subspace inversion scheme and 
the fast marching method (FMM), a grid based eikonal solver, is used to map 
residual patterns as P-wave velocity anomalies. The resultant images show 
significant lateral perturbations in P-wave velocity structure (up to 10%) from 
a modified ak135 reference model (Figure 3).  



 
Figure 2: Distribution of the 101 teleseismic events (red dots) used in the 
tomographic inversion for the 3-D seismic structure beneath northern Tasmania. 
Dashed circles represent equidistant curves from the centre of the TIGGER array 
contoured at 30 degree intervals.  

Geological inferences made from the TIGGER results include: (1) Within the 
crust, the first-order E-W velocity variations strongly support the idea that 
eastern Tasmania is underlain by dense rocks with an oceanic crustal affinity, 
contrasting with the continentally derived siliciclastic lower crustal rocks of 
western Tasmania; (2) there is no evidence to support the presence of a 
crustal scale suture zone (the "Tamar Fracture System") in the vicinity of the 
Tamar river; (3) an easterly dipping zone of high velocity material beneath 
the Rocky Cape Group and Arthur Lineament may be related to remnant 
subduction of oceanic lithosphere associated with the mid-Cambrian 
Delamerian Orogeny, which played a major role in the Phanerozoic 
subduction-accretion assemblage of eastern Australia.  



 
 
Figure 3: Slices through the 3-D teleseismic tomography model of northern 
Tasmania. P-wave velocity perturbations are shown relative to a modified form 
(adjusted using crustal velocities from a refraction survey) of the ak135 global 
reference model. Note the E-W trend of fast-slow-fast velocities in the crust, and 
the easterly dipping "slab" of elevated velocity in the lithospheric mantle between 
145 and 146.5 E. 
 



THE SEAL EXPERIMENT 

N. Rawlinson, B.L.N. Kennett and M. Heintz 
 
The SEAL (South East Australia Linkage) experiment began in November 2004 
with the deployment of 20 vertical component short period seismometers in 
southern New South Wales and northern Victoria (see Figure 1) for a period 
of approximately five months. The main purpose of SEAL is to link together 
past and future high density passive seismic arrays to provide continuous 
coverage of teleseismic data across a large region of south east Australia. As 
shown in Figure 2, SEAL spans the MALT (1998-2000), QUOLL (1999) and 
EVA (scheduled for 2005) arrays, and covers an important region of the 
continent which includes the transition from the Delamerian Orogen to the 
Lachlan Orogen, and parts of the Stawell, Bendigo, Melbourne and 
Tabberabbera Zones.  
 

 
 
Figure 1: Locations of the 20 short period stations that make up the SEAL 
experiment.  

Although SEAL will be used to independently assess the structure of the upper 
mantle using 3-D teleseismic tomography, the ultimate goal is to combine 
teleseismic data from all stations shown in Figure 2 in a joint inversion for the 
high resolution structure of the lithosphere beneath south east Australia. This 
will help us to answer fundamental geological questions about the 
Phanerozoic evolution of eastern Australia  



 
 
Figure 2: SEAL links together past and future teleseismic array experiments. 
Combining teleseismic data from all four arrays will allow tomographic images of 
unprecedented detail to be constructed. 
 



ANTARCTIC STUDIES 
 
A. Reading 
 
During the Antarctic summer of 2004/05, most of the SSCUA broadband 
stations installed in East Antarctica (2002/03/04)were retrieved. Data from 
the majority of stations are excellent, although aircraft problems prevented 
any access to the two most southerly sites. The aims of the SSCUA 
deployment, to find out more about 1) The tectonic structure and history and 
2) the neotectonics and mantle dynamics of East Antarctica, may now be 
addressed through the processing and interpretation of this unique dataset.  
 

 



Figure 1: Moho Depth derived from receiver function modelling  

Figure 1 shows the results of receiver function modelling for Moho depth 
across the region of the deployment. A major tectonic province boundary was 
found between stations FISH and CRES and may mark the southern extent of 
the pre-Gondwanan continent of greater India. The Moho beneath GROV, in 
the Grove Mountains, shows a very different structure from NMES, in the 
Northern Mawson Escarpment. Other data analysis, e.g. modelling surface 
waves to deduce the structure in the upper mantle, is in progress.  

 

Figure 2: Events recorded at Davis station  

Recording continues at the mains-powered station DAVI, at Davis, the 
Australian Antarctic Division year-round base. Figure 2 shows well-recorded 
source-receiver paths to date.  



 

Figure 3: The great Sumatara-Andaman earthquake of 2004 December 26 as 
recorded at Davis station  

Figure 3 shows a three-component record of the great earthquake of 
26/12/2005, which generated a devastating Tsunami, recorded at DAVI.  
Wild-life is present at all but the most remote sites in Antarctica. Figure 4 
shows an Adelie penguin 'inspecting' a broadband station equipment set after 
retrieval.  

 

Figure 4: Inquisitive penguin  



Multiple phases in 3-d with the fast marching method 

M. de Kool, N. Rawlinson, M. Sambridge 

A new scheme based on the Fast Marching Method (FMM) in spherical 
coordinates has been developed to track phases comprising any number of 
reflection and transmission branches in 3D layered media. A multi-stage 
approach which treats each layer that the wavefront enters as a separate 
computational domain is used. At each interface, FMM is reinitialized to track 
the impinging wavefront as either a reflection back into the incident layer or a 
transmission through to the adjacent layer. Notably, the method does not 
require an irregular mesh to be constructed in order to connect interface 
nodes to neighbouring velocity nodes which lie on a regular grid. To improve 
accuracy, local grid refinement is used in the neighbourhood of a source point 
where wavefront curvature is high.  

In addition to computing simple refracted waves, reflected waves and more 
complex multiples, reflections which are not the first to arrive (e.g. the global 
PP phase) can also be tracked. The new scheme also allows various global 
phases from distant events to be computed through a spherically symmetric 
earth model to the boundary of a local 3-D model, after which FMM is used. 
This feature is useful for teleseismic tomography. Finally, conversions 
between P and S phases at interfaces can also be tracked.  

 



Figure 1: Summary of P-wave arrival time errors in the ak135 reference model 
using the new scheme. All four cases model a region extending 20 degrees in 
latitude and longitude and 1000 km in depth. The source is located at 100 km 
below the surface. AK1 - 21x41x41 nodes; AK2 - 41x81x81 nodes; AK3 - 
81x161x161 nodes; AK4 - 81x161x161 nodes. Models AK1-AK3 explicitly include 
interfaces, while AK4 does not. Contour labels are in seconds.  

A series of systematic tests have been carried out with the new method in 
order to verify its accuracy, efficiency and robustness. In particular, it has 
been shown that various global phases can be computed to an acceptable 
accuracy through the ak135 reference model (see Figure 1). The scheme can 
also be used to track complex crustal phases that may be encountered in 
coincident reflection, wide-angle reflection/refraction or local earthquake 
surveys. Figure 2 shows a variety of phases that have been tracked in the 
presence of a realistic subduction zone, which includes several layer pinch-
outs and a subducting slab. Our numerical tests show that the new scheme is 
a practical and robust alternative to conventional ray tracing for computing a 
range of phases in layered media at a variety of scales.  

 

Figure 2: Ray paths in a complex layered geometry. The model consists of a 
coast line, a sediment layer beneath the ocean, continental crust, oceanic 
crust subducting under the continent, and part of the upper mantle. Seismic 
sources are represented by red diamonds, receivers by blue spheres. Two of 
the sources are on the ocean surface, another two are located in the 
subducting slab. An array of eight receivers is distributed over the land area. 
Velocity is laterally inhomogeneous in the continental crust. A selection of ray 
paths representing direct arrivals and reflections from the top and the bottom 
of the subducting slab is shown.  

The complete software package is freely available on the Internet at: 
http://rses.anu.edu.au/seismology/fmmcode/

http://rses.anu.edu.au/seismology/fmmcode/


The relationship of the seismic source and subduction zone structure 
for the 2004 December 26 Sumatra-Andaman Earthquake 

B.L.N. Kennett, P.R. Cummins [Geoscience Australia] 
 
Studies of the 2004 December 26 Sumatra-Andaman earthquake indicate that 
the rupture and subsequent down-dip slip of the Mw 9.3 event propagated 
with variable speed as it progressed northwards.  

 

Figure 1: The aftershocks of the 2004 December 26 event, in the 60 days after the 
earthquake, superimposed on a topographic map of the Sumatran-Nicobar-
Andaman arc. The deep basin behind the arc has been produced by back-arc 
spreading in the Andaman sea. The shallower water to the west marks the 
northern extremity of the 90E ridge. The approximate rupture areas of major 
historical earthquakes are outlined (after Bilham). The Great Sumatran 
Earthquake of 2005 March 28 (Mw 8.7) initiated at the northern end of the 
1861 rupture area. A corresponds to the area originally suggested as the 
northern limit of rupture from body-wave inversions, but which now appears 
to be a temporary reduction in slip , B to the end of the main tsunamigenic 
segment and the likely terminal point for the highest frequency radiation, and 
C indicates the northern extension required to match geodetic and low 
frequency normal-mode observations. The aftershocks occurring within the 
first 100 minutes following the earthquake are plotted in red and the others in 
yellow. The rate at which the occurrence of aftershocks spread out along the 



strike of the rupture area (as indicated by the heavy black line on the map) is 
shown in the righthand panel, where it can be seen that a change in the 
onset of aftershock occurrence occurs close to point B.  

The transitions between different behaviour for the source correspond to 
changes in the physical properties of the subducted slab along the Sumatra-
Andaman arc revealed by multi-wavespeed seismic tomography. For the 
Sumatra to Andaman arc segment the presence of sources within the slab 
provide useful constraints on the structure and careful resolution tests (as in 
[19]) indicate that resolution of the order of 1 degree or better can be 
achieved along most of the arc, between 50 and 200 km depth. The low level 
of shallow seismicity means that there is little capacity to image above 50 km.  

The tomographic images reveal both changes in the shape of the subducted 
slab progressing from Sumatra to the Andaman Islands, and variations in the 
physical properties of the slab material.  

 

Figure 2: East-west cross-sections through the S wavespeed model displayed as 
deviations from the ak135 reference model. The subducted slab shows up through 
faster shear wavespeeds. Note the intrusion of a shallow low velocity zone at 12N 
linking across to beneath the back-arc spreading centre at 95E. 

 



The superimposed dark red line in each section is taken from the 
representations of the upper surface of the subduction zone derived from 
seismicity patterns by Gudmundsson and Sambridge. The two independent 
estimates of the shape of the subduction zone agree very well.  

The transition from rapid slip to dominantly slower slip near 6.5N and the end 
of the main zone of tsunamigenic source at 10N lie in each case just to the 
south of localised features where changes in the physical properties of the 
slab are indicated from the ratio of shear wavespeed to bulk sound speed , 
these features are associated mainly with bulk-modulus variations. The 
changing morphology of the subduction zone is associated with changes in 
physical properties, that are manifest in the tomographic images and have 
modified the character of the slip along the 1500 km long arc segment that 
ruptured during this great earthquake.  

The cross-sections at 2N and 4N are somewhat oblique to the trend of the 
subduction zone, but still illustrate clearly the presence of a shallowly dipping 
segment down to around 150 km with steeper dip at greater depth. From 6N 
northwards the line of section is close to orthogonal to the subduction zone 
and so the apparent dip is more representative of the actual situation. 
Between 6N and 8N we see a distinct steepening of the dip of the deeper part 
of the slab.  

In the section from the Nicobar to the Andaman Islands from 10N the slab 
becomes nearly vertical at intermediate depth. This geometry for the 
subducted slab is presumably a result of slab roll-back associated with the 
formation of the Andaman back-arc basin and spreading centre.  

The changes in the morphology of the slab are accompanied by changes in 
the physical properties of the slab material as can be through the ratio of 
shear wavespeed and bulk-sound speed.  



  

Figure 3: Contrasts in the ratio of shear wavespeed and bulk-sound speed at 75 
km derived from joint tomography and their correspondence with changes in the 
character of the earthquake source.  

We can summarise the source character for the 2004 December 26 event 
through a sequence of four source segments as in Figure 3. Rupture along 
the entire zone from 1 to 4 is indicated from the distribution of aftershocks. A 
common feature of the different representations of the rupture process for 
the 2004 December 26 event is a division into segments with a change of 
strike and rupture properties near points A and B in figure \ref{fse06} 
[12,13]. We envisage the faulting as occurring at the upper surface of the 



subducting plate and differences in coupling with the overlying plate should 
play a major role in determining slip rate.  

Nevertheless we find a strong correlation with the features of the 
tomographic images of subduction zone structure in the upper part of the 
steeper segment of the slab, particularly when we allow for the oblique 
convergence along the arc (Figure 3). There are clear modifications in the 
physical properties at the top of the subducting plate near point A (at 7N) and 
point B (at 10N). The northern feature B seems to link to the spreading 
system in the back arc basin, but feature A is distinct and separated.  

The zones of modified physical properties revealed by the multi-wavespeed 
seismic tomography, may well correspond to accommodation zones to slab 
deformation in roll-back or to incipient tears imposed by the geometry of the 
subduction. It is likely that the differences in physical properties that we have 
been able to image below 50 km, thanks to the presence of intermediate 
depth earthquakes, extend back into the shallower portions of the slab, which 
we are not able to image (because there were few shallow events in the last 
30 years).  

The 1500 km long rupture zone crosses three distinct slab regimes and these 
contribute to the detailed behaviour of this great earthquake. The 
propagation of the rupture front for the thrust component along the interface 
between the slab and the overlying plate is affected by the physical properties 
and geometrical configuration of the slab, leading to barriers that have to be 
overcome before the next segment comes into action. These barriers are 
dictated by the nature of the subducted slab itself, and we can see their 
influence where the slab signature at greater depth is modified.  

A typical horizontal length scale for a distinct segment of a subduction zone is 
around 500 km, and changes in the physical properties of the slab are likely 
to modify, or stop, rupture even in a mega-thrust event. This will give events 
of magnitude up to about Mw 8.8 for a 500 km long rupture. Only for a truly 
great earthquake such as the 2004 Aceh-Andaman event is there sufficient 
energy in rupture to overcome multiple physical barriers within the slab.  



ANSIR 

Director: B.L.N. Kennett 
 
The contract with the Coomonwealth of Australia for the Australian National 
Seismic Imaging Resource Major National Research Facility (ANSIR) came to 
an end in June 2005. The woners ANU and Geosceince Australia have agreed 
to continue for a further two year retaining the ANSIR label but the the new 
designation National Research Facility in Earth Sounding. Applications 
for equipment access may now be made at any time.  

2005 has proved to be a busy year with a wide range of activities. The broad-
band equipment continued to be heavily used. Short-period stations were 
used in the SEAL experiment and the new EVA experiment in Southern 
Victoria.  

Reflection work in 2005 has seen over 700 km of reflection profile collected in 
the Tanami desert (NT,WA) including some work at mine scale. This was 
closely followed by work in NSW on the transition between the Thomson and 
Lachlan orogens that was slightly curtailed by rain. The minivibrator has 
received more use than of late.  

The continuing demand for equipment led to a collaborative bid by ANU, 
Adelaide, Macquarie to the ARC LIEF program to supplement the available 
ANSIR equipment which was successful. Fifteen sets of recorders equipped 
with both seismic and electromagnetic sensors will be purchased in 2006.  

The full range of experiments carried out in 2005 is shown in the table below.  

2005 ANSIR Timetable  

Proponent Institution Location  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec

Reading, 
Kennett 

ANU, 
RSES Antarctica  A7  A7  A7  A7  A4  A4  A4  A4  A4  A4  A4  A4 

Kennett ANU, 
RSES 

Tasman Line 
NSW,NT,QLD,SA,VIC  B24  B24  B24  B24  B24  B24  B24  B24  B24  B24  B24   

Cummins GA, 
PIRSA Flinders Ranges, SA  B8  B8  B8  B8  B8  B8       

Roach U 
Tasmania Macquarie Island  S6  S6  S6  S6         

Rawlinson ANU SE Australia  S20  S20  S20  S20  S20        

Rawlinson ANU E. Victoria        S20  S20  S20  S40  S40  S40

Kennett.Heintz ANU Mt Gambier                B8  B8 

Huston 
GA, 
NTGS, 
GSWA 

Tanami, NT-WA     VR VR VR      

Goleby GA Tanami, NT-WA       S25  S25      



Robson GSNSW Broken Hill        VR     

Robson GSNSW Thomson-Lachlan        VR VR    

Collins GA Echuca     mv        

Chaudury Sydney 
Gas Sydney basin        mv     

Poole BHP Coal Appin           mv  

Sherlock CO2CRC Otway basin         mv    

Benshemesh Monash 
Univ Marsupial Moles, NT  G32  G32  G32  G32  G32  G32  G32  G32  G32  G32  G32  G32

Equipment Key 

S - Short period instruments (+number) 
B - Broad band instruments (+number) 
A - Broad band instruments in Antarctica (+number)
R - Reflection recording system 
V - Vibrators 
mv - Minivibrator  
G - Geophone strings  

Further details of the National Research Facility and its activities can be found 
at the ANSIR website.  

http://rses.anu.edu.au/seismology/ANSIR/ansir.html


CENTRE FOR ADVANCED DATA INFERENCE 2005 

CADI activities 

The Centre's operations are based on collaborative projects with other 
groups/centres in the Earth Sciences which are supported through partial 
funding of doctoral and post-doctoral fellowships, and an a visitor program. 
The Centre also provides access to parallel processing on a large cluster of 
performance PC's (called TerraWulf) funded by an Australian Research Council 
LIEF grant.  

The main body of the report provides a survey of some of the strands of work 
in CADI during 2005. This year projects have been conducted in 
geomorphology, probability theory, statistical inference techniques, structural 
seismology, airborne geophysics, earthquake seismology, computational 
mineral physics and geodesy. This year saw continued development of the 
CADI inversion toolkit whereby CADI visitors and project participants have a 
simple interface to both software and hardware facilities.  

CADI also had several visitors during the year, who used the facilities and 
interacted with staff and students. The main visitors were from Geoscience 
Australia, Leeds University, Univ. of Aarhaus, Imperial College, London, and 
Univ. of Victoria, Wellingtion.  



Tracking Multiple Arrivals in Phase Space 

J. Hauser, M. Sambridge, and N. Rawlinson 

Multipathing is the result of continuous and/or discontinuous variations in 
seismic wave speed causing a wave to travel to a receiver by more than one 
path. This means that at a given receiver multiple arrivals from the same sour 
ce are observed. First arrival ray paths tend to avoid slow regions of a velocity 
model. Later arrivals do not avoid slow regions and hence contain additional 
information about the velocity field. However, current state of the art 
algorithms for the calculation of travel times only provide first arrivals.  

A three dimensional phase space can be created from two dimensional normal 
space by simply using the local normal direction to the wavefront as the third 
coordinate. This phase space representation of a wavefront is known as the 
bicharacteristic strip (see Figure 1). A seismic wavefront in normal space can 
develop sharp corners and become self intersecting. In a Lagrangian 
wavefront tracking approach a given density of points on the wavefront has 
to be maintained in order to describe the wavefront adequately. However 
adding points to a self intersecting wavefront with sharp corners in normal 
space is difficult.  

The bicharacteristic strip is not self-intersecting because the two intersecting 
segments of a wavefront have different local normal directions and a sharp 
corner of the wavefront in two dimensional normal space becomes a smooth 
line in three dimensional phase space (Figure 1). Points can thus be added to 
the bicharacteristic strip, and hence to the wavefront, using a simple linear 
interpolation or a weighted average.  

Our implementation of a Lagrangian wavefront tracking algorithm differs from 
previous algorithms in the refinement of the wavefront which is performed in 
phase space. Wavefront tracking in phase space has not been extensively 
investigated in seismology, particularly in applications outside of the 
exploration field. Figure 2 illustrates how including later arrivals can increase 
the ray path coverage for a velocity structure with a strong low velocity 
anomaly. Including observed later arrivals routinely in the inversion for the 
velocity structure therefore has the potential to improve existing tomographic 
models.  



 

Figure 1: Swallow tail pattern of a wavefront. The sharp corners in normal spa ce 
(green segments) are given by a smooth representation in phase space. The 
intersecting segments in normal space (red lines) are not intersecting each other 
in phase space.  

 

Figure 2: Wavefronts and corresponding raypaths for first (red), second (green ) 
and third (blue) arrivals for a velocity structure with a strong low velocity 
anomaly.  



 

Animation 1: Wavefront developing a swallow tail pattern as it travels through a 
low velocity region.  



Multiple Seismic Phases in 3-D with the Fast Marching Method 

M. de Kool, N. Rawlinson, & M. Sambridge 

A new scheme based on the Fast Marching Method (FMM) in spherical 
coordinates has been developed to track phases comprising any number of 
reflection and transmission branches in 3D layered media. A multi-stage 
approach which treats each layer that the wavefront enters as a separate 
computational domain is used. At each interface, FMM is reinitialized to track 
the impinging wavefront as either a reflection back into the incident layer or a 
transmission through to the adjacent layer. Notably, the method does not 
require an irregular mesh to be constructed in order to connect interface 
nodes to neighbouring velocity nodes which lie on a regular grid. To improve 
accuracy, local grid refinement is used in the neighbourhood of a source point 
where wavefront curvature is high.  

In addition to computing simple refracted waves, reflected waves and more 
complex multiples, reflections which are not the first to arrive (e.g. the global 
PP phase) can also be tracked. The new scheme also allows various global 
phases from distant events to be computed through a spherically symmetric 
earth model to the boundary of a local 3-D model, after which FMM is used. 
This feature is useful for teleseismic tomography. Finally, conversions 
between P and S phases at interfaces can also be tracked.  

A series of systematic tests have been carried out with the new method in 
order to verify its accuracy, efficiency and robustness. In particular, it has 
been shown that various global phases can be computed to an acceptable 
accuracy through the ak135 reference model (see Figure 1). The scheme can 
also be used to track complex crustal phases that may be encountered in 
coincident reflection, wide-angle reflection/refraction or local earthquake 
surveys. Figure 2 shows a variety of phases that have been tracked in the 
presence of a realistic subduction zone, which includes several layer pinch-
outs and a subducting slab. Our numerical tests show that the new scheme is 
a practical and robust alternative to conventional ray tracing for computing a 
range of phases in layered media at a variety of scales.  

The complete software package is freely available on the Internet at: 
http://rses.anu.edu.au/seismology/fmmcode 

http://rses.anu.edu.au/seismology/fmmcode/


 

Figure 1: Summary of P-wave arrival time errors in the ak135 reference model 
using the new scheme. All four cases model a region extending 20 degrees in 
latitude and longitude and 1000 km in depth. The source is located at 100 km 
below the surface. AK1 - 21x41x41 nodes; AK2 - 41x81x81 nodes; AK3 - 
81x161x161 nodes; AK4 - 81x161x161 nodes. Models AK1-AK3 explicitly include 
interfaces, while AK4 does not. Contour labels are in seconds.  

Figure 2: Ray paths in a complex layered geometry. The model consists of a coast 
line, a sediment layer beneath the ocean, continental crust, oceanic crust 
subducting under the continent, and 
part of the upper mantle. Seismic 
sources are represented by red 
diamonds, receivers by blue spheres. 
Two of the sources are on the ocean 
surface, another two are located in the 
subducting slab. An array of eight 
receivers is distributed over the land 
area. Velocity is laterally 
inhomogeneous in the continental 
crust. A selection of ray paths 
representing direct arrivals and 
reflections from the top and the bottom 
of the subducting slab is shown.  



Markov chain Monte Carlo extensions to the CADI toolkit 

P. Rickwood, M.Sambridge 

Standard Markov chain Monte Carlo  

Markov chain Monte Carlo sampling is a method of sampling from a 
probability distribution by constructing a Markov chain that has the desired 
distribution as its stationary distribution. Surprisingly, this can be easy to do 
even in the usual case where the desired distribution is unknown.  

An efficient parallel implementation of the Markov chain Monte Carlo 
algorithm has been included in the CADI toolkit. This allows scientists wishing 
to use the algorithm on a cluster to do so with little effort. No parallel/MPI 
programming is required of the scientist, for example.  

 
Figure 1: The image shows a simple 2 
dimensional distribution that has been 
sampled by the Markov chain Monte 
Carlo technique. Red indicates regions 
of high probability. The Markov chain 
spends most of its time in regions of 
high probability: specifically, the 
amount of time spent in any particular 
region is proportional to the probability 
density of that region. We can see that 
the Markov chain has not been running 
long enough to visit areas with very 
low probabilty, and these areas show 
up as white.  

The parallel Markov chain Monte 
Carlo sampling procedure implemented has been used in the completion of 
the Sea-level modelling work . Future internal uses will include mixture 
modelling of thermochronology data.  

Variable Dimension Markov chain Monte Carlo  

In situations where a probability distribuition of fixed dimension is being 
sampled, the Markov chain Monte Carlo technique has been in use for 
decades. More recently, however, the technique has been extended to cover 
cases where several probability distributions (possibly of different dimension) 
can be sampled at once. This is termed, somewhat obscurely, Reversible 
Jump Markov chain Monte Carlo (see 1).  

Having a Markov chain that can sample a variable dimension probability 
distribution is helpful in solving the model comparison problem. This problem 
occurs in situations where you have two (or more) theories/models, and wish 
to directly compare the two models, to see which one is better model for a 

http://galitsin.anu.edu.au/caditk
http://rses.anu.edu.au/cadi/ar/ar04/cadi3.html


particular purpose. Simply choosing the model that best predicts/fits observed 
data is not the correct way of deciding which is the best model. This is 
especially the case where the models are differently parameterized (i.e. they 
have differing numbers of parameters). Reversible Jump Markov chain Monte 
Carlo allows direct comparison of differently parameterized models. 
Specifically, it calculates a probability distribution over all models, so that one 
may say how probable a particular model is compared to another model. 
Figure 2 shows a specific example.  

 

Figure 2: The left picture shows synthetic data generated from 2 normal 
distributions with means/stddevs of 540/30 and 570/30. The right figure shows 
that, after considering different numbers of normal distributions, variable 
dimension Markov chain Monte Carlo sampling has decided that a mixture of two 
normal distributions best explains the observed data. The result obtained using 
David Green's AutoMix Reversible Jump Markov chain Monte Carlo software is 
shown (in blue) alongside our implementations results (in red) to illustrate the 
equivalence of the techinques.  

A parallel version of a variable dimensional Markov chain Monte Carlo sampler 
has been implemented and included in the CADI toolkit. While the 
implemented algorithm is not exactly the same as Greens Reversible Jump 
MCMC, it performs essentially the same computation. How efficient amd 
stable the technique is compared to other trans-dimensional samplers is an 
open question, and comparisons with other variable dimension samplers are 
planned in future.  

 
1Green, P.J., 1995. Reversible jump Markov chain Monte Carlo computation and Bayesian 
model determination, Biometrika, 82, 711-32. 



Evaluation of Automatic Differentiation Tools 
M.Sambridge, P.Rickwood 

Computer programs can be viewed as black-boxes that, given some inputs x 
compute outputs y. So in mathematical terms, we can view a computer 
program as a vector valued function with x in the domain and y in the range. 
Viewing computer programs in this way has prompted people to consider the 
task of finding the derivatives of programs. In other words, if a computer 
program can be regarded as some mathematical function f, then does it have 
a derivative, and, if so, can we compute it?  

Programs as functions 

It turns out that almost all computer programs can be viewed as 
mathematical functions and, moreover, are almost always piece-wise 
differentiable. This can initially be difficult to accept, since we think of 
computer programs as containing many elements that we think of as non-
differentiable, such as if statements and loops, but the easiest way to 
persuade oneself that this is the case is to consider that, for a program that 
does halt for every input, every execution of that computer program can be 
represented by a sequence of simple instructons. Consider, for example, the 
following program:  

x = INPUT 
y = 1.0 
if (x < = 1.0) then 

return y 
else 

while (y <= 10.0) then 
y = y*x 

x = x+0.5 
end while 

return y 
end if 

Depending on the input variable x, this program can be represented by any of 
the following sequences of instructions.  

1. y = 1.0 ; return y 
2. y = 1.0 ; y = y*x ; x = x+0.5 ; return y 
3. y = 1.0 ; y = y*x ; x = x+0.5 ; y = y*x ; x = x+0.5 ; return y 
4. y = 1.0 ; y = y*x ; x = x+0.5 ; y = y*x ; x = x+0.5 ; y = y*x ; x = 

x+0.5 ; return y 
5. and so on.... 

http://en.wikipedia.org/wiki/Halting_problem


Each of these sequences can be viewed as a function of x, and the derivative 
of the output y w.r.t x is well defined. Automatic Differentiation is a field of 
study with the aim of producing tools that, given a computer program p, will 
generate another computer program p' that computes the derivative of p. In 
the simple example just presented, is easy for us to just write down this 
"derivative program":  

x = INPUT 
y = 1.0 
dy = 0.0 
dx = 1.0 
if (x < = 1.0) then 

return dy 
else 

while (y <= 10.0) then 

y = y*x 

dy = dy*x + y*dx 

x = x+0.5 
end while 

return dy 
end if 

In general however, this is not a trivial task, and a human attempting to do it 
will make mistakes. Automatic Differentiation tools aim to automate the 
creation of this "derivative program".  

Reverse (adjoint) and Forward modes 

There are two different methods of calculating the derivative of a computer 
program. They are the 'forward' method and the 'reverse' method. Without 
going into the details, for a function f defined by program p with ni inputs 
and no outputs, the forward mode calculates the derivative f' in O(ni) time, 
while the reverse method calculates the derivative in O(no) time1. In other 
words, in forward mode, the computational cost of calculating the derivative 
is dependent on the dimension of the domain of f, while in reverse mode it is 
dependent on the dimension of the range of f. In most computational 
problems, ni is less than no, so it is the reverse mode that is more useful, but 
it is also more difficult to implement, as the control flow of the program must 
be reversed.  



Current tools and how they perform 

We investiaged two different Automatic differentiation tools on four different 
problems, and tried to get each to produce a derivative program in both 
forward and reverse mode. We cheched the results using finite difference.  

The tools were:  

1. TAF: Regarded as the leader in the field by most, we obtained an 
evaluation licence from the commerical vendor for the purposes of this 
study.  

2. Tapenade: Developed in France at INRIA. Free to use. Not as full-
featured as TAF, and the differentiation programs produced are not as 
efficient as the ones produced by TAF. Nice graphical user interface, as 
well as command line.  

The programs we differentiated were:  

Gibbs free energy A program that solves the Gibbs free energy differential 
equation.  

Receiver function Seismic receiver function calculation 

Ray tracing in 2D 
medium 

A program that calculated the travetimes of rays originating 
at a point-source and travelling through a 2D 
heterogeneous medium. See figure 1. 

Fast Marching 
wave-front 
tracking 

fast marching method program tracks the first-arrival 
wavefront from a seismic source through a heterogenous 
velocity medium. 

 
Figure 1: An example of the ray paths calculated by the ray-tracing program. The 
program calculates the traveltime of a large number of rays originating at some 
source and travelling through a heterogeneous velocity medium.  

http://www.fastopt.de/
http://www-sop.inria.fr/
http://wwwrses.anu.edu.au/%7Enick/waves.html


Results 

The most illuminating result was TAF's result for reverse mode on the Gibbs 
free energy problem, where we were able to vary the number of input 
parameters and hence show clearly the independence of the reverse mode on 
the number of input parameters. 

Figure 2: Shows the computational cost of forward and reverse mode for varying 
numbers of input parameters in the Gibbs free energy program. The left figure 
shows the cost of forward mode (blue) compared to finite difference (red) for 
increasing numbers of input parameters. The right figure shows the same for 
reverse mode. The computational cost in reverse mode is clearly independent of 
the number of input parameters.  

The results were mixed. For the simpler programs (Gibbs free energy and 
receiver function) both tools produced correct derivatives (verified by finite 
difference), but for the more complicated ones, TAF failed in reverse mode on 
both and in forward mode on the fast marching program.  

Because tapenade only understands a subset of valid fortran 90, it was only 
able to differentiate the gibbs free energy program, and in this case it was 
significantly slower than TAF in reverse mode. Results for TAF were better, 
but still not ideal.  

 Gibbs Receiver Ray-trace Fast 
marching 

TAF (fwd 
mode) Correct Correct Correct Didn't work 

TAF (rev 
mode) Correct TAF program returned 

incorrect derivative 
TAF program did not return 
(after 24 hours) Didn't work 

In future work, we plan to further investigate TAF. In particular, TAF contains 
a facility for giving 'hints' to allow for more efficient differentiation in reverse 
mode, and we plan to use these hints to see what programs TAF can 
differentiate. Codes of several hundred thousand lines have been 
differentiated sucessfully, so large geo-phsical codes may be within reach of 
the tool. This is ongoing work.  

1. See here for an explanation of computational complexity. 

http://en.wikipedia.org/wiki/Big_O_notation


Calibration and Inversion of Airborne Geophysical Data 
R. Brodie and M. Sambridge 

During 2005 we have further developed and refined the holistic approach 
(Brodie and Sambridge, 2004) for calibration, processing and inversion of 
airborne frequency-domain electromagnetic data. The holistic approach is a 
method for simultaneously calibrating, processing and inverting frequency-
domain airborne electromagnetic data. A spline-based 3-D layered 
conductivity model covering the complete survey area is recovered through 
inversion of the entire raw airborne dataset and available independent 
conductivity and interface-depth data. To account for systematic calibration 
errors, such as incorrect gain factors and zero-level drift, the holistic inversion 
formulation includes a mathematical model of the such errors. By taking 
account of these elements in the inversion, the need to pre-process the 
airborne data prior to inversion is eliminated.  

Over the past year further development work has shown that a more accurate 
recovery of temporal system bias can be achieved through a more suitable 
parameterisation which allows us to take advantage of its smoothly varying 
character. Figure1 shows that estimates of bias from the holistic inversion 
calibration model and high altitude zero-level observations compare well. As a 
result, we have concluded that the improved method may lead to data 
acquisition cost savings by elimination of the high altitude zero-level 
observations that are conventionally required for estimating bias (Brodie and 
Sambridge, 2005).  

 

Figure 1: Observed high 
altitude zero-levels (horizontal 
axis) versus those predicted 
from the holistic calibration 
model (vertical axis).  

An improved formulation of 
the regularisation terms in 
the inversion now allows 
expression of reference 
model and roughness 
constraints directly in terms 
of the more accessible and 
intuitive real physical 
quantities, instead of 
abstract basis function 
coefficients, has been 
implemented. Further 
refinements to the coding 
has allowed inversion of a 
larger portion of a dataset, 

http://rses.anu.edu.au/cadi/ar/ar04/cadi5.html


which has improved the overall stability of the inversion. Application of the 
method to raw survey data has shown that inversion models obtained from 
the holistic inversion are superior to those from conventional sample-by-
sample 1-D inversion of fully processed data. Figure 2a shows that the layer 
two thickness estimates from a conventional inversion are negatively 
impacted by elongate artefacts in the north-south flight line orientation which 
are caused by residual systematic calibration error in the data. Furthermore, 
Figure 2b shows how the error-normalised data misfits are large and 
systematically related to individual survey flights or lines. In contrast, Figure 
3a and b show that the holistic inversion of raw survey data has accounted 
for systematic calibration error since they are largely free of artefacts and the 
data-misfits are much smaller.  

 

 
Figure 2: Results from the conventional sample-by-sample inversion; a) layer two 
thickness, and b) error normalized 106140 Hz inphase residuals.  



 

 
Figure 3: Results from the holistic inversion; a) layer two thickness, and b) error 
normalized 106140 Hz inphase residuals.  

Further work has commenced on the feasibility of applying the holistic 
approach in survey areas where little prior information, such as sophisticated 
conceptual models, downhole conductivity or interface depth data are 
available. This work aims to allow/encourage wider adoption of the method 
(e.g. by airborne survey contractors) as a routine processing tool for complete 
datasets. More generic vertically smooth models, requiring many more layers 
and hence parameters will thus be required. Progress to date has been on 
implementing the vertical roughness constraints and parallelisation of the 
code to allow it to be run on a distributed architecture computer so that the 
larger inversion is possible.  

 

References:  

Brodie, R. and Sambridge, M., 2004, Holistically calibrating, processing and inverting 
frequency-domain AEM surveys: 17th Geophysical Conference and Exhibition, ASEG, 
Extended Abstracts.  
 
Brodie, R. and Sambridge, M., 2005, A holistic approach to inversion of frequency-domain 
airborne EM data: submitted to Geophysics. 



Terrawulf cluster computer 

Various 

This year the Terrawulf computational Facility has been used for a range of 
new projects covering the fields of Seismic surface wave imaging, Probabilistic 
inverse Theory, Computational Earth Materials, Geodesy, Earthquake location, 
and Elastic wave propagation. Projects established in 2004 have continued in 
a number of areas, with most usage taken up by applications in Sea level 
inversion for Coral Reef age and heights, and inverse problems in 
geopmorphology. These projects have involved staff across the School with 
three of the four areas, as well as collaborators nationally (e.g. Geoscience 
Australia) and overseas (e.g. Universities of Rennes and Grenoble in France) 
as well as Dalhousie University in Canada). Below are a selection of 
highlighted projects.  

 

Airborne frequency domain inversion 
R. Brodie 

The Terrawulf facility has been employed for conventional sample-by-sample 
1-D inversion of airborne frequency-domain electromagnetic data carried out 
as part of the Calibration and Inversion of Airborne Geophysical Data project. 
It has also been utilised in testing the feasibility of parallel computation in the 
"holistic inversion" of airborne electromagnetic data to allow the inversions 
with a greater number of unknowns since the method is currently limited by 
memory as a standalone application. To date this work has shown that the 
forward modelling part of the holistic inversion scalea almost linearly on the 
Terrawulf, while solving of the linear system scales at around 25% efficiency 
for up to the use of 16 processors.  

 

Surface wave imaging 
K. Visser and B. Kennett 

In recent years much work has been done using fundamental surface waves 
to image the earth. The tomographic models resulting from fundamental 
mode surface waves, however, suffer from a limited depth resolution. 
Improving the depth resolution can be done using higher mode surface 
waves. However, they are very difficult to measure because they overlap in 
the time domain as well as in the frequency domain with the fundamental 
mode. Yoshizawa and Kennett developed a new technique for multimode 
dispersion measurements using a fully non-linear waveform inversion for path 
specific 1-D profiles. This method is in principle able to measure both the 
fundamental as well as the higher modes with even coverage. It further 
provides much needed uncertainties from the measurements. We adapted the 

http://rses.anu.edu.au/cadi/ar/ar05/cadi5.html
http://rses.anu.edu.au/cadi/ar/ar05/cadi5.html


method of Yoshizawa and Kennett to be able to run it automatically on all 
available seismograms in international databases (Oxford, IRIS). The process 
needs ten minutes per seismogram, which made it interesting to work with 
the terrawulf cluster. We use the terrawulf cluster to run the process on, up 
to 107, seismograms simultaneously. This significantly improves the 
calculation time needed for the millions of seismograms available.  

 

Earthquake relocations in the Tonga-Kermadec 
T. Nicholson, M. Savage, M. Sambridge 

We are relocating all the earthquakes in the global EHB catalogue within the 
Tonga/Kermadec region using the Empirical Travel Time (ETT) approach of 
Nicholson et al. (2004), for estimating 3-D travel times. This is pilot project 
for a much larger study to relocate all the events in the EHB catalogue. The 
intention is to produce a high quality global data set for seismic tomography 
and other uses.  

 

Coda wave interferometry 
D. Robinson and M. Sambridge 

Coda wave interferometry (CWI) is a new technique that can be used to 
constrain the distance between nearby events from comparions of the coda 
waves they generate. The limitations of CWI are not yet fully understood. In 
this project the Terrawulf was used to perform numerical experiments for 
understanding the limitations of CWI. Experiments made use of a recently 
developed 3D elastic wave propagation code which exploited the parallel 
computing capability of the Terrawulf.  

 

Geodetic Analyses 
P. Tregoning 

In 2005, the Terrawulf facility was used for the first time for the analysis of 
Global Positioning System (GPS) data. Using the GAMIT software and the full 
suite of nodes, it was possible to process 5 years of global data (up to 150 
sites per day) in around 40 hours. The same analysis on conventional desktop 
systems would have taken several months to complete. This enormous 
increase in processing speed made it possible to conduct tests of many new 
models within the overall GPS analysis, tests that were simply unfeasible 
otherwise. Comparisons were made of four different mapping functions for 
modelling the propagation delay of the transmitted signals by the troposphere 
(Boehm et al, 2005a, 2005b), the effect on GPS analysis of implementing a 
more accurate model for the deformation caused by the solid Earth tide 



(Watson et al., 2006) as well as extensive testing of models for the periodic 
and non-periodic elastic deformation of the Earth caused by atmospheric 
pressure loading (Tregoning and van Dam, 2005).  

 

Computational Mineral Physics 
A. Walker 
 
Access to large scale computational facilities is an essential prerequisite for 
any project involving computational mineral physics. The terrawulf was 
therefore an important resource for this years foray into ab initio modelling at 
RSES. One major result of the calculations was the elucidation of a novel 
model of water weakening of olivine, as reported elsewhere in this volume 

A second example of the type of calculation enabled by the terrawulf cluster 
was a combinatorial study of the interaction of hydrogen with trivalent 
impurity ions such as iron and aluminium in forsterite. For each element there 
are hundreds of possible configurations with hydrogen bonded to oxygen 
close to a the impurity ion and, for each impurity, the energy of the defect 
must be evaluated. Furthermore, accurate methods using density functional 
theory and requiring days of CPU time per configuration are required to 
extract meaningful results. As the terrawulf's communications backbone is not 
optimised for rapid inter-processor communication large numbers of 
calculations were performed in parallel, rather than performing each individual 
calculation in parallel. Initial analysis of the results suggests that the each ion 
type has a strong preference for one or the other octahedera site in olivine 
and that a hydroxyl group occupys an adjacent vacant octahedera.  
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Coda wave interferometry and constraints on relative earthquake 
locations 

D. Robinson, M. Sambridge and R. Snieder 

Traditional earthquake location techniques involve triangulation of an 
earthquake hypocenter using the arrival time of the first arrival, or some other 
phase at 3 or more stations. It is well documented that single earthquake 
techniques are susceptible to errors in the velocity models (e.g. Lin and 
Shearer, 2005 and Lay and Wallace, 1995). Modern techniques such as the 
double difference method can be used to reduce the error from inaccurate 
velocity models by using pairs of earthquakes to reduce the dependence of 
the location algorithm on travel path. For example, Waldhauser and Ellsworth 
(2000) demonstrate how use of their double difference earthquake location 
algorithm leads to improvements in relative location between events by an 
order of magnitude. At the heart of the double difference algorithm is a 
measure of the time lag between direct arrivals, or known phases using a 
cross correlation. That is; the double difference algorithm does not use the 
entire waveform. A technique that uses the entire seismic waveform will use 
more information and therefore has the potential to improve earthquake 
locations further.  

Snieder and Vrijlandt (2005) demonstrated how coda wave interferometry 
(CWI) can be used to directly estimate source separation between two 
earthquakes with identical source properties using the cross correlation of 
seismic waveforms measured at the same station. These estimates do not 
require detailed knowledge of the velocity model and are hence not 
susceptible to velocity errors. Moreover, the CWI utilises the coda, a 
component of the waveform that is not traditionally exploited.  

This project aims to link CWI with travel time inversion of the body waves to 
provide new constraints on relative earthquake location. Numerical 
experiments are currently being conducted to explore the the limitations of 
CWI. For example, Figure 1 demonstrates results for two synthetically 
generated waveforms in a 3D Gaussian random field. The waveforms were 
generated using the software pmcl3d which was kindly supplied by Kim Olsen 
( pers. comm., 2005). Currently a small bias is observed in the CWI estimates, 
the source of which is not yet understood.  



 

Figure 1: Results of the synthetic tests. The uppermost plot illustrates the 
synthetic waveforms recorded at a pseudo receiver filtered between 1 and 3 Hz. 
Illustrations on the second row depict the similarity of the direct arrivals (left) 
and the differences between coda (right). The third row illustrates the maximum 
of the normalised cross-correlation as a function of window centroid for a sliding 
time window with length depicted by the blue bar in the top plot. The green line of 
the final plot represents the estimated separation as a function of sliding window 
centroids. The blue dashed line represents the known separation between the 
synthetic sources. The results indicate a small bias in the CWI estimate.  
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