
Earth Chemistry Introduction 

The chemistry and isotope chemistry of natural materials is highly indicative of provenance and 
process throughout geological history. Our studies range in time from the earliest solar system 
through to processes that are actively taking place today, and in scope from planetary systems 
to individual molecules.  

Most of our analytical work involves detailed analysis on the microscale, or concentrating trace 
elements from larger samples for high precision analysis. Isotopic systems can reveal both the 
nature of the processes involved (stable isotopes) as well as the timing of events (radiogenic 
isotopes), while chemical abundances can reflect protolith contributions and processes affecting 
various systems including biologic systems. As revealed in this year's research contributions, 
analytical work can be applied to topics in tectonics, ore genesis, metamorphic petrology, 
paleoclimate, paleoecology and regolith dating.  

Geobiology  

A new direction in Earth Chemistry is the study of organic matter and biomarker molecules 
extracted from sedimentary rocks by Dr Jochen Brocks. Biomarkers give information about 
ancient microbial ecosystems and their environments. Earth Chemistry and RSES have 
committed to a new laboratory facility for biomarker research including a new mass 
spectrometer. We were able to secure central support for the construction of a new laboratory 
and construction started on 21 November and will be completed by end-February 2007.  

SHRIMP  

This year has seen systematic improvements in our abilities to measure stable isotope ratios with 
SHRIMP II in negative ion mode. A combination of terrestrial-magnetic-field suppression, mount 
redesign, and suppression of secondary ions induced by the electron gun, had all contributed to 
pulling analytical errors well into the subpermil range. SHRIMP I has had a computer refit, even 
though the 14-year-old Apple Mac II has performed flawlessly, and a stage drive upgrade such 
that stage positions can be computer controlled. This allows unattended computer-controlled 
analyses. SHRIMP SI progresses with the ordering of many of the major components and final 
designs for most assemblies being carried out or completed.  

Personnel  

This year we welcome APF Fellow Dr Ian Buick who has moved from Monash University to 
continue his studies in combinations of metamorphic petrology, conventional light isotope 
geochemistry of carbonates (O-C) and silicate (O) rocks, U-Pb geochronology and mineral-scale 
trace element geochemistry. 
Dr Yuri Amelin of the Canadian Geological Survey, Ottawa , has accepted a position funded by 
the Planetary Science Institute and is expected to arrive in early 2007. Dr Amelin's specialty is 
high precision geochronology, focusing on the earliest chronology of the solar system.  

 

 



ARC and MEC  

This year saw one ARC Discovery awarded to Dr Jochen Brocks for research into saline Lake 
Tyrrell mud. Further in this research, an ANU / U.C. Berkeley / Macquarie University collaboration 
in the Lake Tyrrell Metagenome/Biomarker project was successful with the award of 
US$1,920,911 from NSF to our collaborator Prof Jill Banfield (UC Berkeley) for the genome 
sequencing part of the project. Dr Masahiko Honda and collaborators were successful in 
securing ARC and MEC funding for a multicollector noble gas mass spectrometer, and Dr Jochen 
Brocks received MEC funding for an automated solvent extraction system.  

Research Highlights 

Geochronology and Ti-thermometry of eastern Himalayan granitoids  Amos B. Aikman 
Opening the possibility of more multiple analytical techniques on individual 
zircon grains: case study of U/Pb and (U+Th)/He dating, so called “double-
dating”  

C.M. Allen  

Signatures of extinct nuclides preserved in Earth's oldest (> 3600 Ma) rocks 
shed light on the “dark ages” of early planetary history  Vickie C. Bennett 

Ancient steroids and the evolution of complex life  Jochen J. Brocks 
Ar diffusion in muscovite  Julien Célérier 
Some insights into the SHRIMP U–Pb analysis of xenotime  Andrew Cross 
How chalcophile is Re? An experimental study of the solubility of Re in 
sulphide mattes.  Raúl O. C. Fonseca 

Exploring the potential of allanite as a geochronometer of high-grade crustal 
processes  

Courtney J. Gregory 

Redesign of SHRIMP mounts to minimize geometric effects on isotopic and 
inter-elemental fractionation.  

Joe M. Hiess 

Cosmogenic 21 Ne exposure dating of young basaltic lava flows from the 
Newer Volcanic Province, southwestern Victoria, Australia  

M. Honda 

Electron-Induced Secondary Ion Emission (EISIE): An important consideration 
in the analysis of light isotopes in insulators  Ryan Ickert 

Solar Wind Oxygen in Lunar Metal Grains  Trevor Ireland 
Complex histories of melt inclusions in archean komatiites  Antti Kallio  
Extrasolar Planets and the Dry Brown Dwarf Desert  Charles H. Lineweaver 
What happens to zircon during subduction?  Daniela Rubatto 
Marginal Basin Development in the Svecofennian orogenic province 2.30 to 
1.85 billion years ago  

R.W. Roye Rutland 

The Geology, Geochemistry and Geochronology of the El Abra Mine, Chile, and 
the adjacent Pajonal-El Abra suite of intrusions  

Dianne L. Valente 

Further advances in measuring the oxygen isotopic compositions of granite 
zircon using SHRIMP II  

Ian Williams 

 



Geochronology and Ti-thermometry of eastern Himalayan granitoids 

Amos B. Aikman1, T. Mark Harrison2, Peter Holden1 & Joe Heiss1 
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Granitoids are frequently found in regions that have experienced prolonged crustal 
thickening. This spatial and temporal association places significant requirements on 
models of orogenesis. The distribution and timing of granitoid magmatism bears on the 
thermal budget and locus of tectonic activity within the orogen. Their geochemistry can 
provide insights into the sources and distribution of protolith materials and, in some 
cases, the structural architecture of the orogen. The nature of granitoid formation is such 
that magmas naturally concentrate many trace elements that may be characteristic of 
their source regions and melting processes. These elements are often conveniently 
incorporated into neoformed accessory phases, the age of which may in some cases be 
determined through the use of radioactive decay schemes. This has provided a valuable 
tool with which to understand the evolution of modern and ancient orogenic zones. 

Zircon is a mineral that is particularly valuable in studies of granitoid petrogenesis.  It is 
ubiquitous in granitic rocks and many other crustal rocks. It not only contains sufficient 
quantities of radioactive U and Th to be dated using a variety of analytical techniques, 
but it also hosts important isotopic tracers such as Hf and O.  Furthermore, it is 
characterized by very low diffusivities of most elements such that their concentrations 
and/or isotopic ratios generally retain the characteristics of the zircon's formative 
environment.   

Recent studies have demonstrated the temperature dependency of Ti concentration in the 
zircon lattice (e.g. Watson and Harrison, 2005).  We have developed a protocol for 
measuring Ti content ([Ti]) rapidly with high accuracy and precision, using the SHRIMP 2 
Multi-collector (S2MC).  This method also allows for high spatial resolution such that [Ti] 
measurements may be easily correlated with the results of conventional ion-probe U-Pb 
dating.  This approach allows us to study the distribution of age, crystallization 
temperature, and trace elements (U+Th) within individual zircon grains.   

The results of analyses of zircons from four granitoid sample suites yielded a spectrum of 
crystallization temperatures that are consistent with the processes of magma genesis 
inferred from bulk geochemistry.  Offset temperature peaks in two anatectic samples 
correctly distinguish between vapor-present and vapor-absent melting, and a broad 
distribution skewed to higher temperatures, derived from a plutonic body, matches that 
predicted by fractional crystallization models. 

Positive correlations of both [Th] and Th/U ratio with crystallization temperature were 
observed in data from all sample suites. These are attributed to co-crystallization with 
monazite, effectively starving the melt of Th.  Similarly, core-to-rim transects through 
individual zircon grains, confirm the decreasing Th/U proportional to decreasing age and 



temperature, and increasing degree of fractional crystallization.  Furthermore, these 
factors are also correlated with Cathodoluminescence (CL) zonation.   Analyses conducted 
parallel to CL-zones typically yielded similar ages, temperatures, Th/U and [Th+U].  
However, analyses conducted across CL-zones frequently show large temperature and 
trace element excursions, which are interpreted to reflect thermal and compositional 
instability in the zircon’s growth environment, possibly associated with convection and/or 
magma recharge.  Anomalous areas that appear to cross-cut CL zonation yielded younger 
ages, lower temperatures and lower Th/U.  They are attributed to localized re-
crystallization associated with late/post magmatic fluids.   

 

 

Watson, E.B. and Harrison, T.M. (2005) Zircon thermometer reveals minimum melting conditions on earliest 
earth. Science 308, 841-844. 

 



Opening the possibility of more multiple analytical techniques on 
individual zircon grains:  case study of U/Pb and (U+Th)/He dating, so 

called “double-dating” 
 

C.M. Allen1, I.H. Campbell1, and P.W. Reiners2 
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The ability to U-Pb date zircon grains rough mounted on double-sticky tape opens up 
fields of research based on multiple geochemical analyses of individual grains, especially 
when the rim of the grain is of interest. In the LA-Q-ICP-MS facility, (Excimer laser plus 
Agilent 7500 ICP), we can ablate a small percentage of a grain, date it using the U-Pb 
system, and then have 99% of the grain left for other investigations such as (U+Th)/He 
dating, or Hf-Lu work  (Figure CA-1).   Thus far we have taken advantage of this analytical 
capability by U-Pb and (U-Th)/He dating zircons from active river sands from North 
America and from the Himalaya (Reiners et al., 2005; Campbell et al., 2005).  Using this 
“double-dating method”, we can date when a zircon crystallized, and when it last cooled 
through 200oC, i.e. approached within a few kilometres of the Earth’s surface.  This 
research has been on going for 4 years and we now have a substantial data set for North 
America.  In this work about 20% of the U-Pb dated grains (~1100 for 6 river samples) 
are selected for (U+Th)/He dating.  The selected grains have simple age and compositional 
structure.  
 
This work, in part, has been to prove assumptions made in the first “double-dating” paper 
(Rahl et al., 2003) that double-dating can be used as a much more accurate provenance 
tool than either dating method individually.  For instance, a Mississippi River zircon dated 
at 1100 Ma using U-Pb could have several potential sources:  the Cordillera, the mid-
continent rift, or the Grenville Province of Canada and the northeastern U.S.  Grenville 
bedrock currently being eroded can be expected to have (U+Th)/He ages of about 1000-
800 Ma based on region Ar-Ar work.  Grains exposed in the Appalachian Mountains 
should have Appalachian orogenic ages, from about 430 to 220 Ma, if Triassic thermal 
disturbances are included in this grouping.  Cordilleran rocks have 200 Ma and younger 
(U+Th)/He ages.  What double dating signature the mid-continent rift would express is 
unknown.  In a lower Mississippi River sand two distinct groupings of grains with U-Pb 
ages ranging from 1000-1200 Ma are encountered in the total age range of 3450 to 30 
Ma:  1) (U+Th)/He ages of 1040 to 850 Ma, and 2) (U+Th)/He ages of 440 to 220 Ma.  
Although these zircons are indistinguishable from the traditional U/Pb dating method, 
clearly they have distinct sources, probably freshly eroded Grenville bedrock in the first 
case, and Appalachian sources (sediments uplifted during orogenic events, and now 
recycled into the modern river system) in the second.   With such tools estimates of the 
amount of zircon recycling in modern sediments can be made. 
 



 
 

Figure 1.  Whole zircon from Kentucky River sand with laser ablation pit. 
 

Reiners, P.W., Campbell, I.H., Nicolescu, S., Allen, C.M., Hourigan, J.K., Garver, J.I., Mattinson, J.M., and 
Cowan, D.S., (U-Th)/(He-Pb) double dating of detrital zircons, American Journal of Science, 305, 
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Signatures of extinct nuclides preserved in Earth’s oldest (> 3600 Ma) 
rocks shed light on the “dark ages” of early planetary history 

Vickie C. Bennett1, Alan D. Brandon2 and Allen P. Nutman3 
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Revealing the mechanisms and timescales of planetary formation, including that of Earth 
is a major quest of 21st century science. Owing to vigorous tectonic processing the 
earliest history of the Earth, during the 600 myr “dark ages” between the start of 
planetary accretion at about 4.567 as dated by primitive meteorites and the beginning of 
the rock record at about 4.0 Ga is poorly understood.  Yet, it is during this time period 
that the major chemical domains of the Earth formed, including the metallic core and 
silicate mantle, the growth of the first continents and the development of the oceans and 
atmosphere.  
Here we are applying novel radiogenic isotopic approaches, the tracking of the signatures 
of “extinct” nuclides as preserved in the oldest rocks, to provide new types of information 
on Earth’s early history.  Extinct nuclides are radioactive isotopes with short half-lives, on 
the order of 1myr to 100 myr years, that were present at the time of solar system 
formation, but have now completely decayed into their daughter elements.   Thus 
variations in the isotopic compositions of the daughter products of short half-life 
parents, if they can be found in the rock record, must record chemical events that 
occurred early in Earth’s history while the parent isotopes were still “alive”.  Whilst various 
short half-life isotopic systems have applied to the study of meteorites, which formed and 
were chemical differentiated within a few 10’s of millions of years of solar system history, 
it has proved much more difficult to use this approach on Earth. A system with potential 
for early Earth studies is the decay of 146Sm-142Nd (half-life = 103 myr).  
 
As part of our on-going studies of early Earth history we have undertaken high precision 
142Nd isotopic measurements of samples of the two most extensive early Archaean 
terranes, the Itsaq complex, southwest Greenland and the Narryer gneiss complex, 
western Australia. Itsaq complex samples range in age from 3.63-3.87 Ga and include 
both felsic and mafic lithologies.  The 3.73 Ga gneisses from the Narryer gneiss complex 
are the oldest rocks in the Yilgarn craton. The Itsaq samples have 142Nd/144Nd compositions 
that are 8-17 ppm higher than modern terrestrial compositions (Fig. 1); five of the oldest 
(ca. 3.85 Ga) gneisses yield similar values of +15ppm.  The new results confirm (Bennett et 
al, 2006) and extend the high precision (< +/-5 ppm) data of Caro et al. (2006) and 
further document the existence of terrestrial 142Nd variations arising from the decay of 
now extinct 146Sm. The 3.73 Ga gneisses from the Narryer gneisses complex overlap in age 
with the Itsaq samples, but have distinctly lower 142Nd/144Nd compositions of ca. +4 ppm. 
The relative isotopic differences preserved in contemporaneous samples from two widely 
separated terranes points to the existence of early formed, chemically diverse mantle 
sources at 3.7 Ga.   The Narryer gneisses either formed from a mantle source with a lower 



average Sm/Nd than the Itsaq source, or the Narryer mantle was partially remixed with a 
more LREE enriched source prior to 3.7 Ga, but after 146Sm was largely decayed. The Sm-
Nd system also contains the commonly used long half-life isotopic scheme of 147Sm 
decaying to 143Nd (106 byr half-life). Using the information from the coupled long and 
very short half-life Sm-Nd systems in the same rocks provides additional age controls. The 
combined 143Nd- 142Nd data from the oldest (ca. 3.85 Ga) measured terrestrial samples 
require formation of differentiated silicate reservoirs in the first 60 myr of Earth history, 
that is shortly after core formation and points to very rapid timescales for the formation 
and chemical differentiation of terrestrial planets including Earth. 
  

 
Figure 1. High precision 142Nd isotopic compositions expressed as parts per million 
deviations from modern terrestrial samples. The crystallization ages in Ga (billions of 
years) are indicated on the right axis. Early Archaean samples from West Greenland show 
anomalous isotopic compositions; contemporaneous Narryer gneisses have smaller 
isotopic effects pointing to an early formed, but chemically heterogeneous mantle 
source.  Error bars indicate  +/- 3ppm measurement precision. 
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3.6- 3.87 Ga Rock Suites Document Incomplete Mixing of Early Mantle, Eos Trans. 
AGU, 87(52), Fall Meet. Suppl., V22CC-06. 
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Ancient steroids and the evolution of complex life  

Jochen J. Brocks 

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  

Charles Darwin cited the apparent absence of fossils from rocks of Precambrian age (now 
dated at >0.542 billion years, Ga) as a valid argument against his concepts on the origin 
of species. One hundred years after Darwin, these concerns were resolved and petrified 
remains of prokaryotes (bacteria and archaea) were detected in all periods that preceded 
the Cambrian, dating as far back as 3.5 Ga. The oldest fossils of eukaryotes, the group of 
nucleated organisms that includes all animals, fungi, protists and plants, date back to at 
least 1.5 Ga. However, eukaryotic diversity and abundance remained low well into the 
Neoproterozoic (1.0 – 0.542 Ga) and the evolutionary pace to new eukaryotic forms and 
shapes remained more than ten times slower than in the following Phanerozoic. The first 
convincing evidence for animals, at this stage still mere clusters of cells, was detected in 
Chinese phosphorites, 600 Ma old. However, early eukaryotes were microscopic and 
generally lacked skeletons that are easily preserved. How do we know that the scarcity, 
low complexity and slow evolution of eukaryotes in the Precambrian are not an artefact 
of fossil preservation?  

Biomarkers, or molecular fossils, provide an independent record of life in the Precambrian 
that can be used to test our understanding of early eukaryote evolution. Biomarkers are 
the hydrocarbon fossils of biological molecules such as lipids. A variety of steroid lipids 
are exclusively found in the cell membranes of eukaryotes, and the fossils of these 
steroids can be preserved in sedimentary rocks that are hundreds of millions of years old. 
Unfortunately, the study of minute traces of genuine Precambrian steroids is extremely 
difficult because of ubiquitous contamination with biomarkers from younger sources. As 
a consequence, published distributions of steroids in Precambrian rocks look curiously 
similar to steroids found in the Phanerozoic. To see a genuine Precambrian biomarker 
distribution, we devised a new technique (microsonication) that distinguishes between 
traces of Precambrian steroids and younger additions. Using the new technology, we 
discovered a distribution of eukaryotic biomarkers in 1.6 to 0.6 Ga old rocks from 
Australia, North America and China that are distinct from anything observed later in 
Earth history. The oldest steroids that we found are biosynthetically simple and could 
reflect evolutionary precursors to modern membrane lipids. The new results show that 
steroids remain generally rare throughout most of the Precambrian and the full range of 
known structures only becomes prevalent after 0.7 Ga ago. The simplicity and scarcity of 
steroids appears to be analogous to the rarity of eukaryotic body fossils in the 
Precambrian and suggests that the unusual microfossil distribution uncovered by 
Palaeontologists reflects ecological reality and is not simply preservational artifact. 



 

 
 

Figure 1.  An extant eukaryote growing on 1.65 Ga old braided river deposits of the Kombolgie Formation 
at Bardedjilidji in Kakadu National Park, Northern Territory, Australia. The early ancestors of this tree 
already existed when the rocks were deposited, but biomarker evidence from contemporaneous sea 
sediments suggests that they were still rare and probably ecologically unimportant. 
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Ar diffusion in muscovite 

Julien Célérier1, T.M Harrison1,2, Jöerg Hermann1, Amos Aikman1 

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  
1 Department of Earth and Space Sciences & IGPP,UCLA, Los Angeles, CA 90095, USA  

 
Muscovite is one of the most utilised minerals in 40Ar/39Ar geochronology and 
thermochronology.  Despite its importance, no experimental study of the diffusion 
behavior of Ar in muscovite – key to assigning closure temperature – has yet been 
published. This is largely attributable to the narrow experimental range between 
temperatures high enough to effect measureable (>5%) diffusive loss whilst not 
exceeding the phase stability field. Instead, the thermochronological community has 
tended to adopt a nominal value for closure temperature (e.g. Hodges, 1991) based on 
empirical calibrations. In the past year of research I have been able to produce 
preliminary results from diffusion experiments which have enabled determination of 
Arrhenius parameters for Ar diffusion in muscovite; activation energy (E) ≈ 60 kcal/mol 
and a frequency factor (D0) ≈ 10 cm2/s [similar to that of phlogopite; Giletti (1974)]. These 
values correspond to a closure temperature (Tc) of 370°C for a grain with a 100 µm radius 
cooling at 10°C Ma-1. 
 
As starting material, we use a large muscovite crystal from a pegmatite in the Harts 
Range, Central Australia. This sample has been analysed by the 40Ar/39Ar step-heating 
method revealing a uniform release pattern over >90% of the gas release (Fig. 1).  We 
thus infer that it has been closed to loss of 40Ar since 325.8±2.5 Ma. Size fractions of the 
starting material of 38-45 µm were loaded in gold capsules together with AlOH3 to buffer 
Al2O3 and H2O activity during the experiments. The capsules were run in a piston cylinder 
apparatus for 1-6 weeks at temperatures ranging from 660°C to 730°C at 10 kbar 
pressure, ensuring that run conditions were well within the phase stability of muscovite.  
Treated samples were subsequently analysed by the 40Ar/39Ar method to determine f 
(fractional loss), in turn allowing calculation of D (diffusion coefficient). 
 
Examination of experimental run products by transmitted light microscopy revealed that 
under hydrothermal run conditions, muscovite grains are undergoing grainsize reduction 
and/or recrystallisation.  This bimodal grainsize distribution is reflected in the age spectra 
of the hydrothermally treated samples, which differ from that expected from outgassing 
of grains with a single diffusion size (blue curve, Figure 2). We have constructed a simple 
model which represents the effects of mixing a bimodal grainsize distribution under 
conditions of diffusive loss. Preliminary results indicate that the observed form of the age 
spectra for the experimental run products may be reproduced by varying 1) the loss 
parameter (Dt/r2), 2) the mass ratio of large to small grainsize domains, and 3) the 
enhanced diffusion parameter resulting from reduced grainsize. Together, these results 
indicate that incorporation of smaller diffusion domains leads to an overestimation of 
fractional loss. Calculations of closure temperature assuming loss from a single domain 
will therefore be underestimtaed.  
 



Take for example the model in Figure 2. Best fit modelling indicates an f substantially 
lower than the bulk loss resulting in a D around an order of magntitude lower than that 
shown in Figure 1 b. This, in turn, results in a Tc about 25°C higher. 
 

 
 
Figure 1. Figure 3. a) 40Ar/39Ar age spectra of the Harts Range pegmatite before and after hydrothermal 
treatment in a piston cylinder apparatus over a range of experimental conditions. b) Arrhenius plot of 
diffusion coefficients calculated from experimental data using an infinite cylinder model, against reciprocal 
absolute temperature. Plot assumes a single diffusion domain size. 
 
 

 
 
Figure 2. Observed and model age spectra for the experimental run products. Blue and green lines indicate 
the form of the age spectra that would be expected for the large and small grainsize domains respectively. 
Red lines indicates the combined age-spectra assuming a mass ratio of 17:1. Note that the model fit could 
be significantly improved through the incorporation of more than two grainsize domains. 

 
 
Gileti B. (1974) Studies in diffusion 1: Argon in phlogopite mica. In: Geochemical transport and kinetics (ed. 

A.W Hoffman, B.J Giletti, H.S Yoder, Jnr & R.A Yund), pp 107-115. Carnegie Inst. Of Wash. Publ. 634. 
 
Hodges K.V. (1991) Pressure-temperature-time paths. Ann. Rev. Earth Planet Sci 19, 207-236. 
 



Some insights into the SHRIMP U–Pb analysis of xenotime 
 

Andrew Cross and Ian Williams 
 

Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200 

Introduction 

Recent years have seen the mineral xenotime (YPO4) proven as a valuable chronometer of 
mineralisation, metamorphism and sediment diagensis. In these settings, xenotime is 
usually found as small (<20 μm) overgrowths and single grains, their small size restricting 
U–Pb isotopic studies to SIMS techniques. Xenotime preferentially incorporates the HREE 
(mainly Gd, Dy, Er Yb) and also U, Th, Ca and Si into its structure. HREE contents typically 
range between ~15 and 25 wt % while U and Th can range up to ~7 wt %. Chemical 
contrasts between standard and unknown (especially in U) can result in SHRIMP U–Pb 
ages that are elevated by >20%. Correcting for this is a major challenge. Fletcher et al. 
(2000) recognised a correlation between increasing U contents and SHRIMP U–Pb ages 
and proposed a method of U abundance scaling to correct for this effect. More recently 
Fletcher et al. (2004) proposed matrix correction factors that consider the role of U, Th 
and REE in xenotime SHRIMP U–Pb analysis. 

Present study 

As a prelude to a number of proposed xenotime SHRIMP U–Pb studies, a series of 
experiments were carried out to determine optimal analytical conditions. The three 
xenotime standards used in these investigations (MG1, BS1 and Xeno1) vary in age and 
also have contrasting U, Th and REE contents. Initial experiments trialed energy filtering 
as a technique to eliminate the U–Pb matrix effects. This was tested as energy filtering 
increases the proportion of high energy ions collected, which Shimizu (1978) and Shimizu 
and Hart (1982) have shown to be less chemically fractionated relative to the low energy 
ion population. Although effective in reducing scattered ions observed at the 204Pb and 
background mass stations, energy filtering failed to reduce the U–Pb matrix effects. 
Experiments show that YbO/Y2O ratios within a high U sample monitor the U–Pb 
fractionation. However, this effect is not consistent between samples and therefore 
cannot be used as a correction technique. 

Xenotime U–Pb matrix correction protocols adopted for future experiments are similar to 
those used by Fletcher et al. (2004) and necessarily involve electron microprobe chemical 
determinations for U, Th and ΣREE for each spot prior to SHRIMP analysis. Corrected Pb/U 
ages are referenced to the primary standard MG1 which is used for the Pb/U–UO/U 
discrimination correction. BS1 and Xeno1 are used as secondary standards which monitor 
the effect of U, Th and REE on the raw Pb/U ratios. Matrix corrections are then derived 
from the chemical composition of each spot and the level of U–Pb fractionation relative 
to its reference age, via a simple least squares method. Interestingly, xenotime U–Pb 
matrix correction factors for U, Th and ΣREE can differ from session to session and 



indicate that correction factors are sensitive to machine operational conditions, in 
particular the strength of the primary beam and therefore the resulting secondary ion 
transmission. For example, the matrix effect for U (expressed as the % U–Pb ratio change 
for a relative abundance difference of 1 %) was ~13 % when using an O-

2 primary beam 
of ~2 nA and kohler aperture of 70 μm on SHRIMP II. In contrast to this, a session using 
SHRIMP RG employing an O- primary beam of ~0.9 nA and kohler aperture of 30 μm 
resulted in a matrix correction for U of ~10 %. Both of these results are quite different to 
those of Fletcher et al. (2004), who obtained a correction for U of ~7 % using different 
operating conditions. The matrix correction factors for U, Th and ΣREE for the above 
sessions indicate that the percentage effect that U has on the U–Pb ratios, increases with 
increasing secondary ion transmission. These results also indicate that the reproduceabilty 
of xenotime matrix correction factors for U, Th and ΣREE may need to be monitored on a 
session-by-session basis.  

Fletcher, I.R., McNaughton, N.J., Aleinikoff, J.A., Rasmussen, B. and Kamo, S.L. (2004). Improved calibration 
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microprobe. Chem. Geol.  209, 295–314. 
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xenotime and its potential for dating sedimentary basins. Aust. J. Earth Sci. 47, 845–859. 
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How chalcophile is Re? An experimental study of the solubility of Re in 
sulphide mattes. 

Raúl O. C. Fonseca1, Guilherme Mallmann1, Hugh St. C. O’Neill1 and Ian H. Campbell1 

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  
 

Although the Re/Os isotopic system has proved to be a valuable aid in understanding the 
evolution of the Earth's mantle, interpretation of the data is currently hindered by limited 
knowledge of the high-temperature geochemical behaviour of Re. In particular, the 
extent to which Re in the mantle is hosted by sulphide or silicate phases is poorly known. 
We report the results of an experimental study of the solubility of Re in sulphide melts 
(called here “mattes”) coexisting with a Re-rich Re-Fe alloy in the system Fe-Re-S-O over 
a range of fO2, fS2 and temperatures, which allow extrapolation to conditions pertinent to 
the Earth's mantle. The solubility of Re in mattes increases with increasing fS2, with Re 
dissolving as Re4+ at high fS2 and Re0 at low fS2. The effect of fO2 is negligible except at 
high fO2 where O in the matte becomes important. At constant fS2, an increase in 
temperature leads to an increase in the solubility of Re0 in the matte, but a decrease in 
the solubility of Re4+. These results, coupled with Re solubility in silicate melts from the 
literature, allow the calculation of Re matte/silicate-melt partition coefficients (DRe

matte/sil) 
according to: 
 
Rhenium is shown to behave as a moderately chalcophile element during MORB 
petrogenesis, with DRe

matte/sil ranging between 1 and 50, in agreement with the empirical 
observations of Roy-Barman et al. (1998). For slightly more oxidizing environments, such 
as the Lo'ihi OIBs, Re is predicted to behave as either a weakly lithophile or as a weakly 
chalcophile element, with DRe

matte/sil. This prediction is in agreement with the observed 
correlation between sulphide content, and therefore fS2, and Re concentrations in OIBs 
(Bennet et al., 2000). For more oxidizing environments, such as island-arcs, Re behaves as 
a strongly lithophile element, with an average DRe

matte/sil for IABs of ~10-4, which is 
consistent with the empirical observation of Re enrichment in volcanic glasses from 
undegassed island-arc lavas (Sun et al., 2003a,b, 2004).  



 
 

Figure 1. Estimated average D Re matte/sil as a function of fS2 and fO2, for mid-ocean 
ridge basalts (MORB), Lo'ihi ocean-island basalts (OIBs) and island arc basalts (IABs). 
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Exploring the potential of allanite as a geochronometer of high-grade 
crustal processes  

Courtney J. Gregory1 

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 

The focus of this study has been to explore whether we can date allanite successfully in 
situ using laser ablation ICP-MS techniques together with SHRIMP ion microprobe 
procedures. The accuracy of the calibration procedures has been demonstrated by 
analysing Phanerozoic allanite samples, previously dated by ID-TIMS, with different FeO, 
REE and Th contents. For U-Th-Pb analysis by LA-ICP-MS multigrain Th-Pb isochrons can 
be constructed with a precision of 1.5-2.5% (95% C.L.) at a resolution of 
32µm×32µm×20µm. Accurate (±1-3%) and precise (1-2%, 95% C.L.), SHRIMP Th-Pb ages 
are achieved for allanite samples with REE+Th > 0.5 apfu, without additional matrix 
corrections. 
 
The utility of the technique is now being explored through the analysis of samples from a 
range of geological environments. These include low-grade regional metamorphic rocks 
(central Lepontine Alps), subducted high-pressure metamorphic rocks (Lanzo massif, W. 
Alps), calc-alkaline plutons (Bergell, W. Alps; Tara, NSW), and amphibolite-grade 
migmatitic rocks (Petermann Ranges, C. Australia; central Lepontine Alps). Together with 
high-contrast imaging (BSE), trace element chemistry has been used to investigate the 
chemical response of allanite to different paragenesis in order to better interpret U-Th-Pb 
ages.  
 
In situ study has revealed multiple ages and preservation of chemical signatures within 
single allanite-epidote crystals from migmatitic gneisses of the central Lepontine Alps 
(BSE image opposite, scale 200µm). The rocks experienced an episodic but extended 
period of partial melting of  ~10 Ma at temperatures ~700°C. This has implications for 
the resistance of the allanite U-Th-Pb isotopic system with regard to radiogenic Pb 
retentivity. 
 

 
 



 
Redesign of SHRIMP mounts to minimize geometric effects on isotopic 

and inter-elemental fractionation.  
 

Joe M. Hiess1, Ian S. Williams1 and Peter Holden1  
 

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  
 
Development of procedures for the analysis of oxygen isotopes on SHRIMP II at the ANU 
has been hindered by variable isotopic fractionation related to the geometry of 
conventional sample mounts. Temora zircons mounted as a 2 mm-spaced grid have 
revealed a >10‰ range in 18O/16O fractionation across the mount surface. Such spot-to-
spot differences are unacceptable for accurate and precise analysis of insulators. The same 
grid has been used to map correlations in geometric effects on Pb/UO2, U/UO2 and QT1Y 
which can be used to improve corrections for inter-element fractionation. 
 
Possible causes of these fractionations include topography at the metal edge of the 
mount holder, and the transition from epoxy to metal at that edge. Two new mounts 
were designed to test these hypotheses. An epoxy mount was recessed into a modified 
conventional mount holder to remove topographic edge effects but retain the epoxy-
metal transition. 18O/16O fractionation was reduced (range ~5‰) and more systematic, but 
not eliminated, with progressively heavier compositions towards the edges of the mount. 
 
A new “Mega mount” design was also tested to remove both effects. This design involved 
an epoxy disc 35 mm diameter screwed onto the face of the mount holder (Fig 1), 
increasing the area of the equi-potential surface and eliminating the epoxy-metal 
transition. Both standard insulating epoxy and conductive epoxy were tested. 
Conductive epoxy guaranteed conductivity, but at the expense of transmitted light 
imaging. It consisted of 1 part epoxy resin : 0.5 parts spectroscopic carbon powder : 0.12 
parts epoxy hardener. Conductive epoxy proved unnecessary, however, provided that 
conductive adhesive tape was used to link the gold coat on the analytical face to the 
mount holder. Substantial improvements in the uniformity of U-Pb and 18O/16O 
fractionation across the mount surface have been obtained during initial testing, the 
range in 18O/16O fractionation approaching the detection limits of the experiment (± 
0.5‰). 

 
 

Figure 1.  New Mega mounts assembled with both insulating and conductive epoxy. 



Cosmogenic 21Ne exposure dating of young basaltic lava flows from the 
Newer Volcanic Province, southwestern Victoria, Australia 
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Cosmogenic 21Ne was utilised to determine exposure ages of young subaerial basaltic lava 
flows from the Newer Volcanic Province, southwestern Victoria, Australia. Within 
uncertainties, the ages (40 – 44 ka) determined from cosmogenic 21Ne analyses in olivines 
separated from basalts were consistent with extrusion ages previously determined by 
cosmogenic 36Cl exposure dating. In contrast to neon, cosmogenic 3He exposure ages 
appear to be hindered by coexisting mantle 3He in some of the samples in the present 
study. This paper clearly illustrates the potential utility of cosmogenic neon exposure ages 
in studying the eruption and surface morphology history of young volcanics, which are 
difficult to date using other conventional methods, such as K-Ar dating. 

 

 
 

 
 

 
 



Electron-Induced Secondary Ion Emission (EISIE): An important 
consideration in the analysis of light isotopes in insulators 

Ryan Ickert, Ian Williams, Joe Hiess 

 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  
 
Measurement of light stable isotopes on the SHRIMP is accomplished by sputtering a 
sample with a positive primary ion beam, Cs+, and extracting negatively charged 
secondary ions.  During the analysis of electrically insulating materials, this configuration 
causes a charge build up on the sample surface and results in a reduction in the number 
of extracted secondary ions.  Delivering electrons to the analysed insulator by an electron 
gun alleviates this problem.  An unpleasant side effect of the use of an electron gun for 
charge neutralization is that the electrons alone (i.e., with the primary beam turned off) 
can produce measurable quantities of secondary ions which are both variable in 
abundance and have strongly fractionated isotopic ratios relative to the directly sputtered 
secondary ions.  We report preliminary experiments, using 16O and 18O in zircon, designed 
to characterize and neutralize the electron-induced secondary ion emission (EISIE), and to 
characterize the electron gun itself and determine it’s optimum operating conditions. 
 
The experiments were conducted on the ANU SHRIMP II multicollector, equipped with a 
Kimball Physics ELG-5 electron gun mounted off the extraction lens housing and floated 
at primary column potential. It provides a focused electron beam directed at the target at 
an incidence angle of 45˚. The electron energy can be adjusted over the range 0 to -3 kV, 
i.e. +0.75 to -2.25 kV relative to the target potential.  All analyses were conducted on the 
modified grain mount design described by Heiss et al. (this volume) in conventional epoxy 
with a ~8 nm thick Au coat.  Oxygen isotope measurements were made on both the 
TEMORA II standard zircon and zircon from the S-type 432 Ma Wantabadgery Pluton near 
Wagga Wagga, NSW. 
 
Both the strength and time-dependant characteristics of the EISIE are dependant on a 
number of factors, including electron focus and energy, Cs+ current and flux, and 
particularly proximity to previously analyzed areas.  EISIE occurs when electrons are 
directed at or near an analytical pit that either has been, or is being sputtered with Cs+.  
Material on a grain mount well away from a sputtered area does not exhibit EISIE.  During 
the course of an analysis (of a pit well away from previously sputtered areas), the 
electron-induced contribution to the total secondary beam increases exponentially, 
although for long duration analyses the increase may abruptly shift to a linear form.  The 
electron-induced secondary ions have a much lower average energy than ions directly 
sputtered by Cs+, and they are also isotopically much lighter, having an apparent 18O/16O 
over 150‰ lower than the Cs+ sputtered oxygen ions.   
 
These electron-induced secondary ions are a significant obstacle to making reproducible 
measurements of oxygen isotopes in insulators.  For a typical 15-20 minute analysis, the 
effect is negligible at the beginning of the analysis, but can account for 1-2% of the total 



secondary ions by the end of an analysis.  Because the isotopic composition of the EISIE is 
highly fractionated it can reduce the measured δ18O of a sample by 3‰. 
 
Current work focuses on minimization or elimination of EISIE, and developing reliable 
corrections for when it is present.  Simple peak-stripping procedures are used to correct 
for the electron-induced ions, and can result in a within-spot precision of <0.3‰ (1SE, 
n=25) relative to VSMOW for a 0.1 nA total secondary ion beam.  Additionally, electron 
energies are kept as low as possible in order to minimize the effect. Future work will 
include the exploration of energy filtering to exploit the extremely low relative energy of 
the electron-induced ions. 
 
In experiments to determine the behaviour of the electron gun, it was found that the 
efficiency of charge compensation (as measured by the total secondary ion current) is 
consistent over a wide range of high electron energies but drops rapidly to zero over a 
narrow range of low electron energies.  In addition, it was confirmed that the electron 
gun settings (i.e., focus and deflection) that provide the strongest secondary beam also 
focused the beam at the sputtering pit and not somewhere else on the mount. 
 

 



Solar Wind Oxygen in Lunar Metal Grains 

Trevor Ireland, Peter Holden, and Marc Norman 

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 

We have extended our studies on solar wind implanted oxygen in lunar soils.  Previously 
we reported analyses of metal grains from lunar soil 10084 from the Apollo 11 landing 
site.  Two grains have oxygen concentration profiles consistent with solar wind 
implantation.  The oxygen concentration quickly decays over 10-20 nm and then 
stabilizes at a few wt % and decays slowly for a few hundred nanometers.  The oxygen 
isotopic composition is enriched in the heavy isotopes of oxygen, 17O and 18O, by 5% 
relative to terrestrial oxygen.  We have analyzed metal spherules from two further soils 
61141 and 78481 from Apollo 16 and 17 respectively.  The Apollo 17 soil has metal 
spherules that appear tarnished suggesting a surface oxidized layer. The oxygen signal is 
consistent with this interpretation with high and stable oxygen count rates, and the 
isotopic composition of the oxygen is normal.  Some of the Apollo 16 spherules appear 
fresh and have low surface contributions of oxygen.  However, the oxygen concentration 
falls monotonically with no suggestion of an implanted component.  The oxygen isotope 
composition remains normal throughout the analysis.  These new results do not provide 
us with another instance of solar wind oxygen, but they do provide additional 
information on the nature of exposure of lunar soils to solar wind.  The gardening of 
lunar soil appears to be a stochastic process with variable exposure time to solar wind and 
variable oxidation of metal surfaces.  The Apollo 16 spherules are particularly important 
because either they have never been exposed to solar wind, or the solar wind oxygen has 
diffused from them.  At the temperatures expected for solar wind implantation O 
diffusion may be quite rapid and the oxygen lost on timescales of weeks to months. 

A solar composition enriched in 17O and 18O is inconsistent with previous proposals 
suggesting either oxygen similar to terrestrial, or a composition enriched in 16O by 5% as 
found in refractory inclusions and some chondrules.  It possibly reflects distinct gaseous 
(predominantly CO) and dust (predominantly silicate) O isotopic compositions, and the 
domination of the dust component alone in the planetary system. 

  



Complex histories of melt inclusions in archean komatiites 

Antti Kallio 

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  

Silicate melt inclusions in komatiites are important for our understanding of archean 
volcanism and mantle processes. Current studies on the oldest (3.3 Ga) available olivine-
hosted melt inclusions from the Barberton Greenstone Belt, South Africa, have uncovered 
unexpected complexities in trying to decide what inclusions are preserving pristine melt 
compositions. Inclusions from Barberton have various degrees of crystallinity and variable 
shapes and are difficult to understand petrographically. Visual heating experiments 
together with proper modelling of major element chemistry of inclusions and host 
olivines and analysis of Cl and S in inclusions are proving to be essential to see the 
preservation of primary features. Studies from other greenstone belts (Belingwe, Abitibi) 
highlight the problem that every sample behaves differently, so the details of every 
sample with melt inclusions have to be worked out separately. If uncompromised 
magmatic trends are identified, data for water and trace elements can be combined to 
form the beginning of a database on primary komatiitic melt compositions.  

 

 

Extrasolar Planets and the Dry Brown Dwarf Desert 
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Sun-like stars have stellar, brown dwarf and planetary companions.  Relatively few brown 
dwarfs (compared to the number of planets and stellar companions) have been found in 
close orbits around sun-like stars.  Why this should be so is unknown.  With PhD student 
Grether, Lineweaver compiled, analysed and interpreted the world’s data on exoplanet, 
brown dwarf and stellar companions.  Our analysis i) confirmed that the brown dwarf 
desert was not a selection effect and ii) located the position of the driest part of the 
brown dwarf desert (the mass at which the fewest number of companions exist) at M = 
31 +25

-18 M_Jupiter.   We found that approximately 16% of Sun-like stars have close 
companions more massive than Jupiter: 11%  +/- 3% are stellar, <1% are brown dwarf 
and 5% +/- 2% are giant planets.  Our results are published in the paper,  
 
Grether, D., Lineweaver, C.H. (2006) How Dry is the Brown Dwarf Desert?: Quantifying the 

Relative Number of Planets, Brown Dwarfs and  Stellar Companions around 
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What happens to zircon during subduction?  

Daniela Rubatto1, Jörg Hermann1  
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Rocks that underwent high-pressure metamorphism and are now exhumed to the surface 
are the main geological record of subduction, the process by which continents are buried 
to depth by plate tectonic and mantle convection. The only way to constrain rates and 
duration of this process is to date accessory minerals in high-pressure rocks. An important 
step in this process is to understand what happens to datable minerals, like zircon, during 
high-pressure metamorphism. Metamorphic zircon that forms during subduction-
exhumation is texturally distinctive. Two main features are observed: partial or complete 
replacement of a zircon crystal by a zircon of different composition (also called 
recrystallization) and new growth of zircon, often on a relict (inherited) grain. Generally 
replacement is common in sub-solidus conditions, whereas new growth is virtually 
ubiquitous when melt is present. The figure illustrates increasing degrees of structural 
modification of zircon in response to HP metamorphism. Zircon in equilibrated eclogite-
facies rocks may be unaffected by metamorphism and represent the only magmatic relict 
in the mineral assemblage. The preservation of older zircon grains (inheritance) is the rule, 
particularly in HP rocks that experienced relatively low temperatures (<650°C). 
Metamorphic zircon first occurs along fractures, and likely formed in the presence of 
fluids (A). Commonly, inherited magmatic crystals have irregular domains where the 
original zoning is replaced by chaotic, patchy zircon (B and E). The altered zircon is often 
porous, rich in micro-inclusions, shows signs of corrosion (C), and is isotopically disturbed, 
i.e. ages measured in altered zones are geologically meaningless. An insight into zircon 
recrystallization is provided in D: a magmatic zircon has been replaced by an aggregate of 
small zircon crystals, intergrown with HP minerals. Common features in subducted rocks 
are discrete zircon rims or domains. These rims form on inherited magmatic (E) or detrital 
cores (F) and often provide reliable ages for the metamorphism. Occasionally, completely 
new zircon grains are found in HP metamorphic veins. This requires dissolution of Zr from 
other sources (most likely magmatic zircon in the country rock) and very high fluid/rock 
ratios. These hydrothermal zircon crystals lack inheritance, are euhedral and polygonally 
zoned, and may contain inclusions of HP minerals (G). In subducted rocks that reached 
partial melting  (T > 650°C), inherited zircon can be completely lost to new metamorphic 
zircon (H and I), which tends to be euhedral and to exhibit regular zoning. Recent detailed 
studies reveal that zircon in HP rocks in fact forms over a wide range of conditions from 
subduction to exhumation. This is why zircon often preserves multiple growth zones 
formed at different stages of metamorphism (E, H and I).  



 

Figure 1. Internal structure of zircon crystals from subducted rocks. Sources are own work and Tomasheck 
et al. 2003.   
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Syros, Cyclades, Greece - recrystallization and mobilisation of zircon during high 
pressure metamorphism. Journal of Petrology 44:1977-2002. 

 
 
 
 

 
 



Marginal Basin Development in the Svecofennian orogenic province 2.30 
to 1.85 billion years ago 

R.W. Roye Rutland1 and Ian S. Williams1 
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We continue to test the evidence for an alternative marginal basin accretion model for 
the development of the main part of the Svecofennian orogenic province in Sweden and 
Finland. From structural and aeromagnetic evidence in several districts we have concluded 
that, contrary to the prevailing arc-accretion model, the main episode of deformation in 
the underlying metamorphic complexes occurred before, not after, the overlying volcanic 
sequences were deposited (Rutland et al., 2001a, b). We have focused on dating this early 
tectonothermal episode and distinguishing it from a younger episode that affected the 
volcanic sequences. Structural field evidence has been used to select samples of 
metasediments (e.g. from the Robertsfors Grp., N. Sweden, Fig. 1) that might preserve 
evidence of the early episode as metamorphic overgrowths on detrital zircons. This 
episode has now been dated at ~1.92–1.91 Ga in the metamorphic complexes on both 
sides of the Gulf of Bothnia, and in the complex south of the Central Finland Granitoid 
Complex. Ages of ~1.94 Ga have also been obtained for granitic rocks that were deformed 
in the early deformation episode. The sedimentary protoliths of all these metamorphic 
complexes were deposited before ~1.94 Ga and detrital zircons indicate derivation from 
2.10–1.98 Ga sources (Rutland et al., 2004; Skiöld & Rutland, 2006). 

Crustal scale belts of high electrical conductivity in the Svecofennian province lie within 
the metamorphic complexes. The continuity of these belts provides further evidence for 
the continuity of the sedimentary basin in which the protolith sediments were deposited. 
We have interpreted this as a large back-arc marginal basin which developed after ~1.98 
Ga, and which was accreted during a major tectonothermal episode at ~1.92–1.91 Ga. 

We consider that the main episode of igneous activity in the Svecofennian province, 
between 1.90 and 1.87 Ga, was extensional, and was developed in and above the 
basement formed by the accreted marginal basin. This magmatism may still be regarded 
as arc-related magmatism in the sense that an active margin probably lay to the west or 
southwest, with the subducting slab dipping beneath the accreted marginal basin. We 
suggest, however, that the concept of crustal growth by accretion of a number of arcs 
within the province after 1.9 Ga can no longer be sustained. 

Work in progress in collaboration with Swedish and Finnish colleagues is extending our 
studies to the Kiruna district in the boundary zone between the Svecofennian province 
and the Archaean basement of the Karelian province. The synthesis of these various 
studies will provide a new interpretation of the tectonic evolution of the Svecofennian 
province in northern Sweden and Finland, and a new framework for the setting of the 
numerous ore deposits. 
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The Geology, Geochemistry and Geochronology of the El Abra Mine, 
Chile, and the adjacent Pajonal-El Abra suite of intrusions 
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El Abra is a classic, yet simple porphyry copper deposit.  World-class exposure of the 
complete suite of weakly altered, plutonic rocks directly associated with the ore-body 
provides a unique opportunity to examine the accepted paradigm of the relationship 
between igneous activity and copper porphyry formation. 
 
Results of work completed to date indicate that the El Abra-Pajonal suite represents 
upper crustal magma chambers underpinned by a mid to lower crustal chamber which 
evolved over an 11 Ma period, between 45.1 and 34.5 Ma.  Periodic injection a new pulses 
of magma into the upper crust from the lower crustal chamber occurred approximately 
every one Myr.  Interpreted magmatic processes including assimilation, fractional 
crystallisation and magma mixing took place in the mid to lower crustal chamber.  Zircon 
inheritance and field work shows crustal assimilation occurred however, as emplacement-
aged zircon δO18 data plot within mantle values, it is likely to be a minor process.  The 
likely assimilate is hydrothermally-altered meta-igneous rocks, rather than meta-
sediments. 
 
Ti-in-zircon thermometry (Watson and Harrison, 2005) shows that the Pajonal-El Abra 
suite lies on a clearly defined cooling trend (Fig. 1a), initiated and then truncated by at 
least two major thermal events interpreted to be injection of mafic magma into the lower 
crustal chamber.  The overall cooling trend is consistent with the dating data, suggesting 
relatively slow cooling in the interpreted lower crustal magma chamber is ~15ºC/Myr. 
 
Interpretation of whole rock major element and trace element data, especially whole rock 
Sr/Y ratios (Fig. 1b), along with comparative emplacement-aged zircon Ce+4/Ce+3 ratios 
(Ballard et al., 2002), reveals the El Abra-Pajonal suite can be broadly divided into a dry 
magma series (plagioclase/pyroxene dominated fractionation) and a wet magma series 
(amphibole dominated fractionation).  As the Ti-in-zircon thermal data only shows one 
cooling trend, this implies that the interpreted mid-to deep crustal chamber is chemically 
stratified. 
 
Temperature corrected, zircon Ce+4/Ce+3 ratios clearly show that the wet magma series is 
more oxidised than the dry magma series, with the economic porphyries recording the 
highest Ce+4/Ce+3 ratios.  Comparing the Ti-in-zircon temperatures against corresponding 
Ce+4/Ce+3 ratios for the same zircon (Fig. 1c), allows intrusions associated with 
mineralisation to be discriminated from barren intrusions.  This observation indicates that 
with further development, a threshold value for temperature corrected, Ce+4/Ce+3 ratios in 
zircons could be used to define rocks which may be prospective for copper porphyry style 
mineralisation. 



 
 

Figure 1.  A):  Age versus temperature plot for the El Abra-Pajonal suite based on emplacement-aged 
zircons.  The suite clearly defines a single cooling trend, indicating the suite evolved from a single magma 
chamber at mid to lower crustal levels.  B):  Whole rock Sr/Y ratio which clearly discriminates the 
intrusions associated with mineralization from barren intrusions.  C):  Temperature versus Ce+4/Ce+3 ratios 
from emplacement-aged zircons which shows dry series (barren) intrusive rocks are more reducing than 
wet series rocks, for intrusions of similar age and temperature (e.g. Clara granodiorite c.f. Apolo granite).  
The El Abra porphyry associated with the main mineralization event at El Abra, is also the most oxidized 
intrusion relative to the rest of the El Abra-Pajonal suite. 
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Further advances in measuring the oxygen isotopic compositions of 
granite zircon using SHRIMP II 
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Numerous international studies of zircon from granites around the world (e.g. Valley, 
2003), including British studies of some Australian granites (e.g. Kemp et al., 2005) have 
demonstrated the ability of zircon to preserve a record of changes in the oxygen isotopic 
composition of magmas as they evolve. Such compositions provide valuable information 
on the nature of the magma source and the relative contributions of crust- and mantle-
derived components that commonly cannot be obtained from whole-rock oxygen 
compositions because of late alteration or interaction with meteoric waters. Although not 
as precise as conventional analytical techniques, the preferred method of zircon oxygen 
analysis is SIMS, which provides sufficient spatial resolution (≤25 µm) to track changes in 
the isotopic composition within individual zircon crystals, and hence the magma, as they 
grew. 

Until recently, the only SIMS instruments configured for oxygen isotopic analysis were 
Cameca ion microscopes in laboratories outside Australia. A program at RSES designed to 
provide Australian researchers with the same capabilities using SHRIMP II ion microprobes 
is now well advanced. Initial experiments in 2005 showed that the principal limitation on 
analytical accuracy was control of instrumental mass fractionation. Instrumental 
modifications led to a major improvement (see RSES Annual Report 2005), but were not 
the whole solution. Experiments in 2006 have focused on modifications to mount design 
(see Hiess et al., this Report), charge neutralisation (see Ickert et al., this Report), sample 
preparation and analytical protocols. As a result, data acquisition times have been 
reduced from 250 seconds to 100 seconds per spot and within-spot precision increased 
from ~0.25‰ to ~0.05‰ (s.e.m.). The oxygen isotopic composition of zircon populations 
expected to be isotopically uniform can now be measured with standard deviations of 
about 0.4‰ on multiple analyses over periods of several hours. Geometric effects related 
to the distribution of samples within the sample mount have been reduced to sub-
permille levels. It is now possible, using SHRIMP II, to measure differences in the mean 
oxygen isotopic composition of granite zircons with uncertainties of less than 0.2‰ and 
to begin to resolve quite subtle differences in the initial oxygen isotopic compositions of 
closely related granites within a single batholith (Fig. 1). The principal limitation on 
measurement quality is now shifting from instrumental limitations to sample selection. 

Kemp A.I.S., Whitehouse, M.J., Hawkesworth, C.J. and Alarcon, M.K. (2005) A zircon U-Pb study of 
metaluminous (I-type) granites of the Lachlan Fold Belt, southeastern Australia: implications for 
the high/low temperature classification and magma differentiation processes. Contributions to 
Mineralogy and Petrology 150, 230-249. 

Valley J.W. (2003) Oxygen isotopes in zircon. In: Hanchar J.M. and Hoskin P.W.O. Zircon. Reviews in 
Mineralogy and Geochemistry 53, 343-385.  

 



 
 
Figure 1.  Oxygen isotopic compositions measured on individual 25 µm spots on zircon grains from three 
Bega Batholith granites, southeastern Australia. An internal precision of ~0.05‰ (1s) is obtained in 100 
seconds of data collection per spot using the SHRIMP II multiple collector. Error bars 2s. 

 
 
 
 

 



Earth Environment Introduction 

In the past year public awareness of climate and associated global change issues has grown 
markedly, such that this is now the number one issue of public concern. The wide range of 
research undertaken by the RSES Earth Environment Group is highly relevant as we are 
addressing current issues of concern such as the frequency and longevity of droughts in 
Australia , as well as questions of longer term relevance, such as the effects of climate change 
on terrestrial and marine systems and its impacts on human evolution.  

Our research draws upon a unique group of World-class research facilities that enable the 
analysis of a wide range of trace element and isotopic systems, with an emphasis on the timing 
and rate of change of major environmental and Earth surface processes. Emphasis is placed on 
developing diagnostic environmental proxies within an absolute chronologic framework that 
spans a few tens to several hundred thousand years of the Earth's history, and to use these as a 
basis for understanding past and present environmental change and predicting future trends. 
Earth Environment specialises in the reconstruction of high-resolution environmental records 
from growth banding preserved in fossil and modern corals, speleothems (cave deposits), layered 
sedimentary deposits and anthropologic sites of special significance.  

The Earth Environment group maintained success in obtaining ARC funding through both 
discovery as well as linkage grants. Successful strategic planning rounds in 2005-2006 resulted 
in the joint RSES/DEMS appointment of Dr Mike Ellwood and the RSES/RSPhysEngS 
appointment of Dr Stewart Fallon, adding unique expertise and sorely needed critical mass to 
our marine sciences initiative. Likewise Dr Steve Eggin's appointment to the tenure track staff 
ensures that our group will maintain our world leading abilities in marine geochemistry.  

We also welcome new Post Doctoral Researchers, Dr Linda Ayliffe, Maxime Aubert and Dr Stacy 
Jupiter who are funded by ARC grants to Professor Grün and Dr Gagan and via support from the 
Coral Reef Centre of Excellence to Professor McCulloch, respectively. There has also been a 
talented cohort of graduating students who completed their PhD theses in an exemplary 
manner and we wish Drs Ayling, Fraser, Trotter and Wyndham continued success in their future 
endeavours.  

During 2006 academic staff continued their high level of success with ARC proposals with 
Professors Grün, Chappell and Dr Ellwood being funded. Dr Mike Ellwood was extraordinary 
successful in his first time applications having both of his ARC grants funded, one being jointly 
with Dr Eggins. These proposals focus on the role of nutrients and atmospheric CO 2 in the 
Southern Oceans by examining the biogenic silica cycles as well as patterns of Ge/Si 
fractionation in sponges and diatoms. Professor Grün's Linkage proposal on the Willandra Lakes 
World Heritage Area ranks is especially important for documenting Australia's unique cultural 
and environmental history. This project is being undertaken jointly in a strategic alliance 
between the custodians and managers of the area and leading Australian research institutions 
to build a picture of the continent's human and environmental history before this evidence is 
irretrievably lost. 

Installation of new LIEF funded state-of-the-art equipment is now essentially complete in the 
Earth Environment Group enabling us to continue our cutting-edge research. This includes an 
~$2 million gas source AMS which will revolutionise our capacity to undertake 14 C dating 
terrestrial materials and an ultra-short wavelength (157 nm) laser ICPMS combination to enable 
direct in-situ analyses of a wider variety of Geological materials with greatly enhanced 
sensitivity.  



Research Highlights  

Seasonal structure of Holocene El Niños: high-resolution reconstruction from coral 
skeletal stable isotopes  Rose D. Berdin  

Oceanic germanium/silicon fractionation: evidence from oceanic profiles, diatom 
cultures and sediment opal.  

Michael J Ellwood  

In situ Sr analysis of a Neanderthal tooth  Rainer Grün  
Ultrastructure and in-situ geochemistry of conodont mineralised tissues  Julie A. Trotter  
In-situ oxygen isotope compositions of Ordovician conodonts using SHRIMP II and 
laser ablation MC-ICPMS  

Julie A. Trotter  

Coral Reefs and Global Change  Malcolm McCulloch  
Permo-Carboniferous inheritance in Australian landscapes  Brad Pillans  
Routine penetration of South Java Current into the Savu Sea recorded by a Porites 
coral  

Dingchuang Qu  

Diurnal origin of Mg/Ca banding in Orbulina universa and effects of cleaning on 
test composition  

Eggins S.M  

Variability in the uranium isotopic composition of the oceans over glacial–
interglacial timescales  

Tezer M. Esat  

From Cane to Coral Reefs: Ecosystem Connectivity and Downstream Responses to 
Land Use Intensification  Stacy D. Jupiter  

Evidence for past climates and environmental response from sediment archives in 
central and eastern Australia  Ed Rhodes  

Initiation of Australian longitudinal dunefields, revealed by cosmogenic burial 
dating on dune-sand quartz from the Simpson Desert , central Australia  

Toshiyuki Fujioka  

Understanding climate change: Speleothems as archives of natural rainfall 
variability and rapid climate events  

Pauline C. Treble 

 



Seasonal structure of Holocene El Niños: high-resolution reconstruction 
from coral skeletal stable isotopes 

Rose D. Berdin and Michael K. Gagan 

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia  

Stable isotope ratios of oxygen (δ18 O) and carbon (δ13 C) were analyzed at bi-weekly 
resolution for two modern and three Holocene Porites corals from eastern Samar , 
Philippines . Previous low-resolution δ18 O analysis of the Holocene corals revealed 
extraordinarily strong droughts (typically longer than three years) for specimens with 
uranium series ages between 7.6 – 2.3 ka. The purpose of the new high-resolution δ18 O 
records presented here is to investigate the nature of these protracted droughts, and to 
compare their seasonal structure with present-day droughts produced by El Niño events. The 
modern coral δ18 O records clearly track the cooler sea-surface temperatures and droughts 
associated with the prolonged El Niño event in the early 1990s, the severe 1997/98 El Niño, 
and the moderate 2002/03 El Niño.  

To allow direct comparison of the coral records, annual growth increments in the coral 
skeletons were determined using the annual cycle of δ13 C, which is regular and well-
defined. The records were then re-sampled to 26 points per year using Analyseries and 
stacked to determine the mean annual cycle. El Niño events were identified from δ18 O 
anomaly plots, derived by subtracting the mean annual cycle from the δ18 O records. 
Positive δ18 O anomalies in the modern coral records are indicative of cool/dry periods 
produced by El Niños. Similar anomalies were seen in the Holocene records indicating El 
Niño-like events in the past.  

Composite analysis of these El Niños was performed by stacking annual cycles of δ18 O for 
each event. The El Niño δ18 O composites for the modern coral records show markedly 
higher δ18 O from late boreal fall to early summer. The timing of this anomaly compares 
well with El Niño's signature in stacked bi-weekly records of rainfall and SST, and is 
consistent with the regional rainfall anomaly in the western Pacific, where rainfall is greatly 
reduced from November to May during the mature phase of El Niños (Ropelewski and 
Halpert, 1987).  

Modern and Holocene El Niño composites show differences in terms of magnitude and 
timing of the peak δ18 O anomaly, which corresponds to the period of maximum 
cooling/drying (Fig. 1). The older Holocene records exhibit peak δ18 O anomaly values that 
are approximately 0.2‰ higher than the younger records. Furthermore, the timing of the 
maximum cooling/drying appears to occur progressively later in the calendar year: late 
winter for present-day events, early fall at 2.3 ka, and late fall at 7.3 – 5.8 ka. These 
differences in timing might be a response to orbitally-driven changes in the seasonal cycle 
of solar radiation, which, based on a climate model by Clement et al. (2000), is thought to 
influence the behavior of ENSO in the past.  



 

Figure 1 . Modern and Holocene El Niño δ18 O composites standardized relative to the 
mean δ18 O February of each record. Numbers along the X-axis correspond to a fortnight 
starting from January. Arrows indicate the coolest/driest period in each record, which occurs 
progressively later in the calendar year in the Holocene records. 

References: Clement, A.C., Seager, R., and Cane, M.A., 2000. Suppression of El Niño during 
the mid-Holocene by changes in the Earth's orbit. Paleoceanography , 15: 731-737.  

Ropelewski C.F. and Halpert M.S., 1987. Global and regional scale precipitation patterns 
associated with the El Ni ño patterns associated with the El Ni ño/Southern Oscillation. 
Monthly Weather Review , 115: 1606-1626.  

  



Oceanic germanium/silicon fractionation: evidence from oceanic profiles, 
diatom cultures and sediment opal.  
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The cycling of inorganic germanium in the ocean closely resembles that of silicon. Profiles of 
dissolved germanium concentration versus depth are almost identical to that of silicon, and 
when the two are plotted against each other a near linear relationship is obtained (r 2 = 
0.997) (Figure 1). This correlation between germanium and silicon indicates that the uptake 
and regeneration of inorganic germanium by diatoms dominates its oceanic cycle. Although 
germanium mimics silicon in the ocean, differences in biogeochemical behaviour occur. 
Small diatoms (10-40 m m) appear to faithfully record the germanium/silicon (Ge/Si) ratio 
of seawater, whereas large diatoms (> 40 m m) do not. Large diatoms isolated from the 
same sediment horizons as their smaller counterparts tend to have lower Ge/Si ratios. This 
result suggests that larger diatoms discriminate against germanium during silicon uptake 
and frustule formation. This interpretation is supported by the fact that the global 
germanium versus silicon relationship has a small but significant positive intercept 
suggesting that germanium is discriminated against during silicon uptake and frustule 
formation (Figure 1).  

In an effort to further understand the possible mechanism(s) that might lead to germanium 
fractionation we cultured the fast growing diatom Minutocellus polymorphus under 
controlled Ge/Si conditions. Results from the culture work showed that at low silicon 
concentrations significant discrimination of germanium occurred leading to lower Ge/Si 
ratios within diatom opal and increased Ge/Si ratios of culture medium. This pattern 
suggests that the positive intercept in the global germanium versus silicon relationship 
results from germanium discrimination by diatoms during silicon uptake. Short-term 
Michaelis-Menten uptake experiments were also conducted to understand processes leading 
to germanium discrimination. Results from these experiments showed that the half 
saturation constants for silicon and germanium were 0.87 m mol/L and 2.70 m mol/L, 
respectively.  

This confirms that the uptake of germanium is slower than that of silicon and that this is 
the primary mechanism leading to Ge/Si fractionation in diatoms. This result was 
incorporated into a simple partitioning model to describe diatom opal Ge/Si fractionation. 
Utilising this model, we show the interglacial-glacial fluctuations in Ge/Si opal record 
reflects changes in the surface ocean silicon concentration (Figure 2). This interpretation has 
major implications for paleo-nutrient reconstructions utilising Ge/Si, the silicon isotope and 
the germanium isotope signatures of diatom opal.  



  

 

Figure 1.  

   

 

Figure 2.  



In situ Sr analysis of a Neanderthal tooth  

Rainer Grün, Maxime Aubert, Stephen Eggins, 1 Marie- Hélène Moncel  

1 Research School of Earth Sciences, Australian National University ,  
2 Département de Préhistoire du Musée National d'Historie Naturelle, Paris  

The present day87Sr/86Sr ratio in bedrock depends on its geological age and initial87Sr/86Sr and 
Rb/Sr ratios. Soils have closely similar87Sr/86Sr ratios as their source-rocks. Some of the soil Sr 
enters the food chain via plants and it has been shown that the87Sr/86Sr ratios remain 
virtually unchanged during the various biochemical processes, and when Sr replaces Ca in 
the mineral phase of skeletal tissues. Therefore, skeletal Sr isotopic composition reflects the 
geographic range during tissue formation. The measurement of the 87 Sr/ 86 Sr ratio in bones 
and teeth has been increasingly used for the reconstruction of residential mobility and 
migration among ancient human and animal populations.  

We have applied in situ laser ablation ICP-MS analysis on a Neanderthal tooth from the site 
of Payre, which is located in a limestone overlooking the western bank of the Rhone , near 
Valence . Bedrocks in that area vary from the metamorphic and granitic rocks of the Massiv 
Central, via the sediments of the Rhone and its flood plains to the sedimentary sequences of 
the Western Alps . 

 

Figure 1: A Neanderthal tooth from Payre (left). The tooth is cut in the middle (middle) and 
all analyses are carried out in situ on the interior enamel surface (right).  

The tooth was cut in halves and the analysis is carried out on the internal cuts of the tooth 
enamel (Figure 1). Initial results looked very promising, showing variations in the Sr isotopic 
composition (Figure 2, left), which could perhaps be explained by seasonal migrations. 
However, when comparing these isotopic variations with Sr concentrations (Figure 2, 
middle), a broad mixing line is observed (Figure 2, right), perhaps indicating post-
depositional Sr uptake with different isotopic composition compared to the physiologically 
incorporated Sr.  
 
To address the problem of post-depositional Sr uptake, we have mapped the Sr 
concentrations in a large part of the tooth with laser ablation (Figure 3). Figure 4 shows the 
resulting Sr map along with two selected tracks. In the dentine, there is a clear gradient 
from the root towards the enamel. It is interesting to note that at the dentine/enamel 
boundary, the Sr concentration does not show a very sharp drop (about cycle 400 to 550 in 
Line 1, Figure 4, lower left), as is usually observed for other mobile elements, such as 
uranium. There is also a clear gradient in the Sr concentration in the enamel  



(Line 11, see Figure 4, lower right). At the moment it is difficult to conclude whether this 
gradient is a primary signature or whether it is a diagenetic over-print. Work is continuing 
to measure Sr-isotope maps, which will give further insights into the Sr-systematics of fossil 
teeth. We have also mapped a series of other elements, such as Ca (to check Sr/Ca ratios), Al, 
Ba, Mg, Th and U (for dating). Particularly the latter showed that it has absolutely no 
intentions to adhere to simplified diffusion models. On the same tooth, the work on in situ 
oxygen isotope measurements with the SHRIMP 2 is continuing.  

 

 

Figure 2: Sr isotope (left) and Sr concentration (middle) variations along the laser track 
shown in Figure 1, right. Sr isotopes versus Sr concentration (right).  

 

Figure 3: Cross section of the tooth with light area indicating the location of the laser 
tracks.  

 

Figure 4: Map of Sr concentrations in the area indicated in Figure 3. Top: angled and 
vertical views, below left: U-concentration along laser track 1, right: U-concentration along 
laser track 11.  



 Ultrastructure and in-situ geochemistry of conodont mineralised tissues  

Julie A. Trotter 1 , Stephen M. Eggins 1 , John D. Fitz Gerald 1 , Harri Kokkonen 1 , C.R. 
Barnes 2  

1 Research School of Earth Sciences, Australian National University , Canberra , 2 School of Earth and Ocean 
Sciences, University of Victoria, Victoria , BC , V8W 2Y2 Canada  

Novel approaches integrating both histological and in-situ geochemical analyses of 
conodont apatite have been investigated to identify primary crystalline structures and 
compositions of the component tissues. In the context of diagenesis, it is important to 
recognise the complex relationship between sample histology and geochemistry, as the 
permeability and integrity of conodont apatite is partly controlled by its crystalline structure. 
The component histologies have thus been examined by transmission electron microscopy 
(TEM), which for the first time has been conducted on Ar ion-milled conodonts. TEM 
analyses have revealed near pristine structures and most significantly, resolution of the 
component crystallites of all histologies (Trotter et al. , in press). Of particular note, electron 
patterns show that albid crown comprises very large (100's µm) crystal domains, which 
provides a meaningful platform to interpret the respective geochemistry of conodont tissues 
that have been characterised in-situ by laser ablation inductively coupled plasma mass 
spectrometry (LA-ICPMS). Continuous compositional depth profiles through discrete 
conodont elements reveal systematic differences between the component tissues in their 
rare earth and heavy element contents especially (Trotter and Eggins, 2006). The U-shaped 
depleted profiles of albid crown contrast markedly to the enriched and typically equilibrated 
profiles of hyaline and basal tissues, their concentrations following a linear relationship with 
albid, basal (together with coeval ichthyoliths and phosphatic brachiopods), and hyaline 
tissues representing low-, high- and intermediate concentrations. These data collectively 
provide insights into the relative uptake of chemical species post-mortem, and clearly 
suggest that albid crown is the least permeable histology (ie. large crystal domains and U-
shaped profiles) hence is less susceptible to diagenetic alteration. This work has significant 
implications for interpreting the geochemistry of conodont apatite, and identifying the 
most suitable components for palaeoseawater studies.  

References: Trotter, J.A., Eggins, S.M., (2006) Chemical Systematics of Conodont Apatite 
Determined by Laser-Ablation ICPMS. Chemical Geology 233 , 196-216.  

Trotter, J.A., Fitz Gerald, J.D., Kokkonen, H., Barnes, C.R., (in press) New insights into the 
ultrastructure, permeability, and integrity of conodont apatite determined by Transmission 
Electron Microscopy. Lethaia.  

 



In-situ oxygen isotope compositions of Ordovician conodonts using SHRIMP 
II and laser ablation MC-ICPMS  

Julie A. Trotter 1 , Ian Williams 1 , Stephen M. Eggins 1 , C.R. Barnes 2  
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Given the potential utility of conodonts as geochemical tracers, new and developing 
technologies have been investigated to assess the feasibility of extracting isotopic records by 
in-situ analysis. Reconnaissance work has shown that ion microprobe (SHRIMP II) and laser 
ablation multi-collector ICPMS offer considerable potential to determine the oxygen and 
strontium compositions of conodont apatite. The benefits of analysing marine bio-apatites 
rather than less chemically stable carbonates, together with the capability of utilising high 
spatial resolution techniques, provide an opportunity to target specific components that are 
most likely to retain primary compositions. Accordingly, this work has significant 
implications for better characterising the evolution of seawater chemistry throughout the 
Palaeozoic.  

Preliminary Sr isotope datasets of discrete conodont elements determined in-situ by laser 
ablation MC-ICPMS fall within similar ranges of existing Ordovician records based on labour 
intensive conventional TIMS analyses of both calcitic brachiopod and conodont samples. 
Further, LA-MC-ICPMS analyses of conodont albid tissue have yielded less radiogenic 87 Sr/ 
86 Sr ratios than hyaline tissue for coeval samples, suggesting that there may be systematic 
differences between the compositions of the component conodont histologies.  

Reconnaissance in-situ oxygen isotope analyses using SHRIMP II have yielded considerably 
higher and more realistic d 18 O values (~16 to 19‰ V-SMOW) than conventional GIRMS 
data based on calcitic brachiopods (-10 to 25‰ V-PDB) reported in the literature (eg. 
Shields et al ., 2003), the integrity of which has been the focus of much scepticism. 
Although the initial SHRIMP results have an analytical error of ±1‰, a temporal shift 
during the Arenig is apparent. Better constraining this shift as well as the well-known Late 
Ordovician d 18 O excursion is the focus of further work, which given the recent progress in 
technique development promises to yield higher external precision for conodont apatite, 
and thus a significantly improved d 18 O seawater curve for the Ordovician.  

  

References: Shields, G.A., Eggins, S.M., (2006) Chemical Systematics of Conodont Apatite 
Determined by Laser-Ablation ICPMS. Chemical Geology 233 , 196-216.  

Shields, G.A, Carden, G.A.F., Veizer, J., Meidla, T., Rong, J., & Rong-Yu, L., (2003) Sr, C, and O 
isotope geochemistry of Ordovician brachiopods: A major isotopic event around the Middle-
Late Ordovician transition. Geochimica et Cosmochimica Acta , 67 , 2005-2025.  

  



Coral Reefs and Global Change 

Malcolm McCulloch 
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Coral reefs are subject to increasing threat from the degradation of their marine 
environment which is occurring at an unprecedented rate, on both local and global scales. 
Locally, landuse changes in river catchments, wetlands and estuaries is leading to increased 
supplies of sediment and nutrients to coral reefs, which together with pressures from 
activities such as trawling and overfishing, can lead to an evolutionary trajectory that may 
ultimately result in an abrupt phase shift from a coral to a macroalgae dominated 
ecosystem. On global scales, extreme climatic events caused by increased sea surface 
temperatures together with rising carbon dioxide levels from fossil fuel burning is resulting 
in an increased frequency of mass coral bleaching such as occurred in 1998, and increasing 
ocean acidity which will ultimately lead to a decrease in the rates of coral calcification. 
Understanding the complex array of interacting processes (see Figure) that are driving 
changes at both local as well as global scales is thus essential for the development of 
optimal strategies to ensure the long-term sustainability of coral reefs.  

The approach taken at the RSES node of the ARC Centre of Excellence for Coral reef Studies 
is that knowledge of the past improves our ability to understand both the present as well as 
to help predict future consequences of human impacts, and rapid climate change. Studies of 
coral reef systems and their environments prior to the impact of human civilisations 
provides a ‘natural' baseline against which anthropogenic changes can be compared and 
assessed. Our group is thus developing novel methods for studying past environments and 
assessing rates of evolutionary changes in coral reefs. We are identifying the mechanisms via 
which local and global changes in the marine and adjacent terrestrial environments are 
causing reductions in coral reef biodiversity and ecosystem function. Together with 
ecological and physiological studies of processes underlying reef stress, this broad approach 
provides the Centre with a unique perspective on environmental change and how it impacts 
community structure and longer term evolutionary dynamics of coral reefs on timescales 
that ranges from centuries to millennia.  

 

Figure 1. Schematic diagram showing both global and local impacts on coral reef systems. 



Permo-Carboniferous inheritance in Australian landscapes  

Brad Pillans 1  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia  

During the late Carboniferous and Early Permian (~320-280 Ma), Australia was part of the 
Gondwana Supercontinent, which included Antarctica , India , Africa , New Zealand and 
South America . Gondwana was situated at mid to high latitudes in the Southern 
Hemisphere. Evidence for glaciation is widespread and includes glacial tills and striated 
pavements in all states of Australia , as well as the other Gondwana continents. Although 
the timing, character and distribution of glacial events and deposits are debated (Jones & 
Fielding 2004 and references therein), most reconstructions show a large ice cap covering 
much of southern and western Australia in the Early Permian, with glacio-marine 
sedimentation in the adjacent Canning Basin. In contrast, in eastern Australia the evidence 
indicates discrete, short-lived episodes of localized mountain glaciation, with substantial 
non-glacial intervals in between. Just how much of Australia was covered in ice is unclear, 
but a large ice sheet, probably several kilometers thick, was likely centred over the Yilgarn 
Craton in Western Australia . Glacial till and tunnel valleys, dating from this time, are 
preserved at Lancefield on the eastern margin of the ice sheet, where glacial meltwater 
drained into the Officer Basin (Eyles & de Broekert 2001). Relict Early Permian landforms 
including ice-scoured channels, U-shaped valleys, rock drumlins and striated pavements are 
also common along the northeastern margin of the Pilbara Craton (Playford 2001). However, 
significant areas of Australia must have been ice free, at least for long periods of time 
(millions of years) during the major interval (280-320 Ma) of Gondwana glaciation, because 
paleomagnetic dating of giant (60 m+) weathering profiles in the Tanami and Yilgarn 
regions, as well as at Northparkes mine in New South Wales (Pillans 2005), indicates 
widespread deep oxidation of the regolith (Figure 1). K-Ar dating of illitic clays in weathered 
volcaniclastics within Jenolan Caves, some 200 km ESE of Northparkes, yields a cluster of 
ages in the range 342-335 Ma (Early Carboniferous), and a zircon fission track age of 345 
Ma on one sample is consistent with the K-Ar ages (Osborne et al . 2006), making Jenolan 
Caves among the oldest currently open cave system in the world. The entry of the 
volcaniclastic sediments and the morphology of the caves mean that they must have been 
relatively close to the surface in the Early Carboniferous. Paleokarst features of Early 
Permian age are also preserved in the northern Canning Basin in Western Australia . In 
summary, Permo-Carboniferous glacial landforms, weathering profiles and caves at or near 
the present landsurface, in diverse parts of the Australian continent, suggest a significant 
Late Paleozoic inheritance in the modern landscape. The survival of ancient landforms and 
weathering profiles in Australia is usually explained as being a consequence of prolonged 
tectonic stability and postulated low rates of weathering and erosion. However, while 
measured rates of long-term (10 5 -10 7 yr timescales) weathering and bedrock erosion in 
Australia may indeed be low by world standards, they are not low enough to explain the 
continuous subaerial survival of pre-Cenozoic landforms and weathering profiles. Burial and 
exhumation must therefore be significant contributing factors in the preservation of ancient 
features in the Australian landscape, a conclusion that is supported by apatite fission-track 
thermochronology (e.g. Kohn et al . 2002).  



 

Figure 1. Permo-Carboniferous deep oxidation of Proterozoic rocks exposed in Redback pit 
(~60 m deep), Tanami gold mine, Northern Territory.  

References: Eyles, N. and de Broekert, P., 2001. Glacial tunnel valleys in the Eastern 
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Routine penetration of South Java Current into the Savu Sea recorded by a 
Porites coral  

Dingchuang Qu, Michael K. Gagan  

Research School of Earth Sciences, the Australian National University , Canberra , ACT 0200, Australia  

Even though early studies have noticed that the eastward flow of the South Java Current 
could significantly reduce the transport of the Indonesian Throughflow (ITF), it had not been 
confirmed if the Indian Ocean water enters into the Indonesian seas through the Sumba 
Strait which is one of the main exits of the ITF until a couple of recent observation during 
1995 to 1998 using current meters. Here we report a high resolution Sumba modern Porites 
coral d 18 O which recorded routine penetration of remote forced Indian Ocean Kelvin wave 
into the Savu Sea and the resulting distinct freshening during the austral autumn (March to 
May) during 1962 to 1998. Strong interannual variability with a 3-year period for the Kelvin 
wave input has been observed and spectral analysis has indicated that intrinsic process 
within the Indian Ocean basin dominantly controls this variability. The high resolution 
Sumba coral d 18 O seems to re flect the fluctuation of the direction and source of the 
surface currents flowing through the Sumba Strait during November to May and also 
suggests the occurrence of eastward flowing during November to March, even though the 
frequency and intensity might be much weaker than that of the austral autumn Kelvin wave 
passage (Figure).  

 



Diurnal origin of Mg/Ca banding in Orbulina universa and effects of 
cleaning on test composition  

Eggins S.M. 1 , Kimoto K. 2 , De Deckker P. 3 , Sadekov A. 1 , and Maher W. 4 
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Culture experiments have been performed on the algal symbiont-bearing planktonic 
foraminifera Orbulina universa , using juvenile foraminifera collected by plankton net off 
the south coast of NSW . Individual foraminifera were grown at fixed temperature in a day-
night lighting cycle (12 hour day + 12 hour night) through the full adult-stage of their life-
cycle, which involved final spherical chamber formation, gametogenesis and death over a 
period of up to 10 days. The number and composition of Mg/Ca bands formed in the wall of 
the final spherical chamber of individual foraminifers was investigated using both electron 
microprobe and laser ablation ICPMS. The number of high- and low-Mg/Ca band pairs 
developed was found to accord with the number of diurnal light cycles over which the 
individual foraminifers calcified their final chamber. This result confirms the proposed 
diurnal origin for Mg/Ca banding in Orbulina universa proposed by Eggins et al. (2004), and 
points to a significant role for algal symbionts in determining the Mg/Ca composition of 
foraminiferal calcite, most likely through influence on [CO 3 2- ] concentration and calcite 
saturation state ( cf . Wolf-Gladrow et al., 1999).  

The impact of a range of cleaning methods upon the Mg/Ca compositional banding 
developed in fossil and live-collected Orbulina universa has also been investigated, inclusive 
of the widely used oxidative and reductive cleaning protocols. Characterisation of test 
fragments taken from the same Orbulina universa tests were analysed by LA-ICPMS both 
prior to and following cleaning. Results reveal significant differences in the ability of the 
different procedures to remove Mg-rich outer surfaces and attached organic material 
(where present). The internal Mg/Ca banding resists chemical modification and is unchanged 
by any of the cleaning procedures.  

References: Eggins S. M., Sadekov A., and De Deckker P. (2004). Modulation and banding of 
Mg/Ca in Orbulina universa tests by symbiont photosynthesis and respiration: A 
complication for seawater thermometry? Earth Planetary Science Letters 225 , 411-419.  

Wolf-Gladrow D. A., Bijma J., and Zeebe R. E. (1999). Model simulation of the carbonate 
chemistry in the microenvironment of symbiont bearing foraminifera . Marine Chemistry 64 , 
181-198.  

   

  



Variability in the uranium isotopic composition of the oceans over glacial–
interglacial timescales  

Tezer M. Esat 1 , and Yusuke Yokoyama 2  
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Uranium-series mass spectrometric analyses of corals from the uplifted last glacial terraces 
at Huon Peninsula , Papua New Guinea , that grew from 50,000 years ago to 30,000 years 
ago show systematically low values of 234 U/ 238 U, at the time of coral growth, compared 
with modern corals. When combined with coral data from other studies a systematic trend 
emerges indicating shifts in the 234 U/ 238 U ratio at times of major glacial–interglacial 
transitions that involve large variations in sea-levels. From last glacial to Holocene, the rate 
of change in d 234 U is approximately 1‰ per thousand years. The variations in the U 
budget of the oceans appear to be due to accumulation of excess 234 U in near shore areas 
in anoxic and suboxic sediments, in salt marshes and mangroves, in estuaries, and in 
continental margins during periods of warm climate and high sea-levels. These near-shore 
areas are exposed during periods of low sea level resulting in rapid oxidation of U into 
highly soluble phases. The subsequent release of 234 U-enriched uranium into the oceans 
occurs over a sustained period, in step with rising sea-levels.  

Fig. A compilation of d 234 U values in U-series dated corals from the Last Interglacial, the 
last glacial, and the Holocene. For each data set representative uncertainties are as shown. 
The sea-level curve is intended only as a guide for the eye in contrasting the trend in d 234 
U with changes in sea-level. The shaded band represents the uncertainty in sea-level 
estimations. The Last Interglacial sea-level was 3–5 m above the current sea-level and we 
have placed it at d 234 U ˜ 153‰. The general resemblance of the d 234 U variations to the 
sea-level curve for this period is remarkable. In living coral d 234 U = 149 ± 2‰. There is a 
systematic rise in d 234 U from a low of 132‰, during the last glacial, up to about 153‰ 
at the start of the Holocene, corresponding to an extra ˜20 Mmol of 234 U. There is 
considerable variability during the 30–60 ka period over a range of 10‰ in d 234 U. The 
prominent sea-level high-stands around 80–110 ka display a large range of low to high 
values of d 234 U. The Last Interglacial is represented by a mass of points that appear 
randomly distributed, and may reflect increased variability in measurements due to older 
ages and digenesis in comparison to samples from the Holocene.  

  



From Cane to Coral Reefs: Ecosystem Connectivity and Downstream 
Responses to Land Use Intensification 

Stacy D. Jupiter 1 
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Clearing of catchments draining into the Great Barrier Reef Lagoon ( Queensland , Australia ) 
has increased sediment and nutrient loads in river runoff. The extent of land cover change 
and the intensification of land use were analyzed for the Pioneer River catchment near 
Mackay (from Landsat images, 1972-2004), and for the estuary (from aerial photographs, 
1948-2002), to determine whether and how loss of natural vegetation has affected 
sediment delivery to nearshore waters and adjacent coral reefs. Geochemical proxy records 
of weathering and sediment delivery to the sea, deposited in skeletons of living Porites 
corals from inshore (5 km from Pioneer mouth) and midshelf (32-51 km offshore) reefs, 
were analyzed to determine the spatial and temporal extent of terrestrial impacts. High-
temporal resolution (~weekly) concentrations of barium (Ba), yttrium (Y) and calcium (Ca) 
were measured by laser ablation inductively-coupled mass spectrometry (LA-ICP-MS), while 
annual samples of rare earth elements and yttrium (REY) were measured by solution ICP-MS. 
Major trends emerging from integration of contemporaneous terrestrial changes, marine 
geochemical proxies and climate records include: 1. A 33% net decline (1972-2004) of 
forests on alluvial plains as farms encroached into riparian zones; and a 22% net decline 
(1948-2002) of tidal mangroves in the estuary. 2. Ba/Ca correlations with Pioneer River 
discharge were influenced by wind direction and strength; but there was no apparent 
temporal change in Ba/Ca since 1946. The absence of enrichment in mean inshore Ba/Ca 
ratios (versus midshelf reefs) may be due to biological recycling by phytoplankton, which 
may restrict Ba availability. 3. Mean Y/Ca ratios from inshore (5 km) corals were 3.1 and 3.6 
times higher than from midshelf (32 and 51 km) corals, and inshore REY abundances were 
~2-5 times higher than from mishelf reefs. Inter-annual REY variation on both inshore and 
midshelf sites was correlated significantly with year and discharge, while long-term 
temporal trends in maximum annual Y/Ca, normalized to Pioneer River discharge, appear to 
reflect both agricultural expansion and changing management practices. 4. The combination 
of high turbidity and high nutrient discharge from the Pioneer River may be affecting 
benthic community composition on both inshore and midshelf reefs.  



Evidence for past climates and environmental response from sediment 
archives in central and eastern Australia  
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We have made significant advances in the dating of quartz from wind and water-deposited 
sediments from Australia . These advances operate at several different levels, providing 
improved information for both large and small scale processes.  

Optically Stimulated Luminescence (OSL) dating relies on the trapping of electrons in the 
crystal lattices of quartz and feldspar grains, when they are subject to natural 
environmental radiation. When grains are exposed to light or heat, the electrons in some 
trapping sites are emptied, effectively resetting the luminescence clock. This method has 
been used to date wind and water-deposited sediments, as well as the heating of 
archaeological artefacts and hearths.  

A significant issue in OSL dating relates to the completeness of the zeroing process prior to 
and during the deposition of sediments. Based on theoretical expectation and the dating of 
modern surface samples, wind-blown sediments from desert environments have been 
assumed to be well-zeroed, while water-lain deposits may contain grains with significant 
residual signals. We have dated a large number of aeolian desert samples, and note that a 
significant proportion demonstrate signal patterns indicating incomplete zeroing at 
deposition; basically repeat determinations provide varying apparent ages, caused by the 
influence of non-zeroed grains. To understand how these age distributions are produced in 
multi-grain aliquots or sub-samples, numerical simulations were undertaken based on 
measured single grain OSL sensitivity data from real samples. The modelling results 
demonstrate that natural variations in OSL signal intensity allow the recognition of 
incomplete zeroing in multi-grain aliquots, and for some samples, this may represent the 
optimum means to detect this effect. This work also highlights how OSL data may be used to 
reconstruct conditions at the time of deposition, in particular the rapidity of deposition and 
the nature of the sediment sources.  

Perhaps our most exciting findings relate to this use of OSL variation to determine 
depositional conditions. Work in two catchments in eastern Australia has demonstrated that 
single grains from fluvial deposits can retain information about their depositional history, 
and past sediment storage events. In both longitudinal dunes and lunettes (source-bordering 
dunes around ephemeral lakes) we also find significant evidence for the rapid reworking of 
earlier deposits, some of which occurred at night. While we must quantify these effects to 
determine reliable age estimates for these deposits, we can also start to develop detailed 
sediment transport models for their construction. In the Simpson desert , we have combined 
OSL age estimates from dunes with triple nuclide cosmogenic dating based on 10 Be, 20 Ne, 
26 Al, to construct large scale models of dunefield initiation and reworking in response to 
climate changes on timescales of 1,000,000 to 1,000 years.  



We find that many dunes retain a high degree of detailed palaeoenvironmental information, 
and that most dunes were constructed in a relatively small number of significant dune-
building events which occur across the areas studied. This has very significant implications 
for understanding the nature of the environmental response to climate change in vulnerable 
parts of central Australia .  

  

 

Figure 1: Active dune in the Strzelecki Desert near Camerons Corner, SA.  

  



Initiation of Australian longitudinal dunefields, revealed by cosmogenic 
burial dating on dune-sand quartz from the Simpson Desert , central 

Australia  
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Fields of longitudinal dunes are most extensive and a major feature of Australian sandy 
deserts that cover ~40% of the continent (Mabbutt, 1988). Chronological studies of the 
Australian longitudinal dunes, however, have been sparse owing to the lack of suitable 
dating method; conventional radiocarbon is of limited use owing to both the lack of organic 
materials and to the restricted age range (<50ka). Development of luminescence dating, 
notably optically stimulated luminescence (OSL), opened way to date sand deposits up to 
~300 ka, but, because of the nature of the dating, luminescence ages tend to represent 
"stabilisation ages" rather than formation ages of dunefields (e.g., Nanson et al., 1992). 
Cosmogenic burial dating offers a way of dating deposits up to 5 Ma in the case of 10 Be 
and 26 Al pair, in which the degree of radioactive decay of cosmogenic nuclides, produced 
prior to burial, in a deposit can be interpreted as depositional age of the material (Granger 
and Muzikar, 2001).  

In this study, a total of 69 sand and rock samples were collected from longitudinal dune 
fields at the western margin of the Simpson Desert, near Finke, central Australia, including 
sand samples, 20 for cosmogenic burial and 46 for OSL dating, together with three sets of 
gibber samples from adjacent gibber plains, in order to determine the timing of dune 
building episodes in central Australia. Nine drill holes from the crest to base of five 
longitudinal sand ridges identified paleosol horizons within the dunes, indicating that the 
dune formation was episodic. OSL measurements, outlined in Rhodes' annual report, from 
lower stratigraphic units in the dunes gave minimum ages ranging from >590 ka to >110 ka, 
suggesting that the depositional age of the earliest dunes in the study area is older than 500 
ka, beyond the age limit of luminescence dating. Cosmogenic burial ages were calculated 
from the cosmogenic 10 Be and 26 Al concentrations in the dune-core samples, showing 
consistently older ages from ~360 ka to ~1600 ka. The amounts of cosmogenic 21 Ne in the 
samples were also determined by evaluating non-cosmogenic neon components such as 
crustal and in situ nucleogenic 21 Ne, and the burial ages calculated from pairs of 10 Be- 21 
Ne and 26 Al- 21 Ne were generally consistent with the 10 Be- 26 Al burial ages, indicating 
that the non-cosmogenic 21 Ne components were successfully corrected.  

The cosmogenic burial ages indicate that the first dune building episode at the west 
Simpson Desert occurred at least ~1200-1300 ka ago, and that mobile sand became 
available for the early dune building about ~1600 ka ago, which could have been earlier up 
to ~2000 ka. These ages are much older than any dune dates reported previously, and 
suggest that dry-out of rivers, and thus onset of aridity, in central Australia occurred 
immediately after cessation of widespread gibber formation, ~2 Ma ago, in this region 
(Fujioka et al., 2005). The earliest dune building episode at the west Simpson Desert , ~1200-
1300 ka ago, indicates deepened aridity in Australia. 



 

Figure 1. Summary of the measured burial ages, calculated from cosmogenic 10 Be and 26 
Al in the dune-core samples, and OSL ages for a longitudinal dune, near Finke, in the west 
Simpson Desert . Internal dune units were defined based on the paleosol (brown curves) and 
carbonate (orange curve) horizons, identified during drilling. Ages with asterisk represent 
samples with accordant 10 Be- 26 Al- 21 Ne burial ages .  

References: Fujioka, T., Chappell, J., Honda, M., Yatsevich, I., Fifield, L.K. and Fabel, D. (2005) 
Global cooling initiated stony deserts in central Australia 2-4 Ma, dated by cosmogenic 21 
Ne- 10 Be. Geology 33(12) , 993-996.  
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Understanding climate change: Speleothems as archives of natural rainfall 
variability and rapid climate events  

Pauline C. Treble  

Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia 

The need for high resolution paleoclimate records is evermore apparent in times of changing 
climate and an increased demand on Australia 's water resources. Long, detailed records of 
natural rainfall variability are required to understand the impact of climate change on our 
water resources. Speleothems (cave stalagmites) have the capacity to preserve high 
resolution proxy rainfall records extending from recent times to tens of thousands of years. 
Rainfall isotopes are preserved in the speleothem calcite, as are trace elements whose 
concentrations reflect the amount of soil and rock weathering and vegetation activity. These 
geochemical signals vary between wet and dry years. 

Current research in Earth Environment includes reconstruction of long-term natural rainfall 
variability for sites in southern Australia by Dr Treble and colleagues. A key strength in this 
research is the detailed investigation being carried out on very young speleothems whose 
growth overlaps the instrumental record permitting calibration of speleothem geochemical 
trends to climate change. Speleothems from southwest WA, southeast SA, Tasmania and the 
Australian Alps are being used to develop calibrations over the 20 th century which can be 
extended back in time. These young speleothems and drip water monitoring programs offer 
an excellent opportunity to explore new potential environmental proxies preserved in 
speleothems. These geochemical data are being used to extend the climate record back 1000 
years. 

Research was also carried out on a speleothem that grew during the last glacial period when 
the Earth's climate was remarkably unstable. At this time, Greenland ice core records show 
repeated and rapid temperature variations of almost the same magnitude of a full glacial-
interglacial cycle. These rapid climate events have been recorded in paleoclimate archives in 
many other places across the world. One such archive are spleothems from Hulu Cave, China, 
which show large abrupt O isotope ( d 18 O) shifts at the time of the North Atlantic events 
(Wang et al., 2001). High-spatial resolution SIMS O isotope analyses were carried out across 
the d 18 O shift corresponding to Heinrich event 1 increasing the temporal resolution of the 
previously published data by approximately tenfold providing yearly resolution. These new 
data demonstrate that the East Asian monsoon underwent a major change and that the 
majority of this transition took place in as little as 1-2 years (Treble et al., in press). This 
rapid shift marked a significant change in mean climate that persisted for approximately 
500 years.  



 

Figure 1 . O isotope record of Hulu Cave at the time of Heinrich event 1. The two 
overlapping SIMS O isotope transects demonstrate that 75% of the rapid change in the East 
Asian monsoon climate at 16.07 ka took place in less than 2 years.  

References: Wang Y. J., Cheng H., Edwards R. L., An Z. S., Wu J. Y., Shen C. C., and Dorale J. A. 
(2001) A high-resolution absolute dated late Pleistocene monsoon record from Hulu Cave, 
China. Science , 294: 2345-2348.  
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and Wang, Y. J. (in press) High resolution Secondary Ionisation Mass Spectrometry (SIMS) d 
18 O analyses of Hulu Cave speleothem at the time of Heinrich Event 1. Chemical Geology. 

 



Earth Materials Introduction 

The Earth Materials Area is comprises the Experimental Petrology, Rock Physics, 
Thermochronology and Structure & Tectonics Groups. The research of these groups centres 
around laboratory based measurements under controlled conditions, simulating those occurring 
in nature, but these activities are complimented by field based observations, often in 
collaboration with scientists from other institutions, nationally and internationally. Through 
such investigations we are developing understanding of the structure and chemical composition 
of planetary interiors and processes by which they evolve, such as accretion, core formation, 
mantle convection, volcanism, metamorphism, global tectonics and the formation of ore 
deposits.  

Areas of current research activity include:  

• The making of terrestrial planets Chemical constraints on the accretion of the Earth and 
similar planets from the solar nebula, and the processes of core formation; mineralogical and 
chemical properties of the deep mantle and their influence on global tectonics.  

• The nature of the Earth's upper mantle. Experimental studies and thermodynamic modelling of 
the phase equilibria relevant to upper mantle melting and ultra-high-pressure metamorphism 
associated with crustal thickening and subduction; experimental and microstructural studies of 
phenomena associated with lattice defects and grain boundaries including incorporation of 
water into nominally anhydrous minerals and microscopic mechanisms of seismic wave 
attenuation; experimental studies and modelling of grain-scale melt distribution and its 
implications for melt transport, rheology and seismic properties.  

• Coupling between fluid flow and fault mechanics in the continental crust Experimental studies 
of the role of fault healing and sealing processes in controlling the time dependence of fault 
strength and permeability at high temperatures and pressures; complementary field-based and 
modelling studies exploring fluid-driven growth of shear networks with applications to 
understanding the development of lode gold systems, especially in the Western Australian 
goldfields.  

• Oxidation state and coordination of metal ions at high temperatures Studies of crystals, melts 
and hydrothermal solutions by X-ray absorption spectroscopy. Experiments are performed at 
very high temperatures under controlled redox conditions. Analysis of hydrothermal solutions 
trapped in synthetic fluid inclusions is providing important basic information on metal 
complexes at high temperatures.  

Experimental Petrology Research Highlights  

Redox Decoupling and Redox Budgets: Conceptual Tools for the Study of 
Earth Systems Katy A. Evans 

Sediment melts at sub-arc depth Jörg Hermann 
Quantitative absorbance spectroscopy with unpolarized light István Kovács 
Subduction recycling of continental sediments and the origin of 
geochemically enriched reservoirs in the deep mantle :experimental 
constraints at 16-23 GPa 

Robert P. Rapp 



Coupling of in-situ Sm-Nd systematics and U-Pb dating of monazite and 
allanite  

Chris McFarlane  

The role of phosphorus in the incorporation of lithium into mantle olivine 
and potential implications for Li isotopic systematics  

Guil Mallmann 

Carbon and Hydrogen in Melts and Fluids in Planetary Interiors  James Tuff  
Sulphur solubility experiment Thomas Ulrich 
Metal partitioning from experiments and natural samples Thomas Ulrich 

Rock Physics Research Highlights  

Non-linear feedbacks and fluid chemistry effects on trace element 
concentrations in syntectonic hydrothermal veins  Shaun L.L. Barker  

High-temperature deformation processes in fine-grained ceramics: 
controls on grain boundary sliding  

Auke Barnhoorn  

Finger on the trigger: insights on earthquake cycles via experiments  Silvio B. Giger  
Seismic wave attenuation in upper-mantle materials  Ian Jackson  
Exploration potential of stress transfer modelling in fault-related mineral 
deposits  Steven Micklethwaite 

Structure and Tectonics Research Highlights  

On the evolution of orogens: Pressure pulses and deformation mode 
switches 

Marco Beltrando  

Seismogenic strain rates during ductile deformation – the example of The 
South Cyclades Shear Zone, Ios, Cyclades, Greece  

Marnie Forster  

Utilising deformable mesh tectonic reconstruction software: South 
America , Africa and Gondwana  

Martin L. Smith  

The nature and timing of Barrovian metamorphism  Daniel R. Viete  
Pplates – Interactive plate tectonic reconstruction tool Joe Kurtz  
Structural geology, tectonics, and gold mineralisation of the southern 
Anakie Inlier.  David G Wood 

Structural analysis of aftershock sequences from the 2004-2005 Great 
Sumatran Earthquake  

Gordon Lister  

Thermochronology Research Highlights  

New Constraints on the Age and Evolution of the Wishbone Ridge, 
Southwest Pacific Cretaceous Microplates, and Zealandia-West Antarctica 
Breakup  

W. James Dunlap 

Precise 40 Ar/ 39 Ar geochronology for the upper Koobi Fora Formation, 
Turkana Basin, northern Kenya  

Ian McDougall 

 



Redox Decoupling and Redox Budgets: Conceptual Tools for the Study of Earth 
Systems  

Katy A. Evans  

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  

Redistribution of redox-sensitive elements (e.g. Fe, C, H) by open system processes have strongly 
influenced planetary development. Study of this redistribution requires that the effects of 
isochemical electron transfer should be distinguishable from the effects of chemical 
redistribution. Two terms are proposed to make this distinction. The first is redox decoupling : 
the transport of redox-sensitive elements such that the source and sinks for the elements 
experience a net increase or decrease in their capacity to oxidise other material. The second, 
electrochemical differentiation, describes the effect of one or more redox decoupling processes 
that change existing gradients in redox potential in some way.  

Recognition of redox decoupling requires the use of an extensive rather than an intensive redox 
variable, because intensive variables do not provide information on fluxes and so are of limited 
use for the study of reservoirs. Redox budget, defined as the number of moles of electrons that 
must be added to a sample to reach a reference state, is such a variable. The construction of 
redox budgets for MORB lavas and glasses shows that redox decoupling occurs during 
crystallisation of MORB at the Mid-Atlantic, Pacific and Red Sea ridges, with net oxidation of 
the crystallised lava. The effects of this redox decoupling on the exogenic redox budget may be 
significant (Evans, 2006).  

Redox budget studies may be based on a combination of petrologic (e.g. Figure 1: Evans et al., 
2006) and chemical analysis with techniques such as synchrotron XANES (X-ray Absorption Near 
Edge Spec tra) studies and EBSD (Electron Back Scatter Diffraction). The concepts of 
electrochemical differentiation, redox decoupling and redox budget may be useful for 
researchers studying global cycling, the formation of ore deposits, volcanism, evolution of the 
mantle, crust and core, redox-related environmental problems and bacteria-catalysed reactions.  

 

Figure 1. Photomicrograph of thin section from gold-bearing rock from Kalgoorlie , Western 
Australia . Co-existing hematite and magnetite in rocks altered by the hydrothermal fluids 
associated with gold deposition provide evidence of the redistribution of redox-sensitive 
elements during formation of the gold deposit.  



References: Evans, K. A., 2006. Redox decoupling and redox budgets: Conceptual tools for the 
study of earth systems. Geology 34, 489-492.  

Evans, K. A., Phillips, G. N., Powell, R., 2006. Rock-buffering of auriferous fluids in altered rocks 
associated with the Golden Mile-style mineralization, Kalgoorlie gold field, Western Australia. 
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Sediment melts at sub-arc depth  

Jörg Hermann 1 , Carl Spandler 2  
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Volatile and element recycling through subduction zones is fundamental to arc magma-genesis, 
continental crust formation and the geochemical evolution of the mantle. Arc lavas and 
continental crust are enriched in LILE and LREE with respect to MORB and it is generally 
accepted that these elements represent a slab component in subduction zone magmas. 
Subducted sediments are the main host of these elements and thus phase and melting relations 
in metapelites are of first order importance to constrain trace element recycling in subduction 
zones.  

We performed piston cylinder experiments on a trace element doped, hydrous (2-7 wt.% H 2 O), 
synthetic pelite composition in the range from 22-45 kbar and 600-1050°C, i.e conditions 
relevant for the slab at sub-arc depth. The main mineral assemblage over the investigated range 
consists of phengite, quartz/coesite, garnet, omphacite and minor kyanite, and accessory rutile, 
apatite, allanite or monazite and occasionally zircon (Fig. 1). At 25 kbar amphibole is present up 
to 800°C instead of omphacite and biotite is stable from 750°C-900°C (Fig. 1). The solidus has 
been determined at 675°C, 22 kbar and at 700°C 25 kbar. At 750°C, 35 kbar and at 800°C, 45 
kbar glass was present in the experiments indicating that at such conditions a hydrous melt is 
stable. In contrast, at 700°C, 35 and 45 kbar, a solute-rich aqueous fluid was present. This 
indicates that the solidus is steeply sloping in P-T space. Although the second critical point in 
this system is not yet determined, the experiments show that at T<700°C solute-rich aqueous 
fluids and at T>750°C hydrous granitic melts are the stable fluid phase responsible for trace 
element transfer from the subducted sediments to the mantle wedge. Phengite is the main host 
of LILE in the residue and is stable up to 800°C, 25kbar; 950°C 35 kbar and 1000°C, 45 kbar, 
confirming earlier studies indicating that liberation of LILE must be related to fluid present 
conditions in the slab. Also phengite is present to high degrees of partial melting (up to 40%) 
and thus will buffer the K content of the fluids/melts and control LILE recycling. The produced 
hydrous melts display systematic changes with increasing temperature. At 750-800°C Na 2 O is 
higher than K 2 O whereas at higher temperatures it is the opposite. K 2 O/H 2 O changes 
strongly as a function of temperature and nature of the fluid phase. It is about 0.002-0.01 in 
the aqueous fluid, and then increases gradually from about 0.1 at 750°-800°C to about 1 at 
1000°C in the hydrous melt (Fig. 2). Primitive subduction related magmas have typically K 2 O/H 
2 O of ~0.1 indicating that hydrous melts rather than aqueous fluids are responsible for element 
transfer in subduction zones and that top slab temperatures at sub arc depths are approximately 
800°C.  



 

Figure 1. Experimental run products. a) 750°C, 25 kbar: A large amount of melt, quenched to a 
hydrous glass coexists with hydrous phases. b) Melt is still present at 800°C, 45 kbar. The high 
water content of the melt is documented by numerous bubbles in the quenched glass. 
Abbreviations: Grt = Garnet, Bt = Biotite, Phe = Phengite, Am = Amphibole, M= Melt, Al = 
Allanite, Ap = Apatite, Rt = Rutile, Cpx = Clinopyroxene, Coe = Coesite.  

 

Figure 2. Experimentally determined variation of the K2O/H2O with temperature and pressure. 
The results indicate that K is transferred via a hydrous melt phase from the slab to the mantle 
wedge and that top slab temperatures must be about 800°C at sub arc depth.  



Quantitative absorbance spectroscopy with unpolarized light  
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We tested the predictions of the absorbance theory of light propagation in anisotropic minerals 
with systematic measurements of calcite and olivine in oriented and random sections through 
the minerals using polarized and unpolarized light. Five principal predictions of the absorbance 
theory have been tested: 1) We show that polarized maximum and minimum absorbance as well 
as unpolarized absorbance is linearly scaled with thickness regardless of the direction of the 
incident light. 2) It is demonstrated that the measured angular variation of polarized light as a 
function of maximum and minimum values is within error indistinguishable from the theoretical 
predictions. 3) It has been confirmed that unpolarized absorbance is always the mathematical 
average of the maximum and minimum polarized absorbance in any section. 4) The unpolarized 
absorbance for different arbitrary sections has been successfully calculated with olivine grains, 
for which the orientations have been determined by Electron Backscatter Diffraction. 5) The 
measured average unpolarized absorbance of randomly oriented grains is exactly one third of 
the Total Absorbance, in agreement with the absorbance theory. Because of this latter postulate, 
previous calibrations relating Total Absorbance to water concentration in minerals, which were 
developed for polarized light in principal sections, may be used in conjunction with unpolarized 
measurements according to:  

 

where A i is the integrated unpolarized absorbance of individual analysis, n is the number of 
analyses and k pol is the calibration factor for polarized light. This method allows calculating 
water concentrations in nominally anhydrous minerals from high-pressure experimental runs 
and fine grained mantle xenoliths, specimens in which preparation of oriented samples is usually 
not feasible.  

Bell, D.R., Rossman, G.R., Maldener, J., Endisch, D. & Rauch, F. (2003): Hydroxide in olivine: A 
quantitative determination of the absolute amount and calibration of the IR spectrum. Journal 
Of Geophysical Research-Solid Earth, 108 (B2).  

Libowitzky, E. & Rossman, G.R. (1996): Principles of quantitative absorbance measurements in 
anisotropic crystals. Physics and Chemistry of Minerals, 23 , 319-327.  

Paterson, M.S. (1982): The determination of hydroxyl by infrared absorbtion in quartz, silicate 
glasses and similar materials. Bulletin of Mineralogy , 105 , 20-29.  



Subduction recycling of continental sediments and the origin of geochemically 
enriched reservoirs in the deep mantle: experimental constraints at 16-23 GPa  
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Since Earth's formation more than 4.5 billion years ago, the continental crust has been 
progressively extracted from the silicate mantle by island arc magmatism associated with 
subduction of oceanic lithosphere along convergent plate boundaries. As a consequence of arc 
magmatism and continent formation, elements that are generally incompatible in mantle 
minerals (e.g., K, Rb, Sr, Ba, Th and U) during partial melting tend to be highly concentrated in 
the continental crust, and a complementary depletion in these elements (referred to as "large-
ion lithophile elements", or LILEs) is observed in the upper mantle. Over geologic time, the 
continents have thus come to represent a geochemically enriched reservoir relative to the 
"depleted" upper mantle. Erosion of the continental masses deposits terrigenous sediments in 
the deep ocean basins, material that is eventually returned to the deep mantle by subduction 
recycling. Isotope and trace element geochemical features of ocean island basalts (OIBs) infer 
the presence of long-lived (~1-2 Ga old) compositional heterogeneities in their plume source in 
the deep mantle, and these are usually attributed to the recycling of continent-derived 
sediments via subduction. But a number of questions regarding crustal recycling in subduction 
zones remain unanswered: how deeply can continental sediments be subducted? do sediments 
retain their unique geochemical signature during transport through the upper mantle? What 
mineral phases control the distribution of LILEs in continental sediments at very high pressures? 
Are sedimentary rocks at high pressure more or less dense than ambient mantle (i.e., are they 
buoyant, or do they sink?)? In an effort to answer these questions, we have undertaken a high-
pressure experimental study of the physical and chemical properties of sedimentary rocks at 
pressures corresponding to the lowermost upper mantle and uppermost lower mantle (i.e., at 
depths corresponding to the mantle transition zone, ~500-700 km). Phase equilibria 
experiments on natural metasedimentary rocks at 15-23 GPa indicate that the high pressure 
phase assemblage in continental sediments consists of stishovite, garnet, kyanite, corundum, and 
K-hollandite (KAlSi 3 O 8 ), and that K-hollandite retains most if not all of the bulk rock's 
budget of LILEs and heat-producing elements (i.e., K, U, Th) (Rapp et al., 2007, submitted). The 
bulk thermoelastic properties and equation-of-state parameters of K-hollandite have also been 
determined using in-situ synchrotron radiation at the Spring-8 light source in Japan (Nishiyama 
et al., 2005). From these measurements, we have estimated the density of continental sediments 
through the mantle transition zone and into the lower mantle, and our results suggest that 
terrigenous sediments achieve positive buoyancy at the top of the lower mantle (see Fig. 1). This 
further implies that OIBs with the isotopic and geochemical signature of recycled terrigenous 
sediments (e.g., EM-1 type) cannot originate from depths greater than approximately 800 km.  



 

Figure 1. Density profile for model sediment composition (equal parts stishovite, K-hollandite, 
and garnet) based on high-pressure, in-situ equation of state measurements on K-hollandite, 
and literature values for stishovite and Mj-garnet. Shown for comparison is a 1D seismologically 
determined density profile for model mantle composition (ak135) from Kennett et al. (1995)  

References: Kennett, B.L., Engdahl, E.R., and Buland, R. (1995) Constraints on seismic velocities 
in the Earth from travel times. Phys. Earth Planet. Int. 121 , 85-102.  
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Coupling of in-situ Sm-Nd systematics and U-Pb dating of monazite and 
allanite  
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The coupling of laser-ablation micro-sampling and multiple-collector ICPMS provides a means 
to measure Sm-Nd isotopic systematics at the same spatial scales as used for in-situ U-Pb 
geochronology. However, the decrease in analytical volumes afforded by laser-ablation 
necessitates an increase in the absolute concentration of Nd in the analyte material. Accessory 
minerals enriched in LREE may contain Nd at concentrations ranging from the 10 6 to 10 3 ppm 
enabling the measurement of precise 143 Nd/ 144 Nd ratios at spatial resolution of <150 µm. In 
2006 we successfully demonstrated the capabilities of laser-ablation multiple-collection ICP-MS 
(LA-MC-ICPMS: Helex laser cell + Neptune MC-ICPMS) applied to two of the most common 
LREE-enriched minerals in the Earth's crust: monazite and allanite. We have shown that 
precision comparable to solution-based MC-ICPMS measurements (< 0.5 epsilon units) can be 
achieved for laser spot sizes ranging from 16 to 50 µm. At this scale, sub-grain regions first 
dated using non-destructive in-situ U-Th-Pb geochronology (e.g., SHRIMP) can be combined 
directly with in-situ Nd-isotope and Sm/Nd elemental data to calculate robust initial 143 Nd/ 
144 Nd ratios and investigate grain-scale isotope variations. We have applied this approach to 
monazite from granulite-facies metamorphic rocks previously dated by SHRIMP. Sm-Nd 
systematics of these monazite grains measured by LA-MC-ICPMS in grain mount and in-situ in 
polished thinsection are used to calculate precise initial 143 Nd/ 144 Nd, identify potential 
isotopic inheritance, and to understand the origin of compositional domains (e.g., core-
overgrowth features) with complete control on textural context. Discrepancies between 
monazite U-Pb and garnet-wholerock Sm-Nd isochron ages can also be used to estimate crustal 
cooling rates, thereby elucidating the timescales of crustal residence of high-grade terrains. 
Recent development of U-Th-Pb dating of allanite on SHRIMP II and SHRIMP RG will facilitate 
analogous studies of calc-alkaline rocks in which allanite and titanite are the dominant LREE 
accessory mineral.  



 

Figure 1 . Two large monazite grains from a metatexite migmatite leucosome from the 
Challenger Gneiss, South Australia . X-ray mapping (A & C) was used to identify core-
overgrowth zoning and to guide the placement of SHRIMP spots for U-Pb dating. 2448 Ma 
cores are surrounded by 2430 Ma overgrowths. Each domain was subsequently targeted for in-
situ Nd-isotope measurements using a 22 µ m laser spot (labelled holes in B & D). Values for e 
Nd (-4.2 to -4.0) calculated at the independently determined U-Pb age are shown along with 
depleted mantle model ages (below e Nd values).  



The role of phosphorus in the incorporation of lithium into mantle olivine and 
potential implications for Li isotopic systematics  
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The light elements Li, Be and B and their isotopes have the potential to constrain the extent to 
which subduction-related processes and recycled material contribute to the chemical 
heterogeneity of the Earth's mantle. Li isotopes, in particular, are being the focus of much work 
recently. However, the mechanism of Li incorporation into mantle minerals and rates of 
diffusion are still poorly known. We have found that olivine crystals from some peridotite 
xenoliths from the Anakies locality (SE Australia) have highly variable phosphorus (P) 
concentrations (50-250ppm), while all the other major and trace elements appear to be 
constant in composition. EMP X-ray maps revealed peculiar types of P zoning in these crystals, 
which we have interpreted as resulting from metasomatism followed by deformation at sub-
solidus conditions; P heterogeneities are likely preserved due to sluggish diffusion of this 
element into olivine. The P contents were also found to covariate very well with Li (Fig. 1), 
suggesting that a coupled substitution mechanism similar to IV Mg 2+ + IV Si 4+ « VI Li + + IV P 
5+ is responsible for the incorporation of Li into mantle olivine. Our findings have potential 
implications for the homogenisation of Li and fractionation of Li isotopes in mantle samples. 
These implications need to be further addressed.  

 

Figure 1. Covariation plot between P and Li in olivine crystals from two Anakies peridotite 
xenoliths. Measurements were done with LA-ICP-MS in individual olivine crystals.  



Carbon and Hydrogen in Melts and Fluids in Planetary Interiors  
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Important characteristics of the Earth's mantle, such as the temperature of it's solidus at a given 
depth and the compositions of mantle-derived magmas (e.g. silica-saturated vs. silica-
undersaturated), are dependent on the prevailing oxidation state and the solubilities of volatile 
species. In particular, C-H-O species are known to have large effects on mantle solidus 
temperatures and magma compositions. Magmas on the Earth's surface are generally oxidized 
(ƒO 2 ~ FMQ) and CO 2 -bearing. However, the source region of these magmas - the convecting 
upper mantle - is likely to be significantly reduced at depth, probably ~ FMQ-2 to FMQ-3 log 
units for basalt source regions and < FMQ-3 log units for kimberlite source regions (e.g. Green 
et al., 1987; Taylor & Green, 1989). The stable C-H-O volatile phase under these ƒO 2 conditions 
will be a CH 4 -H 2 ±H 2 O fluid, rather than CO 2 -H 2 O. Calculations suggest that upper 
mantle ƒO 2 may decrease by as much as 0.6 log ƒO 2 units per GPa (relative to FMQ). The 
question arises as to how oxidized magmas can be extracted from a reduced source.  

We are using high pressure, high temperature experimental techniques in order to constrain the 
role of carbon and hydrogen volatile species within the Earth's upper mantle. Our experimental 
work has focussed on the development of new methods that enable us to analyse the fluid 
phases produced from experimental run products. An innovative system we have built consists 
of a gas chromatograph that is capable of measuring trace quantities of gases within 
experimental run charges; at present, we are able to measure N 2 , O 2 , CO, CO 2 , CH 4 , C 2 H 
6 and H 2 O, but slight modifications will allow us to analyse a variety of other gases. 
Experiments are based on the design of Taylor & Foley (1989) and consist of a W-C-WO buffer 
in order to produce the required reducing environment (FMQ-3 log units at 2.8 GPa). Early 
results indicate that a CH 4 - and H 2 O - rich fluid is produced under such conditions and agree 
with results from experiements by Matveev et al. (1997) and Taylor & Foley (1989). Our 
development of a reliable method of gas analysis provides a versatile system that will have many 
useful applications for future experimental studies.  

References: Green D.H., Falloon T.J., and Taylor W.R. (1987) Mantle-derived magmas: Roles of 
variable source peridotite and variable C-H-O fluid compositions. Geochemical Soiety Special 
Pubication. 1 , 139-154.  
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Matveev, S., Ballhaus, C., Fricke, K., Truckenbrodt, J. and Ziegenbein, D. (1997) Volatiles in the 
Earth's mantle: I. Synthesis of CHO fluids at 1273 K and 2.4 GPa. Geochimica et Cosmochimica 
Acta 61 , 3081-3088.  

  



Sulphur solubility experiment  
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The aim of these experiments was to determine the S solubility in respect to 
oxygen fugacity in silicic melt (dacitic composition). The experiments will give 
insight into the S behaviour during magma evolution and volcanic eruptions. It 
was found that the S solubility generally decreases with increasing oxygen 
fugacity. The solubilities were lower in hydrous experiments compared to dry 
experiments and thus indicate that S partitions strongly into a volatile phase in 
hydrous experiments. These results corroborate findings of earlier studies that it is 
likely that S is stored in a coexisting fluid phase together with melt beneath active 
volcanoes. During a volcanic eruption this fluid will be expelled and contributes to 
the large amounts of S that can be transported into the atmosphere and can 
explain the S budget between atmospheric S measurements and solubility 
estimates from S determinations in pre-eruptive melt inclusions.  

  



Metal partitioning from experiments and natural samples  
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A series of experiments with the aim of determining the metal behaviour in andesitic to rhyolitic 
melts were conducted. The partitioning between melt and oxides (titanite, ilmenite) and melt 
and sulfides (pyrrhotite) was investigated. The results from the experiments show that in sulfide 
absent runs Mo, W and Sn partition strongly into rutile (titanite replaced by rutile) and Pb and 
to some extent stay in the silicate melt. 

In sulfide bearing runs the partitioning is clearly towards the sulfide and the formation of new 
sulfide phases of Pb, Pb-Zn, Zn-Fe, and Fe was observed. Sn and Cu did not form own sulfides 
and partitioned into Pb-S and Fe-S, respectively., whereas Mo partitioned into coexisting rutile. 

In addition to the experiments, two set of natural samples were analyzed. The first batch of 
rocks contained ilmenite and magnetite inclusions in plagioclase and orthopyroxene from 
eruption products of the Taupo eruption in the Central Taupo Volcanic Zone, New Zealand. A 
second set of rocks of which magnetite and ilmenite were separated is from a fractionated 
granitic intrusion in New South Wales (Yeoval granite, Australia). 

The results of the natural samples from the Taupo eruption show that not only the oxides can 
accommodate metals, but that the silicates have elevated metal contents. For example Zn, Mn 
and Mo were most enriched in the orthopyroxene.  

In the Yeoval granitic rocks the trace elements define a fractionation trend that is preserved in 
the accessory phase and there are two (temporally?) different magnetite phases, which differ in 
metal content. 

Furthermore, I had collaborations with researchers from James Cook University and industry 
(Auzex Resources Ltd), namely in fluid and melt inclusion analysis using the LA ICPMS facility at 
RSES. Some of the projects involved the analysis of samples for the pmd CRC project on 
predictive mineral discoveries.  

In 2005 I was awarded a grant from ANSTO (through the Access to Major Research Facilities 
Programme) to visit and use the synchrotron facility at the Advanced Photon Source in Argonne, 
Chicago. This was part of an extension of a previous ARC project on the solubility of 
molybdenum in magmatic-hydrothermal fluids. I was able to determine the likely Mo complexes 
in H2O and H2O-KCl solutions, which complemented the solubility data obtained previously.  

In summary, the work at ANU was very interesting and the research environment and the 
technical facilities are outstanding. Consequently, I gained a lot of new experience that will be 
valuable for my future career. I felt honoured and privileged to work at RSES and I enjoyed the 
friendly atmosphere among staff and research colleagues within the group.  
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Hydrothermal veins are a ubiquitous feature in many parts of the Earth's crust, and provide 
evidence for fluid redistribution and material transport. High-spatial resolution chemical 
analyses within an individual vein may be used to infer changes in fluid chemistry during the 
growth of that vein.  

Our previous work highlighted the integration of high-spatial resolution isotopic and trace 
element analyses with microstructural observations. During this study, we noted that trace and 
rare earth element concentration changes occur on several scales, with broad-scale ( e.g. mm) 
concentration changes being modulated by significant, fine-scale (< 100 µm) concentration 
variations (Barker et al, 2006). In particular, we noted that Ce/Ce* and Eu/Eu* ratios may record 
changes in fluid-rock reaction and fluid oxidation state. We suggested that concentration 
changes could be produced by either (a) changes in the bulk fluid composition or (b) some type 
of non-linear surface process within a fluid that maintains an approximately constant bulk 
composition (e.g. Watson, 1996).  

To address this, we grew calcite crystals from approximately constant composition CaCl-NH 4 Cl 
solutions by diffusion of CO 2 from an ammonium carbonate source (Gruzensky, 1967). These 
solutions were spiked with REEs at varying Ca/REE total . Crystal growth began after several days, 
and continued for approximately 2 months before being recovered for analysis. A variety of 
crystal morphologies grew, including long needles and stubby euhedral calcite grains.  

Preliminary laser ablation ICP-MS results along the long axis of the calcite needles reveals 
significant (> 50%) REE concentration changes over a fine-scale (< 100 µm). Hence, fine-scale 
trace element variations measured in natural samples may not reflect any change in bulk fluid 
composition. Notably, Ce/Ce* and Eu/Eu* anomalies were not developed in the synthetic calcite 
crystals. Therefore, we suggest that these anomalies reflect changes in fluid-rock reaction and 
oxidation state. Further experiments are needed to quantify the effects of growth rate on REE 
uptake, and the influence of varying Ca/REE total on crystal morphology.  
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High-temperature deformation processes in fine-grained ceramics: controls on 
grain boundary sliding  
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In recent years it has been determined that the departure from ideal elastic behaviour of a 
geological or ceramic material, when stressed at high temperature, is strongly influenced by its 
microstructure. Small changes in the grain size, or very small amounts of fluids/melt or other 
impurities along the grain boundaries are sufficient to cause remarkable changes in the 
rheology Therefore, systematic studies into the effect of those minor microstructural 
characteristics is vital for improving the understanding of atomic-scale processes during 
deformation, which in turn will lead to better usage of rheological data in the interpretation of 
the dynamic processes of the Earth's interior and to improved structural materials for industrial 
applications.  

A particular current focus is the experimental deformation of polycrystalline magnesium oxide 
(MgO) at high temperatures (to 1300 ° C) to monitor the change from instantaneous, reversible 
elastic deformation to time-dependent permanent viscous deformation. We use MgO, because 
its simple cubic crystallography makes it an ideal material to test the validity of 
micromechanical models for specific deformation mechanisms, such as grain boundary sliding. 
In addition MgO is used in the ceramics industry especially in high-temperature structural 
applications because of its special high-temperature characteristics. The MgO study has so far 
shown that very small amounts (<1%) of secondary phases along the grain boundaries result in 
a dissipation peak whereas pure MgO with clean grain boundaries displays no dissipation peak.  

The fabrication of a suite of dense, pure polycrystalline specimens ranging widely in mean grain 
size has been greatly facilitated by collaboration with Professors Itatani (Sophia University, 
Japan) and Kishimoto (Okayama University, Japan). Data so far obtained for specimens of 3-20 
m m mean grain size reveal a clear grain size dependency of the rheology. The rheological data 
is currently being modeled to obtain a comprehensive flow law for MgO which includes 
parameters such as temperature, oscillation period and grain size. This MgO flow law can then 
be used for extrapolation to deep Earth conditions as a first approximation for the behaviour of 
magnesiowüstite ((Mg 0.8 Fe 0.2 )O) which is an important mineral phase in the Earth's lower 
mantle. The new MgO data thus have the potential to better constrain the cause of seismic-
wave attenuation in the lower mantle.  

Several aspects of the newly measured viscoelastic behaviour of polycrystalline MgO are at odds 
with the classic theory of grain-boundary sliding developed during the 1970's by Raj and Ashby. 
This theory is accordingly being revisited with less restrictive assumptions: specifically, grain 
edges are allowed to be arbitrarily sharp and elastic and diffusional accommodation of the 
relative sliding between adjacent grains may operate concurrently. Preliminary results provide 
the first comprehensive theoretical description of grain-boundary sliding and some tantalising 



insights into the controls on the relative importance of dissipation peaks and the broad 
monotonically frequency-dependent background.  
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Finger on the trigger: insights on earthquake cycles via experiments  
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Faults are known to regain a portion of their strength during the quiescent period between 
earthquakes. Physical and chemical processes involved in the strengthening process are also 
likely to change the hydrologic properties of fault materials. In recent years, it has been 
postulated that changes in fault permeability and porosity may result in changes to the 
effective stress state, and therefore fault stability.  

In one experimental program, we have focussed on providing quantitative constraints on the 
hydro-mechanical evolution of fault zones under hydrothermal conditions at elevated 
temperatures. In a simplified analogue of a crustal fault wear product, the rate of permeability 
reduction of quartz powder was determined as a function of temperature, grain-size and 
differential stress. We found that permeability reduction of quartz-rich fault wear products in 
fluid-active environments is favored by elevated temperatures, high differential stresses 
(tectonic loading) and fine grain sizes. Assuming that the kinetic data obtained from the 
laboratory experiments can be extrapolated to the quartz-dominated crust of the seismogenic 
regime, we are able to provide very broad estimates of the expected permeability evolution in 
fault gouges as a function of the geothermal gradient (Fig. 1). These results are attractive for 
numerical modeling of the temporal changes of fluid transport properties in faults.  

A second, complementary experimental program was conducted to assess how the hydrothermal 
reaction described above affected the physical strength of the experimental faults. The 
experiments involved loading sandstone specimens to failure, thus generating an analogue fault 
zone. These faults were then allowed to compact under hydrothermal conditions for variable 
duration, under different PT conditions. The results of this study suggest that fluid-rock 
interaction at seismic depths may result in significant fault strengthening, which would 
contribute to enhanced seismic energy release during rupture (Fig. 2). 

 



Figure 1 : Extrapolation of experimental permeability reduction rates to quartz fault gouges in 
the seismogenic regime. Shown is the time required to decrease fault gouge permeability by one 
order of magnitude (k/k o = 10 -1 ), three orders of magnitude (dashed line) and five orders of 
magnitude (dotted line). Permeability reduction rates for a granite gouge and a quartz gouge 
from Morrow et al., 2001, are plotted for comparison.  

 

Figure 2 : Diagram showing lines of equal fault cohesion on a plot of crustal depth versus time. 
This diagram, based on experimental data, suggests that significant reaction-induced fault 
strengthening should occur during the interseismic period. A geothermal gradient of 20°C/km is 
assumed in this model. Shown are the approximate fields for large earthquakes and repeating 
earthquakes at Parkfield (region P).  

  

References: Giger, S.B., Tenthorey E., Cox S.F., Fitz Gerald, J. Permeability evolution in quartz 
fault-gouges under hydrothermal conditions. submitted to Journal of Geophysical Research . 
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Seismic wave attenuation in upper-mantle materials  
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Robust interpretation of seismological models for the Earth's interior requires a comprehensive 
laboratory-based understanding of the many factors affecting seismic wave speeds and 
attenuation in geological materials at high temperature. Previous work in our laboratory has 
established the grain-size sensitive behaviour of fine-grained dry, melt-free polycrystals of the 
dominant upper-mantle mineral olivine, and the effect of small degrees of partial melting. The 
new frontiers are to explore the role of dislocations (crystal defects resulting from prior or on-
going deformation) in seismic-wave attenuation, and the possibility that both types of 
viscoelastic behaviour might be enhanced by the presence of water dissolved in nominally 
anhydrous minerals.  

For an exploratory study of the effect of water (completed in 2006) we chose a fine-grained 
dunite - a natural rock composed mainly of the dominant upper-mantle mineral olivine, and 
containing about 0.2 wt% water in accessory hydrous minerals. Specimens cored from this rock 
and subjected to various alternative heat treatments range widely in the water content as 
indicated by the strength of their infrared absorption (first figure). In particular, we have shown 
that the water liberated by in situ dehydration of the hydrous minerals escapes gradually from 
specimens wrapped in nickel-iron foil under high temperature-pressure conditions but is 
retained if the rock specimen is encapsulated within a welded platinum capsule. 

 

The contrasting results for such ‘dry' and 'wet' specimens (second figure) provide the first clear 
indication that water causes a remarkable increase in attenuation. The exciting results of this 
exploratory study pave the way for future more detailed investigation of the role of water 
including the effect of much smaller amounts of water dissolved in nominally anhydrous 
minerals like olivine. Such results will eventually help refine the interpretation of seismological 
models for the Earth's mantle – especially the very low wave speeds and high attenuation 
commonly observed in subduction zones.  



In parallel with these developments, we have this year completed a study of the deformation of 
synthetic olivine polycrystals – demonstrating that dry, genuinely melt-free olivine is much 
stronger in diffusional creep (dominant in fine grained materials exposed to low stresses) than 
previously thought. The conditions required for deformation by dislocation creep have also been 
established. This work, along with a major review of the mechanisms of seismic wave 
attenuation, provides the context for a forthcoming Ph. D project on dislocation damping.  

  

 

References: Faul, U.H. and Jackson, I. (2007) Diffusion creep of dry, melt-free olivine, J. geophys. 
Res., (in press).  

Jackson , I. (2007) Physical Origins of Anelasticity & Attenuation in Rock. in Treatise on 
Geophysics, Volume 2 - Mineral Physics: Properties of Rocks & Minerals, Elsevier (in press)  

Aizawa, Y., Barnhoorn, A., Faul, U.H., Fitz Gerald, J.D., and Jackson, I. (2007) The influence of 
water on seismic wave attenuation in dunite: an exploratory study. J. Petrol. (submitted)  

  



Exploration potential of stress transfer modelling in fault-related mineral 
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Transient permeability enhancement processes such as faulting and fracturing, are expected to 
be very important controls for fluid flow and the formation of mineral deposits in the crust. This 
is because rates of reaction and sealing in hydrothermal environments are extremely rapid and 
wall-rocks typically have intrinsically low permeabilities. By coupling structural field 
observations with simple Stress Transfer Models of fault-slip we aim to correlate domains of 
known mineralisation with areas where faulting and fracturing is predicted to have been 
triggered repeatedly over the lifetime of a fault system. Stress Transfer Modelling (STM) was 
developed by the USGS and uses boundary-element code to calculate the changes in static 
stress generated by fault-slip events. STM has proven valuable in predicting the spatial 
distribution of aftershocks and the triggering of earthquakes for hazard assessment of active 
fault systems. This is achieved by calculating the positive stress changes that bring pre-existing 
fault networks closer to failure, thus triggering aftershocks.  

The inference that step-over regions in ancient fault systems were significant geometrical 
barriers to rupture propagation has enabled us to apply STM to fossil fault systems. The model 
shown displays the distribution of co-seismic stress changes generated by fault-slip events on 
regional shear systems associated with the New Celebration goldfield, Western Australia. Faults 
present in domains of positive stress change are brought closer to failure by regional fault slip 
events. A good correlation is observed between the location of fault-hosted gold deposits and 
those domains where positive stress changes are predicted, suggesting an important link exists 
between permeability generated by earthquake-aftershock behaviour and the migration of 

mineralising fluids. By using this approach in a 
number of studies fault-triggering has been identified 
as a first-order control on mid-crustal fluid flow 
(Micklethwaite and Cox, 2004, 2006). We are now 
extending our work to volcano-structural regimes, 
where the interaction of fault ruptures and dyke 
intrusions has led to the development of epithermal 
gold deposits. 

In addition, a collaboration with Dr Heather Sheldon 
(CSIRO, Perth , Western Australia ) is enabling us to 
understand why small stress changes generated by 
fault-slip events exert such a strong control on 
resulting aftershocks and ultimately fault-related 
mineralisation. Experimental deformation results 
show that as rock is stressed large numbers of 
microcracks are generated that eventually coalesce 
into through-going failure planes. This behaviour is 
described and modelled by Damage Mechanics. 
Coupling Damage Mechanics and STM explains the 



temporal and spatial decay of aftershocks over time with only small elastic stress changes, and 
may allow us to estimate rates of fluid flow through fault systems. The success of Stress Transfer 
Modelling and Damage Mechanics in explaining the temporal and spatial distribution of 
aftershocks suggests that, near plate boundaries, the earth's crust is in a near-constant state of 
criticality.  

References: Micklethwaite S. and Cox, S.F. (2004) Fault-segment rupture, aftershock zone fluid 
flow and mineralization. Geology, 32, 866-870.  

Micklethwaite , S., and Cox, S.F., (2006) Progressive fault triggering and fluid flow in aftershock 
domains: Examples from mineralized Archaean fault systems. Earth and Planetary Science 
Letters , 250, 318-330.  

   

 

  
 



Seismogenic strain rates during ductile deformation – the example of The 
South Cyclades Shear Zone, Ios, Cyclades, Greece  

Marnie Forster and Gordon Lister  
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The potential role of shear heating during orogenic processes has remained contentious. The 
consensus view is that effects associated with this process are of little relevance.  Heat 
production associated with ductile deformation may be readily dissipated, and have no impact if 
deformation rates in the crust are in the range 10 -11 to 10 -14 s -1 and deviatoric stress values 
remain <~100 MPa.  Yet data that suggests a non-trivial role for shear heating continues to 
emerge, in particular associated with the operation of major ductile shear zones. This data can 
be interpreted in terms of the effects of a short-lived thermal pulse that takes place during 
shear zone operation.  It can be supposed that the duration of the thermal pulse is not long 
enough to allow transformation of metamorphic minerals to new parageneses (except where 
deformation and fluids facilitate the process - normally within the shear zone itself). Similarly it 
can be supposed that the duration of the thermal pulse is not long enough to allow complete 
diffusional loss of argon from relict mineral grains, which therefore display anomalously older 
ages, except where these relicts have been substantially deformed and/or recrystallized.   

A previous study in the South Cyclades Shear Zone, Aegean Sea, Greece, constrains cooling rates 
from 450°C to 350°C, spanning the range of temperature during which ductile mylonites 
accumulated ~300% stretching.  By inference strain rates in the mylonite must have been 
considerably higher than values normally envisaged (by as many as 4-5 orders of magnitude), 
although these high strain rates may only be transiently maintained.  This is of interest because 
by implication deviatoric stress levels must be also correspondingly at least an order of 
magnitude greater, implying that we cannot ignore heat production as the result of the 
conversion of the mechanical work necessary to accomplish plastic deformation during 
operation of such shear zones.   

Therefore we have conducted detailed thermochronology and geothermometry traverse through 
the km-scale South Cyclades Shear Zone to assess the significance of shear heating during 
operation of this crustal-scale movement zone. K-feldspar thermochronology allow constraints 
on the cooling history at different locations in the shear zone, and estimates as to the duration 
of thermal events. Data suggest that the shear zone operated at rates that would seem 
appropriate to the period of relaxation after major seismic events. P-T conditions that allow 
growth of garnet+biotite could endure for only short time periods, estimated here not 
exceeding one thousand to ten thousand years. 



   

Figure 1. Modelling of a thermal spike, for example between 350° to 450°C, shows that the 
heating event must be only of the duration of thousands to 10s of thousands of years 
(MacArgon Software).  

 

Figure 2. Orogenic Sequence Diagram super-imposed over alternative Time/Temperature paths. 
The smooth T/T path with operation and metamorphic growth gradation during exhumation 
marked in blue. Alternative Time/Temperature path with several short-lived thermal events 
marked by metamorphic mineral growth events through time shown are in red. The South 
Cyclades Shear Zone operated with a south sense at garnet/biotite PT conditions and was 
overprinted by north sense shearing at a significant later time during the exhumation. The 
argon system was not completely reset during overprinting events, signifying short thermal 
excursions to have occurred.  



Utilising deformable mesh tectonic reconstruction software: South America , 
Africa and Gondwana  

Martin L. Smith, Joe Kurtz, Simon W. Richards, Marnie Forster, Gordon S. Lister  
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Plate tectonic reconstructions have evolved significantly since the initial efforts using sliding 
cutouts on a sphere. The advent of computer programs for tectonic reconstruction, and the 
rapid increase in computer power has enabled the development of reconstructions that seek to 
model plate tectonic processes at a variety of scales. Most recent software utilises Euler 
rotations of individual “plates” as a means of reconstructing past movement.  

The development of the Pplates program within the group takes a novel approach to 
reconstruction. Previous programs, such as Plates and PlatyPlus, model tectonic plate movement 
as a series of rigid rotations. This results in plate geometries which may fit well, but in some 
cases, it is hard to reconcile broader geological trends. Pplates enables a user to model intraplate 
deformation, which can be limited in regional extent using the unique deformable submeshing 
facility of the software. To highlight this, a review of previous, highly cited models for the 
movement of South America and Africa for the past 150 – 160 Ma was carried out in Pplates 
using both rigid and deformable mesh reconstructions. A deforming mesh reconstruction for the 
past 160 Ma was also prepared as part of this review, and can be seen in figure 1. The review 
forms the basis for a forthcoming paper, Smith et al. , “Re-evaluating the break-up of South 
America and Africa using deformable mesh reconstruction software” in the Journal of the 
Virtual Explorer. 

Other published data have been used as case studies within Pplates. Including those of Müller et 
al. (1993) , the Global Isochron Chart of Royer et al. (1992) and the motion of Iberia, Europe and 
Africa relative to North America (Rosenbaum et al. 2002) , these can be seen in figures 2, 3 and 
4. Ongoing work includes the incorporation of other compilations of reconstruction data, and 
the constant development of Pplates itself. 

 

Figure 1. A deformable mesh reconstruction of the break-up of South America and Africa since 
160 Ma. Rotation data were compiled from various sources, including the Global Isochron Chart, 
and zones of intraplate deformation from Nürnberg and Müller (1991) and Unternehr et al. 
(1988) . Animations of some of the reconstructions can be seen at 
http://tectonics.anu.edu.au/access/pplates/ 



 

Figure 2. Pplates reconstruction using rotation data of Müller et al (1993) relative to a fixed 
hotspot reference frame.  

 

Figure 3. Pplates reconstruction of the fit of South America and Africa at 160 Ma based on the 
Global Isochron Chart (Royer et al. 1992) , also available as a movie.  

   



 

Figure 4. Pplates reconstruction of Rosenbaum et al. (2002) data, with motions relative to North 
America .  

References: Müller, R. D., Royer, J.-Y. and Lawver, L. A., 1993. Revised plate motions relative to 
the hotspots from combined Atlantic and Indian Ocean hotspot tracks. Geology 21, 275-278.  

Nürnberg, D. and Müller, R. D., 1991. The tectonic evolution of the South Atlantic from Late 
Jurassic to present. Tectonophysics 191, 27.  

Rosenbaum, G., Lister, G. S. and Duboz, C., 2002. Relative motions of Africa , Iberia and Europe 
during Alpine orogeny. Tectonophysics 359, 117.  

Royer, J.-Y., Müller, R. D., Gahagan, L. M., Lawver, L. A., Mayes, C. L., Nurnberg, D. and Sclater, J. 
G. (1992). A global isochron chart. University of Texas Institute for Geophysics Technical Report : 
38.  

Unternehr, P., Curie, D., Olivet, J. L., Goslin, J. and Beuzart, P., 1988. South Atlantic fits and 
intraplate boundaries in Africa and South America . Tectonophysics 155, 169.  



The nature and timing of Barrovian metamorphism 

Daniel R. Viete, Simon, W. Richards, Gordon S. Lister 
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During 2006, research concerning the ‘nature and timing of Barrovian metamorphism' 
continued. 2006 saw the completion of a two-month field season in the type Barrovian 
sequence of the Grampian terrane, Scotland (Fig. 1) and the commencement of work on 
geochronological (white mica Ar-Ar) transects through the Barrovian sequence. 

   

Fig. 1. Field areas mapped in 2006 

In 2006, work also begun on the use of diffusively modified major element composition zoning 
(in garnet) to constrain durations for metamorphic heating associated with production of the 
classic Barrovian sequence. Work to date has involved quantification of composition profiles for 
specimens sampled from two transects through the Barrovian series (on the east coast, N of 
Stonehaven and along the River North Esk, N of Edzell: Fig 2). 

 

Fig. 2. Isograd map of NE of the Grampian terrane, 
Scotland . Transects along which fieldwork has been 
carried out are shown 

Using the SX100 electron microprobe at the RSES, 
major element (Ca, Fe, Mg, Mn) composition maps 
were produced for garnets from the highest garnet 
bearing structural levels (garnet zone) to the lowest 
structural levels (sillimanite zone). A systematic 
change in zoning profiles is preserved in garnets 
from the highest to the lowest structural levels. 
Conspicuous zoning within the low-grade garnets 
(Fig. 3a) is obliterated with increasing grade, to the 



point where small sill-grade garnets show homogeneous compositional profiles (Fig. 3b). This is 
thought to reflect diffusive destruction of compositional zoning at higher temperatures of 
metamorphism. 

(a) 

 

(b)  

Fig. 3. Mn abundance maps and concentration profiles for a) gnt-grade and b) sill-grade garnets. 
Concentration profiles follow the line indicated on respective composition maps  

 

Compositional profiles observed for the garnets are to be reproduced by forward modelling 
using a simple T-t path, maximum metamorphic P and T (from petrology) and appropriate values 
for the parameters of diffusion. For the purpose of modelling, it will be assumed that the garnet 
grain represents an isolated system (experiencing zero net diffusive flux through the garnet 
surface) and that the form of composition profiles unmodified by diffusion can be produced 
using a Rayleigh fractionation growth model. The time required to produce composition profiles 
that match those observed will give an estimate for the duration of metamorphic heating with 
the simplified form of the T-t path. T-t curves of differing forms produce the same time 
integrated diffusive effect as the simplified T-t path for the same T max and some characteristic 
duration of heating. Results will give a range of metamorphic heating durations for the 
Barrovian series specific to different forms of the T-t curve.  



Pplates – Interactive plate tectonic reconstruction tool 

Joe Kurtz and Gordon Lister  

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  

Pplates is a MacIntosh-based reconstruction program that aids in plate and continental tectonic 
reconstructions by providing a tool for visualisation of movements of continents and plates. 
Starting in late 2005, intensive development of Pplates focused on creating a version that will 
allow a user to deform plate crust while conserving crustal mass and isostasy. The official beta 
release occurred in April 2006 and included this capability.  

 

New capabilities include the facility for users to:  

(1) Create and save the history of a deforming continent reconstruction. Playback the history to 
the screen or to a PDF file.  

(2) View strain induced in mesh faces (as strain eigenvectors) when a continent is deformed 
during a reconstruction (see Figure 1 )  

(3) Turn on a spring model (elastic) rheology for a mesh and allow it to relax after stress-
inducing a deformation. This allows the spreading of deformation phenomenologically. Other 
rheology models will be added.  

(4) Incorporate the use of submeshes in the reconstruction process. Once a mesh has been 
established, some areas of the mesh may be designated as a submesh and moved as a unit 
within the mesh. This makes possible the designation of an area of a continent as rigid relative 
to the rest of the continental crust -- a craton, for example. The areas between cratons within a 
mesh are then representative of basins/orogens which can deform as cratons move relative to 
one another.  

(5) Add decorations. A decoration is any file of latitude/longitude points (with other properties) 
which is display as symbols (mines, for example) or connected points (e.g. boundaries).  

(6) Change color and appearance of mesh and decoration lines and symbols. These changes are 
saved when the mesh or decoration are saved. 



 Structural geology, tectonics, and gold mineralisation of the southern Anakie 
Inlier.  

David G. Wood  

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  

The Late Neoproterozoic-Early Palaeozoic geology of northeast Australia is not well known, and 
is restricted to studies of relatively small basement inliers in Queensland. The Anakie Inlieris one 
such area. Basement rocks of the Anakie Inlier comprise the Anakie MetamorphicGroup, and 
provide a window into crust that potentially underlies a significant area of northeast Australia. 
A ductile flat-lying foliation is the dominant structural feature of the Anakie Metamorphic 
Group, and both extensional and shortening processes have previously been interpreted for its 
formation. A combination of structural, metamorphic, 40Ar/39Ar thermochronologic and 
SHRIMP U-Pb geochronologic studies were used to elucidate the nature of the flat-lying 
foliation, as well as provide tectonic constraints for the Late Neoproterozoic-Early Palaeozoic 
evolution of northeast Australia . Detailed structural mapping and microstructural analysis 
revealed a more complex deformation history than previously interpreted. A minimum of 6 
distinct deformation events are interpreted, up from a previous total of 3.  

Early deformation of the Anakie Metamorphic Groupis characterised by upright isoclinal folding 
coeval with mid-amphibolite facies metamorphism, which is overprinted by recumbent folding 
and a flat-lying foliation synchronous with (retrograde) greenschist facies metamorphism. The 
formation of shear bands, stretching mineral lineations and asymmetric folding during flat-lying 
foliation development indicates a component of simple shear during deformation. The contrast 
of upright folding followed by low angle shearing is interpreted to reflect a switch between 
shortening and extensional deformation. Younger deformation formed variably trending 
uprights folds that reoriented the flat-lying foliation, and resulted in complex outcrop patterns.  

The age of early deformation of the Anakie Metamorphic Group is constrained to between ca 
510-483 Ma from detrital zircon ages in a previous study, and from 40Ar/39Ar ages in this study. 
SHRIMP U-Pb analysis undertaken constrains the age of younger upright deformation to 
between ca 443-392 Ma, based on cross-sutting relationships between intrusives and structures 
in the metamorphic rocks. A U-Pb age of 443.3 ± 6.2 Ma is interpreted to represent the absolute 
age of a regional (D4) deformation event.  

Gold in the Anakie Inlier occurs in a variety of settings. In the Clermont region, gold can be 
divided into two broad groups, the first is structurally controlled lode gold mostly in the 
Bathampton Metamorphics, the second is gold in a basal conglomerate horizon of Permian 
basins. Structurally controlled gold occurs in shear zones along the limbs of the Oaky Creek 
Antiform, and is concentrated at the intersection of the shear zones with areas of younger 
intense deformation. The earliest known gold mineralisation occurs in structures that are dated 
at 443.3 ± 6.2 Ma. Gold in Permian conglomerate is enigmatic, and occurs as palaeoplacer 
nuggets and hydrothermal related deposits in close proximity to each other. Gold is 
concentrated in, and adjacent to, fractures that cut the unconformity between Permian 
sediments and the underlying Anakie Metamorphic Group. A model of fluid mixing along the 
unconformity interface best explains the presence of concentrated gold in this setting. 
Correlations between the Anakie Metamorphic Group and equivalent metamorphic rocks 
elsewhere in Queensland indicate that the Late Neoproterozoic - Early Palaeozoic evolution of 



northeast Australia was dominated by extensional tectonics, punctuated by short-lived episodes 
of lithospheric shortening.  

 

Figure 1. Shear sense associated with the flat lying foliation formed in Neoproterozoic-
Cambrian metamorphic complexes in Queensland between ca 500-440 Ma.  

  

 



Structural analysis of aftershock sequences from the 2004-2005 Great 
Sumatran Earthquake  

Gordon Lister, Brian Kennett, Marnie Forster, Simon Richards  

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  

This study was commenced shortly after the horrendous events of December 2004. The aim is to 
apply modern structural geology to the analysis of the tectonic evolution of the region in the 
hope that some light might be shed on the factors that determine the nature of tsunamigenic 
earthquakes. To do this we first looked at seismological data that allows us to identify fault 
planes and slip line on fault planes during earthquakes. To assist, a computer program (eQuakes) 
was written (in C++, compiled using Xcode in a MacOSX environment) allowing the analysis of 
data that can be downloaded from the Centroid Moment Tensor (CMT) database, initially at 
Harvard, but now relocated, see: http://www.globalcmt.org/  

Figure 1  

 
Figure 2  

The Centroid Moment Tensor (see figure 1) provides information as to the symmetry and 
geometry of energy release during an earthquake.  The ‘fault' planes that can be identified are 
conjugate in that: a) the pole to one ‘fault' plane is the slip line (or movement direction) of the 
other; b) the sense of shear on one ‘fault' plane is conjugate to the sense of shear on the 
other.  This means that if one solution is a reverse fault (movement up the dip of the fault plane) 
then the conjugate solution will be a thrust (lower angle of dip, but movement again up the dip 
of the fault plane).  Similarly if one solution is a high-angle normal fault (movement down the 
dip of a steeply dipping plane) then the other solution will represent a low-angle normal fault 
(with movement down the dip of a more gently inclined plane).  

eQuakes was used to analyse 771 aftershocks that have been recorded in the Global CMT 
database. Of these a total of 285 were normal faults, 103 were strike-slip faults and 383 were 



reverse faults (and thrusts).  The poles to each fault plane were plotted on the lower hemisphere 
of a stereographic projection (see adjacent, Fig 2) with red dots indicating thrusts, blue dots 
normal faults, mauve dots right-lateral strike-slips faults, and green dots left-lateral strike-slip 
faults. Even on seismic timescales there appears to have been two competing movement 
patterns that were operative.  In the south, thrusts and reverse faults were kinematically 
coordinated with the main shocks.  The movement direction during thrusting was towards ~220°, 
close to the direction of relative plate movement.  In the north the aftershock sequence is 
dominated by arc parallel normal faults with movement generally to the west, and by left-
lateral strike-slip faults parallel to the spreading ridges in the Andaman Sea.    

The aftershock sequences are not compatible with an asperity model.  The angles of failure 
suggest that faults are breaking within the rock above the initial rupture. A geodynamic model 
is suggested that involves the initial fault decoupling the over-riding ‘plate' from the underlying 
subducting flat slab, thus allowing a subsequent westward surge of extending continental crust. 
Using eQuakes to plot hypercentre data on a topographic image derived from 
http://ibis.grdl.noaa.gov/cgi-bin/bathy/bathD.pl ) we can show that aftershocks fall into distinct 
spatial groups, with thrusts dominantly in the south, and normal faults in the north (see below, 
Fig 3).  Red dots show thrusts, blue dots show normal faults, and mauve dots show strike-slip 
faults.  

 
Figure 3  

The data are consistent with the 
hypothesis that the ruptures responsible 
for the Great Sumatran Earthquakes of 
2004 and 2005 were gently dipping 
thrusts that rapidly propagated as they 
detached the Indian slab from the over-
riding Indonesian crust.  The Indonesian 
crust then surged southwest and west 
thereby releasing (and accumulating) 
heterogeneous distributions of deviatoric 
stress that reflect the analysed sequence 
of aftershocks.   

The aftershock sequence suggests two 
competing patterns of movement.  In the 
case of thrusts and reverse faults (which 
dominate in the south) the direction of 
relative movement is compatible with 
failure largely driven by horizontal 
compressive stress parallel to the 

direction of relative plate motion.  In the case of normal faults (which occur largely in the north) 
the movement is compatible with a westward surge of the continental crust, and failure during 
horizontal extension.  This normal faulting began within twelve hours of the initial break.  

The fact that thrusts and reverse faults dominate in the south while normal faults dominate in 
the north suggests a variation in tectonic mode from overall horizontal shortening in the south, 



to overall horizontal extension of the crust in the north.  The geology of this region is 
compatible with westward flow of the Indonesian crust.  Because the westward flow occurs at a 
rate greater than the rate of crustal flow in the more the internal zones of the orogen, the 
tectonic mode is dominated by strike-slip faults and overall extension orthogonal to the 
Indonesian arcs.  

 
Figure 4  

These results are interesting because switches in tectonic mode as described above are generally 
recognized at longer time scales (separating periods of shortening and extension that each last 
more than several million years). Here we present evidence that suggests such mode switches 
can take place on seismogenic time scales.  This circumstance is compatible with a surge of the 
continental crust driven by its own gravitational potential energy.  A schematic cross-section is 
illustrated above (Fig 4). Paraphrasing England and Molnar (2005) [Journal Of Geophysical 
Research, v. 110, B12401] the orogen is behaving more like a fluid than a plate, here, even at 
seismogenic timescales!  

  



New Constraints on the Age and Evolution of the Wishbone Ridge, Southwest 
Pacific Cretaceous Microplates, and Zealandia-West Antarctica Breakup  

W. James Dunlap 1 , Nick Mortimer 2  

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 
2 Institute of Geological and Nuclear Sciences, Dunedin , New Zealand  

The Wishbone Ridge is an enigmatic 2000 km long forked gravity feature in the south-west 
Pacific Ocean. It has variously been interpreted as an extinct spreading center (Luyendyk, 1995) 
or an intra-oceanic fracture zone or zones across which Osbourn Trough spreading was dextrally 
offset to another ridge system (Billen and Stock, 2000) or to a trench at the Gondwana margin 
(Larter et al., 2002). These tectonic models are not well constrained by magnetic anomaly data 
because all of the abyssal oceanic crust adjacent to the Wishbone Ridge formed in the 
Cretaceous normal superchron (CNS, 83-118 Ma). The Hikurangi Plateau, a Cretaceous Large 
Igneous Province, is another major feature of the southwest Pacific Ocean (e.g., Mortimer and 
Parkinson, 1996). The inferred collision of the Hikurangi Plateau with the Gondwana continental 
margin (Chatham Rise) has been used in a variety of speculative tectonic models, particularly 
those relating to the cessation of subduction and subsequent Zealandia-West Antarctica rifting 
(e.g., Mortimer, 2004). 

We present analytical results from four dredge locations across the eastern Zealandia 
continental margin and adjacent ocean crust. Dacites with 115 Ma ages, dredged from the West 
Wishbone Ridge (WWR), are isotopically primitive, weakly adakitic, slab-derived lavas. 97 Ma A-
type granites and a basalt from the easternmost Chatham Rise enlarge the known area of post-
subduction Gondwana magmatism. Amphibolite grade schists from a fault block south of the 
Chatham Rise provide a critical bridge between the Zealandia and West Antarctica belts of Jura-
Cretaceous accretionary prism rocks. The new recognition of the WWR as a remnant of a 115 
Ma intra-oceanic subduction system means that previous hypotheses of the WWR as a fracture 
zone or spreading ridge require modification. The dacite ages allow us to constrain the start of 
Osbourn Trough spreading, which caused breakup of the Hikurangi-Manihiki igneous plateau, to 
>115 Ma. We speculate that, after 115 Ma, the WWR was rifted by an intraoceanic spreading 
centre that developed along its southeast side. Impingement of this spreading centre against the 
Gondwana margin led to widespread 95-100 Ma post-subduction magmatism, variable 
lithospheric stretching and, ultimately, continental splitting of Zealandia and West Antarctica 
across basement trends. The spaghetti monster was in no way associated with the breakup. 
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Precise 40 Ar/ 39 Ar geochronology for the upper Koobi Fora Formation, 
Turkana Basin, northern Kenya  

Ian McDougall 1 , Francis H. Brown 2 

1 Research School of Erath Sciences, Australian National University, Canberra, ACT 0200, Australia 
2 Department of Geology and Geophysics, University of Utah, Salt Lake City, UT 84112, USA    

The Omo-Turkana Basin developed about 4.3 Ma ago within part of the East African Rift in 
relatively low country situated between the Ethiopian and Kenyan domes. The basin extends 
over a distance of about 500 km north-south and has a width of up to 100 km. Sediments 
deposited in this basin were derived mainly from detrital material brought in by the Omo River 
originating in the Ethiopian Highlands, just as the present Omo River currently drains into Lake 
Turkana, which is a closed basin. Sediments are mainly sands, silts and clays, deposited in 
lacustrine, deltaic and fluvial environments. This sedimentary sequence is particularly well 
known for its vertebrate fossils, including numerous hominids, which have provided much 
information on the evolution of our own species. The Plio-Pleistocene Koobi Fora Formation, 
about 560 m thick, crops out east of Lake Turkana and is part of the much larger depositional 
system of the Omo-Turkana Basin. The upper half of the Koobi Fora Formation from just below 
the KBS Tuff to above the Chari Tuff is particularly notable for its wealth of hominid fossils and 
archaeological sites. Silicic tuffaceous horizons have provided the basis for stratigraphic 
subdivision and correlation. Pumice clasts within the tuffs contain anorthoclase phenocrysts, 
ideal for 40 Ar/ 39 Ar single crystal dating. Feldspars from pumice clasts in about 15 tephra 
within the stratigraphic interval from the KBS Tuff to the Silbo Tuff have yielded precise ages 
that enable much finer definition of the numerical time framework for the sedimentary 
sequence between the KBS Tuff (1.869 ± 0.021 Ma) and the Chari Tuff (1.383 ± 0.028 Ma) and 
to the Silbo Tuff (0.751 ± 0.022 Ma) yet higher in the sequence; see McDougall and Brown 
(2006) and Brown et al . (2006). These new ages provide the basis for a precise and accurate 
time scale for the upper part of the sequence in the whole of the Omo-Turkana Basin. 

The results are especially significant as they provide age estimates for the many hominid and 
other vertebrate fossils recovered from the sequences in the Omo-Turkana Basin. The 
importance of these results is that the evolutionary history of hominids is constrained directly 
by age determinations rather than by assumptions as to the evolutionary stage, and also enables 
comparisons to be made throughout a much wider area, including areas outside the Omo-
Turkana Basin. Further, knowledge of the temporal range of various mammalian taxa in the 
Turkana Basin is useful in providing age estimates at fossil localities where dateable materials 
are not present. In addition, some of the tuffs also are recognized in deep sea sedimentary cores 
from the Gulf of Aden and the Arabian Sea , enabling correlations into the marine sedimentary 
record to be made with confidence. In turn, this provides the means of correlating the 
climatological record in the deep sea sediments with that found in the sediments of the Omo-
Turkana Basin which is located well within the African continent. The sedimentological record in 
the Turkana Basin reflects the climatic changes associated with Milankovitch cycles, which have 
a profound effect on the intensity of the monsoonal activity most notably in the Ethiopian 
Highlands.  



 

Figure 1. View across the Koobi Fora region, with the people standing on the KBS Tuff, which 
crops out well on the Karari Ridge.  
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Earth Physics Research Highlights Introduction  

Research into the structure and dynamics of the Earth uses a range of physical and 
mathematical techniques and is grouped into the three themes of Seismology and Mathematical 
Geophysics, Geophysical Fluid Dynamics, and Geodynamics. The work spans observational, 
theoretical, laboratory, computational and data oriented studies that are all directed towards 
understanding the structure and physical processes in the solid and fluid Earth, and their 
environmental consequences.  

The Area Coordinator for Earth Physics changed in September, from Prof B.L.N. Kennett (who 
took up the position of Director of the Research School) to Prof R.W. Griffiths (who was 
previously Interim Director of the School). New continuing appointments were made in 
observational seismology (Dr H. Tkalcic) under an initiative in earth sounding, and in ocean 
modelling (Dr A. Hogg) as a part of a broader ANU initiative in marine science. A further new 
continuing appointment (Dr M. Roderick) was made jointly with the Research School of 
Biological Sciences and the Faculty of Science in studies of the hydrological cycle and to 
coordinate the undergraduate ‘global and ocean sciences' program, again as a part of the 
marine science initiative.  

Work in geophysical fluid dynamics this year includes the continued development of a new 
theoretical model for the thermohaline overturning circulation of the oceans, based on insight 
from laboratory experiments with ‘horizontal convection', turbulent entrainment into 
descending bottom currents and the ways in which the ocean overturning might respond to 
global warming and the consequent changes in the conditions at the ocean surface. Conditions 
required for the shutdown of deep sinking (the scenario of the popular movie “The Day After 
Tomorrow”) have been examined. Other laboratory-based investigations include studies of lava 
flow dynamics, which include cooling and solidification of yield-strength fluid flows, and three-
dimensional simulations of subduction zones to understand the flow around subducting plates, 
the motions of trenches and the interactions of subduction with upwelling mantle plumes. 
Computational ocean modelling activity focused on inter-annual and decadal scale variability of 
the Southern Hemisphere circulation arising from eddy-mean flow energy exchanges in the 
Antarctic Circumpolar Current, and on thermal and mechanical coupling of the atmosphere and 
Southern Ocean.  

Studies of the interaction of mantle dynamics with mantle chemistry, with the aid of new 
three-dimensional 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.  

During the year the Seismology and Mathematical Geophysics group was formed as an 
administrative banner covering activities in seismology and the centre for Advanced Data 
inference. In May seismic data was collected from the EVA array, a set of 50 short period vertical 
component seismometers deployed over much of eastern Victoria, and the instrument were 
removed. The data is generally of high quality, with a large number of tele-seismic earthquakes 
detected.  

In early October 2006, an array of 40 3-component short period seismometers was deployed in 
southeast Tasmania as part of the SETA experiment. The array will be in place for a period of 



approximately 8 months to record large distant earthquakes. This project is in collaboration with 
colleagues at the University of Tasmania, who will carry out additional active source 
experiments that can be recorded by the SETA array. Tomographic analysis has been carried out 
using arrival time information from 90 distant earthquakes, and the resultant images exhibit 
significant lateral variations at 50-100 km depth between northern and southern Victoria.  

Continuing analysis of data from the SSCUA experiment (2002-2004) in the unexplored region 
of Central East Antarctica, has revealed strain in the deep lithosphere that is likely to be related 
to relict structure in the most ancient blocks of the continent. New deployments associated with 
the International Polar Year (2007/08) are likely to provide additional seismic data to further 
investigate the remote interior of East Antarctica.  

In the Centre for Advanced Data Inference projects have been conducted in seismic coda wave 
interferometry, airborne geophysics, ground motion estimation for seismic hazard assessment, 
statistical inference techniques, structural seismology, earthquake seismology 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 glacial rebound work in 2006 has focused on the Fennoscandian and Laurentide Ice Sheets 
from 40 Ka 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 these 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 2006 has continued to investigate ways of improving the 
accuracy of space-geodetic analysis, in particular modelling the temporal variation of the 
atmospheric propagation effects. New developments have been made in identifying and using 
persistent scatterers in Interferometric Synthetic Aperture Radar for ground deformation studies 
of the Australian continent. A successful re-observation of GPS sites was made in Papua New 
Guinea on a transect of sites along the western border, in the Schouten Islands, central 
Highlands and the Papuan Peninsula region. 

Geodynamics Research Highlights  

Relative Sea-level Changes due to Recent Mountain Deglaciation  Gisela Estermann  
Enhanced infrasound techniques for verification of the 
Comprehensive Nuclear-Test-Ban Treaty (CTBT) 

Douglas R. Christie 

Global Sea Level During the Last Interglacial  Andrea Dutton  
The deformation of Australia observed with InSAR  John Dawson  
Crustal Deformation observed by Space Geodesy  Dan Zwartz  
Advances in the analysis of space geodetic data  Paul Tregoning  
Water vapour feedback and global warming  Peter Smythe 
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Seismology & Mathematical Geophysics Research Highlights  

Strengthening International Science and Science Commons - IAGA 
and e GY 

Charles Barton 

Thermo-chemical Evolution of the Australian Continent Justin Freeman 
Quantitative infra-red absorption spectroscopy Malcolm Sambridge 
Constraining source location and mechanism using coda wave 
interferometry 

David Robinson 

High resolution seismic imaging of southeast Australia using multiple 
array deployments Nick Rawlinson 

Simultaneous inversion of active and passive source datasets for 3-D 
seismic structure Nick Rawlinson 

Calibration and Inversion of Airborne Geophysical Data Ross Brodie 
Geomagnetism Ted Lilley 
Volcano-tectonic earthquakes and magma reservoirs; their roles in 
volcanic eruptions at Rabaul Caldera 

I. Itikarai 

Historical earthquakes: a case study for Adelaide 1954 earthquake Cvetan Sinadinovski 
P Wave Tomography of Western Australia Agus Abdulah 
Attenuation Tomography of Australia Agus Abdulah 
Earthquake location and upper mantle structure from P wave 
polarization in French Polynesia and Australia 

Fabrice R. Fontaine 

Tracking later arrivals in heterogenous velocity models Juerg Hauser 
Lithospheric structure, past and present tectonics in Central East 
Antarctica 

Anya M. Reading 

Group Velocity Tomography of Australian Continent from Ambient 
Seismic Noise 

Erdinc Saygin 

Terrawulf projects in 2006 Malcolm Sambridge 
Guided Seismic Waves from the Indonesian Subduction Zone to the 
Australian Craton 

Brian Kennett 

Dynamics and Chemical Evolution of the Earth's Early Mantle Geoffrey F. Davies 
Tectonic Evolution of the Earth Geoffrey F. Davies 
Thermal Evolution of the Core Geoffrey F. Davies 
Modelling the ocean thermohaline circulation in the laboratory  Ross W. Griffiths 
How does the Southern Ocean respond to changes in wind forcing? Andrew McC. Hogg 
The Propagation and Morphology of Lava Flows Ross C. Kerr  
Interaction of coherent eddies with headland wake flows  Melanie J. O'Byrne 
Mixing in ocean straits and overflows Tjipto J. Prastowo 
Subduction kinematics and dynamics in 3D space: Insight from 
laboratory and numerical modelling  W. P. Schellart 

Three-Dimensional Flow and Temperatures in Subduction Zones  Christopher Kincaid 



Relative Sea-level Changes due to Recent Mountain Deglaciation  

Gisela Estermann 1 , Kurt Lambeck 1  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia  

Sea-level changes are caused by several different processes, including ocean-water warming and 
freshening, changes in surface and groundwater storage and the loss of glacier ice mass. 
Observations show a sea-level rise of 1-2mm/year on a global average (Church et al. , 2001). 
According to the IPCC report 2001 melting of mountain glaciers contributes 0.2-0.4mm/year to 
sea-level rise. Direct observational constraints are unavailable and the different estimates are 
based on different model assumptions and parameters. Numerical calculations are based on 
indirect measures of ice-volume changes including the area of glaciated regions, temperature 
time series and parameters for mass balance sensitivities (Zuo et al. , 1997). Our modelled ice 
loss for 100 glaciated regions calculated for the period 1865-1990 is in agreement with the 
IPCC results, although closer to the lower limit. Results indicate that melt-water from Patagonia, 
the Himalayas, Alaska and Canada, and the Arctic Sea constitute more than 90% of the global 
total. A comparison with a compilation of ice-volume changes based on observational data 
(Dyurgerov et al. , 2005) shows similar results for the second half of the 20 th century. 
Dyurgerov et al. (2005) estimates a volume loss equivalent to an eustatic sea-level rise of 
0.41mm/year for the period 1961-1990. This estimate is valid for mountain glaciers only and 
does not include independent glaciers at the edge of the Antarctica or Greenland ice sheet. The 
comparison in Figure 1 shows the regional differences of our numerical model to the 
observational model but also demonstrates the match in total ice-volume change of the 
numerical model. Hence, with the numerical model, it is possible to reconstruct the glacier loss 
for the last few decades and make predictions of the contribution to sea-level rise in the future.  

Changes in relative sea-level due to mountain deglaciation do not occur equally around the 
globe. The mass redistribution from the ice load to the ocean produces spatially varying changes 
in relative sea-level as shown in Figure 1c.). The regional pattern, and also the geodetic signal, 
are determined by the location of the largest changes in glacier volume ( Patagonia , the 
Himalayas , Alaska and Canada , and the Arctic Sea ) and, to a lesser degree, by the ocean-land 
geometry.  

It is necessary to improve the reliability of models of glacier volume changes in order to be able 
to predict the rebound and the change in gravitational attraction due to mass redistribution. A 
dense and highly accurate network for monitoring relative sea-level changes and vertical 
deformation of the Earth's surface may provide the possibility of extracting the contribution to 
the geodetic signal caused by nearby mountain deglaciation. However, its interpretation is 
complicated by tectonic deformation in many areas.  

  



Figure 1. 
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Enhanced infrasound techniques for verification of the Comprehensive 
Nuclear-Test-Ban Treaty (CTBT)  

Douglas R. Christie  

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  

Recent interest in infrasound research has been motivated by the establishment of a high-
sensitivity global infrasound network. This network is used to monitor atmospheric nuclear 
explosions and thus ensure compliance with the Comprehensive Nuclear-Test-Ban Treaty (CTBT). 
The CTBT is the most significant non-proliferation initiative in the last ten years. This initiative 
deserves strong support. Infrasound research at RSES has been focused primarily on the 
delineation of key monitoring issues and the resolution of these issues through the development 
of techniques and procedures that can be used to ensure acceptable monitoring capability for 
CTBT verification. Three potentially serious problems have been identified. The first is associated 
with the decay of higher frequency signal components. The second results from the reduction in 
spatial correlation of infrasonic signals when the distance to the source is large. The third 
problem results from background noise generated by turbulent eddies in the atmospheric 
boundary layer. This is by far the most important technical problem in the field of infrasound. 
All of these problems have now been resolved.  

An examination of data recorded at infrasound monitoring stations has shown that the 
amplitude of higher frequency signal components from distant atmospheric explosions may be 
severely attenuated. This is a particularly serious problem when wave propagation is restricted 
to a thermospheric waveguide. In this case, signals from distant explosions may not be 
detectable in a conventional analysis at frequencies above 0.4 Hz. This problem can usually be 
resolved by including a low-frequency passband below 0.1 Hz in the data analysis procedure.  

A survey of the detection capability at Australian infrasound monitoring stations has revealed a 
potentially serious problem with the detection of atmospheric explosions at distances beyond 
about 500 km due to signal decorrelation at higher frequencies. Since the average separation 
between nearest-neighboring infrasound stations in the global network is about 2000 km, the 
loss in signal correlation at higher frequencies can limit the performance of the global 
monitoring system. In the past, it has been assumed that the optimum detection passband for 
infrasonic signals from distant explosions is centered around 1.5 Hz. We find, however, from 
signal correlation studies that the optimum passband lies at a significantly lower frequency 
centered around 0.7 Hz. The results of this investigation also show that a number of large 
aperture, 4-element infrasound stations in the global monitoring network will have, at best, 
only marginal detection capability for distant explosions. These stations need to be upgraded to 
8-element array stations by the addition of a small aperture sub-array.  

The performance of many infrasound monitoring stations is limited by high levels of wind-
generated noise. This is a long-standing unresolved problem. Wind noise reduction is usually 
achieved by using a series of pipes to sample and spatially average the micropressure field over a 
limited area surrounding an array element. Further refinements to pipe array designs are 
unlikely to lead to a reduction in wind-noise by more than a factor of two. However, in order to 
meet CTBT monitoring requirements, wind noise at stations located in high wind environments 
needs to be further reduced by at least two orders of magnitude. A new approach to this 
problem is clearly required. We have therefore developed a remarkably effective wind-noise-



reducing system, which we will refer to as a turbulence reducing enclosure. This device is 
designed to a) lift the turbulent boundary layer above the sensor inlets, b) transform turbulent 
eddies into smaller scale eddies that produce micropressure fluctuations that lie outside the 
monitoring passband, c) extract energy from turbulent eddies at all frequencies, and d) direct 
any residual turbulence into the undisturbed flow aloft that is sweeping over the enclosure. We 
have evaluated several versions of these wind-noise-reducing devices. The devices are 
constructed from porous screens arranged in concentric walls with overlapping deep serrations 
inclined away from the center of the enclosure. These devices (see Figure 1) are essentially eddy 
shredding machines. The use of these devices provides a dramatic improvement in background 
noise reduction at 1 Hz. For example, version 2 of the device with 2.4 m high walls provides a 
reduction of more than two orders of magnitude in winds of 4.5 m/s. An improved version of 
this device is under evaluation and preliminary results indicate that the device reduces 
background wind noise by nearly four orders of magnitude in a typical high wind environment. 
In conclusion, we note that the turbulence-reducing enclosure described here essentially solves 
the infrasound wind-noise problem in the primary monitoring passband. The significance of this 
result is that the installation of these devices in the global infrasound monitoring network will 
ensure the reliable performance of the monitoring network and will also reduce the global 
monitoring threshold yield from the current value of 1 kT to less than 0.5 kT.  

  

 

Figure 1. Schematic diagram illustrating two versions of a turbulence-reducing enclosure.  



Global Sea Level During the Last Interglacial  

Andrea Dutton 1 , Kurt Lambeck 1  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia  

The last interglacial (LIG) has received much attention by paleoclimatologists because of its 
immediate similarity in temperatures and sea level position to the present interglacial. Although 
there are some important climatic differences between these two time periods, improving our 
understanding of relation between variables in the climate system such as temperature, sea level, 
CO 2 levels, and orbital parameters during the LIG can improve our understanding of both the 
dynamics of the natural climate system and the expected response of the climate system to 
current anthropogenic forcing.  

Previous studies have focused on elucidating the duration of the last interglacial highstand as 
well as the average temperature and sea level position during the LIG. These studies have 
reached a general consensus that the LIG was slightly warmer, had slightly higher sea levels than 
present, and lasted for roughly 11,000 yrs. There has been considerably more debate with 
respect to the temporal variability in sea level during the last interglacial highstand, due in part 
to the inherent difficulties in reconstructing small, meter-scale fluctuations in sea level on 
relatively short timescales. To address this outstanding question, we have combined glacio-
hydro-isostatic models and observational data from multiple sites to evaluate the relative 
position of sea level between the beginning and the end of the last interglacial period.  

We have drawn upon existing relative sea level data consisting of precisely dated corals from 
two tectonically stable regions, Western Australia and the Bahamas. These are the most 
complete data sets available for relative sea level position during the LIG because they have a 
population of U-Th ages that span the duration of the highstand. Relative sea level curves 
generated from these observational data suggest a reasonably constant sea level position during 
the LIG (Fig. 1). However, model simulations demonstrate that both sites are subject to isostatic 
adjustments from water loading as the ice sheets melt. This effect can be seen in Figure 1 where 
the relative sea level (RSL) curves show decreasing sea levels during the LIG where eustatic sea 
level is assumed to rise by 3 meters during this 11,000-year time span. All the sites have 
observational data that suggests sea level higher than that predicted by the model during the 
latter part of the LIG. When these data sets are considered in the context of these glacio-hydro-
isostatic changes, we extract a eustatic sea level signal from the observational data that 
indicates a 5-meter rise in sea level between the beginning and the end of the LIG. Although 
most of this sea-level rise could have been accommodated by melting from the Greenland ice 
sheet, it is likely that the Western Antarctic ice sheet also contributed some component of this 
sea level rise. 

  



The deformation of Australia observed with InSAR  

John Dawson 1 , Paul Tregoning 1  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia  

We assessed the accuracy of earthquake source parameters inverted from simulated 
Interferometric Synthetic Aperture Radar (InSAR) data. Using focal mechanisms of Australian 
earthquakes (1959 to the present), we simulated synthetic two-pass InSAR observations with 
realistic spatial noise derived from the characteristics of actual ERS-2 and ENVISAT InSAR data 
observed over Australia. The precision of two-pass satellite SAR interferometry with ERS2 and 
ENVISAT SAR data in the Australian region can approach ±2 mm (1 sigma) and is routinely at 
the ±4 mm level. The use of spatially uncorrelated observational weights has minimal impact on 
the accuracy of earthquake source parameters inverted from InSAR data but invalid a priori 
assumptions of the dimension of the earthquake rupture plane can bias depth estimates by up 
to 0.4 km. In most cases single geometry (i.e. ascending or descending) InSAR observations can 
be used to accurately determine earthquake source parameters, although typically two-pass 
geometry reduces the source parameter uncertainties by a factor of 1.5. In general, earthquakes 
of magnitude < 4.8 are unlikely to be detected by InSAR although deformation from very 
shallow events would be visible. InSAR is insensitive to magnitude 6.2 earthquakes deeper than 
10 km, and magnitude 5.5 deeper than 6 km. For earthquakes magnitude > 5.8 (average depth 
6.5 km) we could estimate the epicentre of the rupture with an average accuracy of 0.25 km, 
depth to within 0.5 km and the fault orientation to better than 2 degrees.  

Our ongoing research will focus on temporal image stacking and techniques for the 
identification of Persistent Scatterers (i.e. temporally phase stable radar reflectors) applied to 
the observation of ‘slow' (~1mm/yr) deformation processes. Our research will focus on new 
strategies for the identification of persistent scatterers and the application of new modelling 
techniques to regions where InSAR is known to not work as effectively, including humid and 
heavily vegetated regions of Australia and Papua New Guinea . The principal motivation and 
contribution of our research is to: a) demonstrate, 'tune' and develop new PSInSAR techniques, 
for the observation of 'slow' geophysical deformation phenomena in InSAR-adverse regions; and 
b) improve the accuracy, precision and computational efficiency of these techniques.  

 

Figure 1. Simulated inteferogram of surface 
deformation of the 1968 Meckering earthquake. 
Line-Of-Sight interferometric observations with 
spatially correlated noise from descending two-
pass satellite InSAR (ENVISAT). Each colour fringe 
cycle represents 28mm of deformation. The 
centre of the earthquake rupture plane is located 
in the centre of each image.  

  



Crustal Deformation observed by Space Geodesy  

Dan Zwartz 1 , Herb McQueen 1 , Paul Tregoning 1  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia  

The geodetic field programme at RSES involves measuring crustal motions in Papua New Guinea 
(predominently horizontal) and glacial isostatic adjustment in East Antarctica (predominently 
vertical). The observations require deployments of GPS equipment for periods of several days to 
measure tectonic drift and deformation in plate boundary zones, and several years to detect the 
rebound rate of the crust after the melting of large ice caps.  

In 2006 a total of 15 sites were observed in Papua New Guinea using GPS with 7 of these 
reoccupations providing accurate estimates of the horizontal motions of the sites for the first 
time. Two new sites were installed - Wopasali and Balimo - to densify the existing network and 
provide greater spatial resolution of the transition from rigid Australian Plate in southwestern 
PNG to the deforming Highlands region. We now have accurate velocity estimates on a transect 
of sites from the southern coast of New Guinea, through the Highlands to the north coast above 
the subduction zone associated with the downgoing slab at the New Guinea Trench. From these 
velocities we can deduce that the rigid Australian Plate extends as far north as Kiunga, with a 
clear elastic deformation pattern extending from Yapsiei (north of the Highlands ) to the 
northern coast at Vanimo. We interpret this as evidence for locking on the New Guinea Trench 
that is causing elastic inter-seismic deformation of northern New Guinea .  

There was no summer field season in Antarctica in 2005/06, because of a lack of logistic support 
for remote fieldwork in Antarctica . A new set of equipment was developed and tested during 
2006 for installation in Enderby Land during the 2006/07 summer season. This is the region 
where secular gravity changes have been identified from the GRACE space gravity mission, 
interpreted as either unmodelled post-glacial rebound or the location of considerable - and 
ongoing - snow accumulation. These scenarios would cause either uplift or depression of the 
surface. Our measurements of the actual motion of the crust will discriminate between these 
two hypotheses or, should no vertical motion be detected, identify significant errors in the 
interpretation of the GRACE secular gravity changes. Any of the three possible outcomes have 

significant repercussions for 
global mass-balance and sea-
level variations.  

 

Figure 1. The community of 
Wopasali surveying the 
operation of the new GPS 
installation in their village in 
Papua New Guinea .  

  



Advances in the analysis of space geodetic data  

Paul Tregoning 1  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia  

In 2006 the focus of geodetic research and its applications to geophysical studies has continued 
to be to improve the accuracy of the analysis so that smaller geophysical signals can be detected. 
This required revising some of the models and assumptions used to compute the theoretical 
range from the ground-based receivers to the transmitting GPS satellites.  

Studies showed that the accuracy of the a priori surface pressure used to compute the 
hydrostatic atmospheric delay was critical for estimating accurate changes in height, required 
for studies such as glacial isostatic adjustment of Antarctica and North America caused by the 
melting of the Antarctic and Laurentide ice sheets. Software was modified to permit the use of 
observed surface pressure, values from numerical weather models or from a recent model 
derived from a spherical harmonic fit to surface pressure of the ECMWF global weather model 
(Boehm et al., 2006). The use of more accurate a priori pressure removed height errors of up to 
10 mm, with an empirical error relation of ~0.2 mm height error per 1 hPa error in pressure 
(Tregoning and Herring, 2006).  

Sub-daily periodic variations in atmospheric pressure cause periodic elastic deformations of the 
surface of the Earth of up to 3 mm. If unaccounted for, such errors limit the capacity of space-
geodetic techniques to identify other geophysical signals of this magnitude or smaller. The 
spatio-temporal variations of the diurnal and semi-diurnal atmospheric tides were characterised 
to try to understand why applying corrections for the associated elastic crustal deformation 

actually degraded the analysis (Tregoning and van Dam, 2005). 
From an analysis of several years of global pressure data, we 
demonstrated that the amplitudes of the periodic pressure 
variations change throughout the year, yet none of the 
available deformation models for use in geodetic analyses 
account for the temporal variation in amplitude. The research 
is ongoing to characterise the variations, generate new models 
for atmospheric tidal deformation and apply them to the 
analysis of geodetic data. This component of the research 
formed part of the Masters degree of Laurent Millet, a visiting 
student from Ecole Normale Superieure, Cachan , France .  

 

Figure 1. Difference between a) surface pressure derived from 
"standard" sea level pressure and the mean surface pressure 
derived from the model based on ECMWF global pressure 
(Boehm et al., 2006). b) station heights using the two sources 
of a priori pressure. c) Relation between a priori pressure 
differences and height differences.  
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Water vapour feedback and global warming 

Peter Smythe 1 , Paul Tregoning 1  
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Atmospheric water vapour is the most abundant greenhouse gas and knowledge of its changing 
distribution is critical for understanding its role in climate change. The presence of water vapour 
in the atmosphere retards GPS signals as they propagate from satellites to Earth-based receivers 
and thus space geodetic techniques are sensitive to the quantity and distribution of water 
vapour in the atmosphere. Estimation of the excess path length due to water vapour (the slant 
wet delay) is reliant upon an accurate model for the delay due to the dry atmosphere (the slant 
hydrostatic delay). Conventional models assume that the hydrostatic delay for space-geodetic 
observations at zenith can be modelled as a function of surface pressure measurements and can 
then be related to observations at arbitrary elevation angles by empirical mapping functions. 
These simplified models introduce significant errors into geodetic analyses and thus the 
estimation of atmospheric water vapour.  

Currently we are developing an a priori model for slant hydrostatic delays at arbitrary elevation 
and azimuthal angles for use in GPS data analysis. Contrary to the conventional approach, the 
slant hydrostatic delay will be modelled directly for each GPS observation by ray tracing 
through a model atmosphere, defined in terms of refractivity constructed from meteorological 
data at various pressure levels spanning the troposphere and lower stratosphere. The ray-traced 
slant hydrostatic delay will capture more accurately much smaller spatial and temporal 
variability than the current empirical mapping functions and horizontal gradients. It is 
anticipated that the resulting model, though computationally intensive when compared to the 
conventional method, will afford increased precision in geodetic analyses, in particular the 
estimates of slant wet delays. These estimates will be used to generate accurate three-
dimensional water vapour distributions via GPS tomography, akin to seismic tomography. The 
improved knowledge of atmospheric water vapour will then be used in climate studies to 
investigate water vapour feedback processes.  

   

  



Dynamics and Chemical Evolution of the Earth's Early Mantle 

Geoffrey F. Davies 1 , Jinshui Huang 1 

1 Research School of Earth Sciences, Australian National University, Canberra ACT 0200, Australia 

Reconciliation of geophysical and geochemical observations of the Earth's mantle has been a 
challenging problem for about three decades. Numerical models are an essential tool in this 
work because they can simultaneously address the physical and chemical evidence within the 
framework of the physics governing mantle dynamics and evolution. One challenge has been to 
explain the persistence of chemical heterogeneity in the mantle for about two billion years 
despite the mixing effect of mantle convection. Another has been to understand quantitatively 
how the mantle reached its present condition as it evolved from earlier, hotter states. We have 
been using two-dimensional (2D) and three-dimensional (3D) numerical models to address these 
questions. 

Last year we reported that the main control on the survival of chemical heterogeneity seems to 
be the rate at which material fluxes through melting zones near the Earth's surface. Other 
factors such as the viscosity structure of the mantle and geometry seem to be secondary. These 
results have been confirmed and extended in spherical 3D models that include the excess 
density of simulated subducted oceanic crust, which tends to accumulate at the bottom of the 
models. A simple theory that successfully interpreted the results with neutrally buoyant 
chemical tracers has been extended to also account for the effect of the excess density. These 
results provide us with simplified formulas that will help to interpret geochemical observations. 

The 3D results are now being extended to higher resolution using another computer code, 
Citcom, which allows a regional segment of the mantle to be modelled (figure 13). The effects 
the higher resolution and of more realistic motions of tectonic plates are being investigated. 

2D models can be run at much higher resolution than 3D models, and they can therefore be 
used to explore the dynamics of the mantle early in Earth history when it was hotter and less 
viscous, plates were thinner and the flow was more complex. Initial results were reported last 
year showing that a dynamic stratification occurs in hotter mantles, with the denser subducted 
oceanic crust tending to settle out of the upper mantle, leaving it relatively depleted in that 
component. Since that component is also the most readily melted, this implies that new oceanic 
crust, formed by melting under mid-ocean ridges, would be relatively thin, only about 5 km 
rather than the 20-30 km expected at those temperatures. These results provide a 
straightforward explanation for evidence from ancient rocks that the early mantle was strongly 
depleted in the components associated with subducted oceanic crust. 

The robustness of these results has by now been explored more thoroughly, and they do not 
depend significantly on the presence of phase transformation effects, nor on the detailed 
distribution of internal heat sources. It has been found that the hottest models were not fully 
resolved initially, and as a result the crustal thickness has been revised upwards to the range 5-8 
km. 

The ultimate goal of the 2D studies has been to let models evolve from the earliest mantle 
conditions to the present. This work has now begun, after an extensive exploration of model 
behaviours at particular temperatures. This will allow more definitive tests of earlier results on 



simulated isotopic ages, as well as revealing to what degree the early stratification survives to 
the present. 

 

Figure 1. Cutaway views of three-dimensional models of mantle convection with tracers 
representing components with basaltic composition. Left: temperature distribution; Right: tracer 
concentration, relative to the average concentration of 1. The 90-degree cutaway (centre of 
view) reveals the interior down to the core-mantle boundary. The surface of the view has the 
top 100 km removed. On the right of the left panel are spreading centres (yellow and red) and 
on the top and left are subduction zones (deep blue). The red surface area is under a simulated 
continental region where the hot mantle cannot cool. The remaining blue surface areas are 
occupied by oceanic plates that cool as the move away from spreading centres. The tracer 
distribution reveals the complexity of stirring in three dimensions, with high concentrations 
where simulated oceanic crust has subducted or is subducting (dark blue). 



Tectonic Evolution of the Earth 
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The dynamical modelling reported above has substantial implications for the tectonic evolution 
of the Earth. The thinner early oceanic crust would enhance the viability of plate tectonics, 
which in turn would provide a straightforward 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. This is because oceanic crust is less dense than the 
mantle and so tends to inhibit or block subduction of plates. The implication that plate tectonics 
may have been viable very early in the Earth's history was greeted with considerable interest at 
a Penrose conference on “When Did Plate Tectonics Begin”, which is a controversial question. A 
jointly authored conference paper is in preparation. 

A further implication is that, although cooling of the mantle by plate tectonics is more viable, it 
is rate-limited by the thickness of the crust. The net result is that the mantle tends to be 
buffered in a hotter state than it would with unimpeded plates. It is possible there would be a 
transition, involving heightened volcanic and tectonic activity, into the present, cooler state 
once radioactive heat generation declined to a threshold level. This implication is still 
conjectural, but has also generated interest for its potential explanation of the episodicity of the 
record of tectonic activity. A paper has been contributed to a volume on “The Earth's Oldest 
Rocks”.   



Thermal Evolution of the Core 

Geoffrey F. Davies 1 
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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 the 
results of this study indicate this may not be necessary. 

The challenge is to reconcile the estimated rate of heat loss from the core, the energy required 
to maintain the magnetic field by dynamo action in the core, evidence for the magnetic field 
having existed through much of Earth history and the present relatively small size of the inner 
core, formed by solidifcation of the core as it cools. Previous attempts to avoid core 
radioactivity implied implausibly high core temperatures in the past. 

The present work has used a more appropriate parameterisation of the removal of core heat by 
plumes in the mantle, a lower estimate of core conductivity and a more thorough exploration of 
how the mantle modulates core heat loss, which reveals another family of solutions in which 
early core temperatures are not excessively high. The result is that the core dynamo could be 
maintained without radioactivity so long as no more than about 0.5 Terawatts of heat flow is 
required to maintain the dynamo. 

There are considerable uncertainties in some of the relevant parameters, and the study has 
identified the most important as being the present rate of heat loss from the core, the 
conductivity of the core, and the energy or entropy flow required to maintain the dynamo. 

  



Modelling the ocean thermohaline circulation in the laboratory  

Ross W. Griffiths 1 , Graham O. Hughes 1 , Melissa A. Coman 1 , Julia C. Mullarney 2  
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We have developed a new theoretical model for the ocean overturning circulation and shown 
that the theory works well when tested against laboratory experiments. We have also examined 
the nature of circulation changes that may occur when heat and freshwater fluxes across the 
ocean surface change, as expected owing to global warming. The global meridional overturning 
circulation of the oceans (otherwise known as the thermohaline circulation) is forced by density 
differences owing to heat and water fluxes at the sea surface, wind stress on the surface and 
injections of energy into turbulent mixing from the winds and tides. In our approach we 
examine the extent to which the density differences and interior turbulent mixing together, but 
in the absence of large-scale wind stresses, could force the overturning.  

As outlined in a key paper last year (Hughes and Griffiths 2005) our calculations show that, after 
taking account of the behaviour of cold, dense currents sinking from localized surface regions 
to large depths in the oceans along gentle bottom slopes under the influence of Coriolis forces, 
the buoyancy-forced flow can account for a number of key features of the observed circulation: 
using the estimated poleward heat transport and the measured average interior vertical mixing 
rate we successfully predicted the top to bottom density difference, the dilution of dense 
currents by a factor of around three as they sink, the rate of formation of Antarctic Bottom 
Water (AABW) and North Atlantic Deep Water (NADW), and the thickness of the subtropical 
thermocline. Thus a simple model can provide powerful insights into the dynamics of the oceans. 
We concluded that substantially less energy than previously proposed for turbulent mixing is 
required for a convective circulation to be of the observed magnitude, partially as a result of 
turbulent entrainment into the dense sinking currents. This year we have modified the theory to 
describe laboratory experiments with this form of convective circulation (often termed 
“horizontal convection” by virtue of the forcing at only the horizontal sea surface). A detailed 
comparison of our own laboratory data from previous years with this theory has been 
outstandingly successful and provides a new explanation for the heat flux-Rayleigh number 
relationship, boundary layer thickness and overturning rate in terms of inviscid dynamics of the 
sinking currents and interior flow (Hughes et al . 2006).  

One remaining difficulty is that the model in its simplest form predicts an abyssal ocean density 
gradient much smaller than measured. A PhD student, Ms Coman, has used further experiments 
to examine the possibility that dual sinking regions, one in either hemisphere and generating 
waters of different density (the AABW and NADW) may produce a larger abyssal gradient (figure 
3). This notion is born out by the results, but the effect is apparently not large enough to 
explain the ocean stratification and other factors will be explored in the coming year.  

In other experiments the convective circulation was brought to its equilibrium (steady) state and 
then the surface boundary conditions were changed, so as to mimick climate changes such as a 
warming or increased freshwater inflow in high latitude oceans, or a change in the radiative 
heat input in the subtropics. These changes disturb the balance within the circulation. For 
example, a cooling in the subtropical ocean leads to a temporary strengthening of the 
overturning, more vigorous sinking of colder water and an exponential adjustment to a new 
equilibrium much the same as the initial state (figure 4). The measured exponential timescale is 



easily predicted from a simple theory. On the other hand, a surface warming can lead to a 
shutdown of the deep sinking and the circulation quickly becomes confined to a shallow upper 
ocean layer around twice the thickness of the thermocline (figure 3). This state of shallow 
overturning is temporary. After a long period (several times the exponential timescale 
mentioned above) the circulation evolves through a period of large oscillations in the depth of 
convection, to the initial state of full-depth overturning.  

All of this work examines the fundamental dynamics of convective overturning, and ultimately 
examines the role of such convection in the global circulation. An important role for convection 
has not always been accepted, in part because it was ruled out by Sandstrom's theorem, a 
postulate drawn from experiments carried out at the beginning of the twentieth century and 
still referred to today. However, this theorem is in conflict with modern experiments. We 
therefore re-created those early experiments (Coman et al . 2006) and concluded that 
Sandstrom's report, hence the theorem, are incorrect: heating and cooling sources on the same 
geopotential surface do drive a persistent recirculation. Most of our experiments have been 
carried out in non-rotating tanks. However, the role of Coriolis accelerations is being studied in 
a series of runs in which the carefully designed convection apparatus sits on a precision rotating 
platform. The flow with rotation is far more complicated and three-dimensional, and is rich in 
wave and vortex motions, but is less readily scaled to ocean conditions.  

 

Figure 1. A photograph of dye in the convective overturning when a larger heat flux is applied 
to the left hand side of the base of a box, a weaker heat flux is applied to the right hand side of 
the base, and the central section of the base is cooled such that there is no net heat input. I this 
example the right hand plume drives a shallow cell, and its water (blue) is eventually entrained 
into the stronger plume at left and cycled throughout the box.  

 

   

Figure 2. Overturning driven by heating the left half of the base of a box and cooling the right 
half of the base. The photograph was taken shortly after the temperature of the heating base 
was increased by a small amount.  

  



 

Figure 3. Photographs of the evolution of overturning as in figure 2, but after the temperature 
of the base at the right was decreased. The flow evolves through a period of shallow convection 
before returning to a state of full-depth overturning.  
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How does the Southern Ocean respond to changes  
in wind forcing?  
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The Southern Ocean is characterised by turbulent flow associated with the world's strongest 
ocean current, the Antarctic Circumpolar Current (ACC). This turbulence is dominated by 
mesoscale eddies – vortices which are small (~50km) compared with the size of the Southern 
Ocean. Mesoscale eddies play a variety of roles in the dynamics of the Southern Ocean: they 
help to balance the forces contributing circulation in this region, thereby controlling the zonal 
momentum balance of the ACC, and are responsible for carrying heat across the Southern Ocean.  

We can measure the energy contained in the ocean eddy field using satellite observations. These 
measurements show that there was a strong peak in the eddy energy between 2000 and 2002 
(Meredith & Hogg, 2006). The spatial distribution of the excess eddy kinetic energy, as shown in 
Figure 1, are distributed around the Southern Ocean, and are not confined to a single region. 
These observations imply that variations in the eddy field are due to a spatially distributed 
source; the primary candidate for these variations is the strong westerly wind field that drives 
the ACC.  

Analysis of the westerly winds in the Southern Ocean reveal a peak in the wind stress in 1998, 
2-3 years before the peak in the eddy field. This observation is compared with numerical 
simulations using an eddy resolving ocean model. The model indicates that a 2-3 year lag in the 
eddy field is to be expected, and also demonstrates the dynamics which cause this lag – the 
energy resides in the potential energy field before being converted into eddy energy through 
baroclinic instability (Meredith & Hogg, 2006). It is notable that standard ocean-climate models, 
which do not resolve small scale eddies, predict a completely different response to wind 
variability. This is of particular concern, given that the response of the circulation to changes in 
wind forcing has a number of other consequences, including the poleward heat transport, which 
may have feedbacks on the climate system.  

 

Figure 1. The eddy kinetic energy 
anomalies in the Southern Ocean for 
three different periods: 1993-1999, 
2000-2002 and 2003-2004.  
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The Propagation and Morphology of Lava Flows  
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Using a powerful combination of laboratory experiments and theoretical analyses, we have 
investigated the propagation and morphology of basaltic and silicic lava flows. In one set of 
experiments, molten polyethylene glycol wax was released at a constant flow rate under cold 
water on a sloping plane (Figure 11). Initially, the wax spreads both down and across the slope 
at the same rate in an early-time viscous regime, before undergoing a transition to a long-time 
viscous regime where downslope flow is faster than lateral flow. Eventually, the lateral flow is 
stopped by the yield 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 strength of the surface crust. We have also found a dimensionless flow morphology 
parameter that controls whether the subsequent channel flow occurs with a ‘mobile crust' 
morphology (involving lots of exposed melt and consequent high heat loss) or in a ‘tube' 
morphology (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 the crust strength of 60kPa. 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.   

In a second set of experiments, we rapidly released a fixed volume of molten polyethylene glycol 
wax , which propagated as a two-dimensional flow down a sloping channel under cold water. 
We found that four dynamical flow regimes can arise: an inertial slumping regime, a horizontal 
viscous regime, a sloping viscous regime, and a surface crust regime that finally stops the flow. 
With this dynamical understanding, we analyzed the flow of blocky andesite lava from the 
1988-1990 eruption of Lonquimay Volcano, Chile. We found that the surface crust regime, for a 
crust strength of 2 MPa, is able to predict the entire propagation of the lava flow (figure 2). This 
discovery is very exciting, because it offers the prospect of being able to predict the evolution of 
future blocky lava flows, without the almost impossible task of predicting the rheology of the 
interior lava as a function of position and time. We hope that our work will encourage 
volcanologists to very carefully monitor both the erupted volume and flow length as a function 
of time in future flows, as such early detailed observations are crucial to allow dynamical 
models to be used to understand or predict the propagation of lava flows. 



 

Figure 1. The formation of channelized lava flows, modeled using molten polyethylene glycol 
wax flowing down a wide uniform slope under cold water. The flow shown is in the mobile crust 
morphology. Molten wax is transparent, solid wax is white, and the base of the tank is black 
with a 20 cm grid. 

 

Figure 2. Flow length as a function of time (diamonds) for the 1988-1990 andesite lava flow of 
Lonquimay Volcano , Chile . The triangles show the predicted propagation in the crust strength 
regime, for a surface crust yield strength of 2 MPa.  
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Flow around islands and headlands can trap suspended particles, bring nutrients up from deeper 
waters, influence the distribution of sediments and provide favourable environments for marine 
biota.  

As few islands or headlands are isolated bodies, it is important to understand how unsteady 
incident flow affects wake structure and behaviour.  

In 2006 we continued laboratory investigations into the effects that perturbations in the 
oncoming flow have on the wake of an idealised headland, using ultrasonic Doppler techniques 
to measure the velocity field.  

We have completed a series of experiments in a one-metre diameter rotating cylindrical tank. 
The headland, seafloor (base) and coast (sidewall) were impulsively set in motion relative to the 
still water. Thus, in a headland reference frame, there is oncoming flow.  

We find that for Reynolds numbers above approximately 1000, coherent incident eddies ‘lock-
on' to shedding in the headland wake, resulting in a train of vortex dipoles downstream of the 
obstacle. This finding is potentially relevant to engineering applications such as design of 
offshore platforms, power cables or bridge pylons.  

Rotating experiments also reveal an interesting phenomenon analogous to classic amplitude 
modulation. For some Reynolds numbers between 800 and 1500, the wake from an upstream 
disturbance acts as a high-frequency carrier signal, modulating the amplitude of the signal from 
the headland wake.  

We aim to identify flow regimes and geometries where these behaviours may be observed, how 
they are triggered and thus whether they may be predicted.  

The limited flow time in a single revolution of the rotating table results in a transient headland 
wake, as shown in Figure 1. These still images, from two experiments with a Reynolds number of 
1000, compare the unperturbed or natural flow (left column) with the perturbed flow (right 
column) around an idealised headland. The recirculating headland wakes look similar in both 
cases nine seconds after impulsively starting rotation. Twenty-four seconds later, the perturbed 
wake is considerably mixed and coherent eddies from upstream are clearly visible, while the 
natural headland wake is clear. Thereafter, the wake structure is lost regardless of upstream 
conditions, in part due to the presence of the curved wall and its thickening boundary layer.  

In order to ensure an established wake flow, we have begun studies using a new 3-metre flume 
in which the working fluid continually recycles through a series of pumps. This permits a typical 
flow time of 20 minutes. Preliminary results at low Reynolds numbers reveal that incident 
disturbances can significantly extend the length of the wake bubble. In future experiments, we 
will study the residence time and amount of leakage of fluid trapped in the headland wake.  



 

Figure 1. Still images of two experiments at a headland Reynolds number of 1000, without (left) 
and with (right) oncoming flow perturbations, reveal the transient wake structure in our 
experiments with an impulsively started flow. The idealised headland and coast (a vertical wall) 
are at the top of each image.  



Mixing in ocean straits and overflows  
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We have measured the amount of mixing that occurs when two fluids of different density 
exchange in opposite directions through a constriction or over a sill. Such exchange flows 
commonly occur through ocean straits and over bottom sills. The constrictions control the rate 
of transport of water into or out of estuaries and marginal seas and between abyssal ocean 
basins. Analytical methods are frequently used to estimate exchange flows through these 
constrictions; we have focused on extending the simple analytical solutions to more realistic 
cases. Exchange flows involve strong velocity and density gradients between the two 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.  

We have observed that mixing occurs readily between the two layers by shear instability (figure 
1). The mixing produces a large volume of water having mixed properties, and it also modifies 
the mass flux through the constriction. This year we have examined in a series of experiments 
the role of the constriction geometry. The results have been included in a paper (Prastowo et al . 
2006) that concentrates on the amount of mixing and the effect of the mixing on the exchange 
rates through a horizontal constriction. We find that mixing in the flow reduces the exchange 
rate by approximately 16% relative to that predicted by inviscid hydraulic theory, and that 
sidewall friction leads to a further reduction. The reduction increases with constriction length 
and decreases with minimum constriction width. The mixing can be described in terms of a 
efficiency – the proportion of the available potential energy (released by the flow over a given 
time) that is used to raise the centre of mass by vertical mixing. We find that the mixing 
efficiency depends only upon a Reynolds number based on the constriction length (figure 8). For 
Reynolds numbers in excess of 5 x 10 4 the efficiency takes a constant value of 11±1%. These 
measurements are in agreement with our previously developed scaling theories that predict 
both the observed exchange rate and the measured mixing efficiency. We have also completed 
this year a series of closely related experiments on exchange flows over sills. Ongoing work is 
now concentrating on interpreting the data and applying our theories to these cases.  

  

 

Figure 1. Shear instability and mixing in an hydraulically-controlled exchange flow through a 
short constriction.  



 

Figure 2. The mixing efficiency (the proportion of potential energy released that goes into 
raising the centre of mass through mixing) computed from measurements of density profiles 
after the flow has proceeded for a given time.  

References: Prastowo, T. J., Griffiths, R. W., Hughes, G. O. and Hogg, A. McC. (2006) Mixing due 
to exchange flows through a horizontal constriction. J. Fluid Mech ., submitted. 



Subduction kinematics and dynamics in 3D space: Insight from laboratory and 
numerical modelling  

W. P. Schellart 1 , J. Freeman 1 , D. R. Stegman 2 , L. Moresi 2 & D. May 2  

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 
2 School of Mathematical Sciences, Monash University, Melbourne, VIC 3800, Australia  

During development of the plate tectonic theory in the 1960's and 1970's it was soon realized 
that the motion of the tectonic plates, which cover the Earth's surface, is primarily driven by 
dense subducted slabs located in the mantle. Subducted slabs form along convergent plate 
boundaries where an oceanic plate is thrust underneath an overriding plate into the Earth's 
mantle. The slabs are denser than the ambient mantle, forcing the slab to sink and pulling the 
trailing plate at the surface into the mantle, thus driving plate motion at the surface and flow 
in the Earth's mantle. The kinematics and dynamics of this sinking process and the flow that is 
induced by the sinking has been investigated extensively in two-dimensional space, but three-
dimensional investigations are still in their infancy . Three-dimensional investigations are 
important, because subduction zones on Earth are limited in trench-parallel extent (~200-7000 
km) and most are curved. We have recently attempted to address this deficiency by doing 
laboratory and numerical simulations of progressive subduction in 3D space [Schellart, 2004; 
Stegman et al., 2006]. These works have shown that in self-consistent dynamic models, where 
plate motions and trench migration are not imposed but evolve naturally, subducting slabs and 
associated trenches predominantly retreat oceanward, inducing flow in the mantle that is 
toroidal in nature and located exclusively around the lateral edges of the slab. We observed no 
poloidal flow around the slab tip, as was suggested by previous workers. The (non-) existence of 
poloidal flow around the slab tip is important for understanding the relationship between slab 
width and trench velocity. Current and previous works have shown that there is an inverse 
relationship between slab width and trench retreat velocity: the wider the slab, the slower the 
trench retreat velocity [Schellart, 2004; Stegman et al., 2006; work in progress]. Such a 
relationship is most easily explained if in fact, there is no (or negligible) trench rollback-induced 
poloidal flow around the slab tip. To address this issue in more detail, new laboratory and 
numerical models have been run to study the subduction-induced flow patterns in the mantle. 
Our models confirm previous observations that rollback-induced flow of the mantle occurs in a 
toroidal fashion and occurs exclusively around the lateral edges of the slab (Figs. 1, 2).  

 



Figure 1. 3D view of numerical simulation of subduction illustrating slab geometry and toroidal 
flow patterns in the mantle (arrows) at 200 km depth. 

 

Figure 2. Side view of laboratory simulation (composite image of nine photographs) of 
subduction illustrating slab geometry and poloidal flow patterns in the mantle in the centre of 
the subduction zone.  

  

References: Schellart, W.P., Kinematics of subduction and subduction-induced flow in the upper 
mantle. Journal of Geophysical Research 109 , B07401, doi:10.1029/2004JB002970, 2004.  
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Laboratory Modelling of 3-D Flow and Temperatures in Subduction Zones with 
Back-arc Spreading and Plumes  

Chris Kincaid 1 , Ross Griffiths 2 , John Foden 3 , Charles Langmuir 4 , Richard Carlson 5 , David 
James 5  

1 Graduate School of Oceanography, University of Rhode Island , Narragansett , RI , USA 
2 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 

3 School of Earth and Environmental Sciences , University of Adelaide , Adelaide , SA 5005, Australia 
4 Department of Earth and Planetary Sciences, Harvard University , Cambridge , MA , USA 

5 Department of Terrestrial Magnetism, Carnegie Institution of Washington, Washington DC , USA  

Subduction of lithospheric plates back into the mantle at subduction zones (ocean trenches) 
provides the dominant driving force for plate tectonics and causes thermal and chemical 
exchange with the Earth's interior. We have developed a laboratory apparatus for modeling 3D 
aspects of flow in subduction zones in response to various modes by which plates move and 
subduct into the mantle. These include both slab rollback, when the slab sinks with a backward 
retreating or horizontal component of motion, and periods where the angle of descent (slab dip) 
either increases or decreases with time. Previous work has documented the importance of these 
modes of plate motion on 3D shallow mantle return flow and both slab and mantle wedge 
temperatures (Kincaid and Griffiths, 2003; 2004). During a recent visit to RSES, Kincaid has been 
studying the role of back-arc spreading (BS) on slab/mantle evolution and the interaction 
between subduction and buoyant mantle upwellings (plumes). A series of experiments started in 
2004 and completed here in 2006 (with collaborator C. Langmuir) characterize spatial and 
temporal patterns in slab and mantle wedge temperatures for various modes of plate sinking 
and back-arc spreading, including extension produced by slab/arc retreat versus motion of the 
overriding plate. Parameters explored include subduction style, width of the BS center, 
extension rate and the BS center–to–trench separation distance. Results show dramatic 
differences in the plate and overlying mantle wedge evolution depending on conditions. For 
example, BS due to trench/plate rollback produces very shallow flow trajectories in the wedge 
(which are unfavorable for decompression melting) but extreme lateral variations in slab 
heating and shallow back-arc temperatures (Figure 1). Extension produced by retreat of the 
overriding plate away from the arc/trench produces laterally uniform slab/wedge temperatures 
and steep return flow trajectories (favorable for decompression melting). Results are being 
related to recent data sets collected by C. Langmuir in the Tonga-Lau system.  

During his 2006 visit to the GFD facility at RSES, Prof Kincaid (with ARC collaborator J. Foden) 
has considered what temporal changes in plate motions (slab and BS) allow material from a 
hydrated boundary layer above the downgoing slab to be brought up into the melting zone 
beneath either the arc or the back-arc. Results are being related to geological data on the 
spatial and temporal distributions of Boninite magmas in subduction environments. This work is 
related to another long term NSF funded project involving a multidisciplinary, multi-
institutional approach to studying the continental evolution of the northwestern USA 
(http://www.dtm.ciw.edu/research/HLP). The project includes geological and geochemical field 
work (T. Grove, MIT; A. Grunder & R. Duncan, OSU; W. Hart, Miami; R. Carlson, Carnegie), seismic 
imaging (D. James, Carnegie; M. Fouch, Arizona; R. Keller, UO; S. Harder, UTEP) and geodynamic 
modeling (Kincaid/Griffiths). We have added to the existing apparatus the ability to introduce 
plumes (with a controlled location, temperature and buoyancy flux) to model how both plume 
heads and tails are deformed by extreme three-dimensional shear flows that are produced in 
subduction zones with rollback and back-arc extension. Both generic cases to document basic 



plate-plume interaction modes and experiments with parameters (e.g., plate motion histories) 
specific to the Cascades-Yellowstone system will be run.  

 

Figure 1. Plots of temperature perturbations produced 
along the surface of the subducting slab (A) and 
beneath the back-arc spreading center. Values are 
plotted as a function on distance from either the center 
of the slab or the back-arc spreading axis. Values are 
laboratory perturbations, produced by subtracting off 
initial reference values (5°C for the slab, ~15°C for the 
back-arc). Slab surface temperatures are from a scaled 
depth of 160 km after ~30 Ma of subduction. Sub-
back-arc values are from a scaled depth of 20 km after 
30 Ma of extension for cases with a 250km trench - 
back-arc separation. (OP=overriding plate)    
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Strengthening International Science and Science Commons - IAGA and e GY  

Charles Barton 1  

1 Visiting Fellow, Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, 
Australia    

Charles Barton served throughout the year as President of the International Association of 
Geomagnetism and Aeronomy (IAGA www.iugg.org/IAGA ), Chair of the International 
Committee for the Electronic Geophysical Year, 2007-2008 ( e GY www.egy.org ), and as a 
member of two National Committees of the Australian Academy of Science: Earth Science and 
Space Science. Duties involved two months working at the University of Colorado (Laboratory 
for Atmospheric and Space Physics) and participation in meetings and international conferences 
in Boulder ( e GY) , Vienna (EGS), Canberra (White Conference on Data Explosion), Singapore 
(AOGS), Beijing (COSPAR), Brussels (European Commission; Global Science Commons), and 
Beijing (CODATA). IAGA continues to serve as the pre-eminent international body for 
coordinating, promoting, and communicating the science of geomagnetism and aeronomy. Our 
growing dependence on space systems and manned space exploration has led to keen interest in 
space weather. IAGA is one of the seven Scientific Associations of the International Unipon of 
Geodesy and Geophysics ( www.iugg.org ). e GY was initiated by IAGA to mark the 50-year 
anniversary of the highly successful International Geophysical Year. It joins with the three other 
international science year programs: the International Polar Year, the International Year of 
Planet Earth, and the International Heliophysical Year. e GY adopts the IGY principles of 
promoting better science by sharing and providing ready access to data and information – but 
by using the power of modern information and communication technologies. e GY provides a 
common theme linking all the international science year programs as well as the ambitious 
Global Earth Observing System of Systems initiative that arose from the Earth Observation 
Summits. On the home front, a case is being prepared for Australia to rejoin CODATA (the 
International Council for Science's Committee on Data for Science and Technology) as a means 
of providing a focus for informatics and science commons developments in Australia . 



Thermo-chemical Evolution of the Australian Continent  

Justin Freeman 1 and Jean Braun 2  

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 
2 Department of Earth Science, University of Rennes , France 

A new view of regional and global scale tectonics is emerging in which chemistry has a very 
strong influence on the dynamics and evolution of planetary surfaces. That is, while thermal 
buoyancy is largely responsible for driving plates and generating plumes, small variations in 
chemistry (or phase) introduce compositional buoyancy that drastically adjust, and sometimes 
dominate, the dynamics. The strength and evolution of continents is known to require 
compositional buoyancy to explain their longevity and geology. Furthermore, the evolution of 
descending slabs in the mantle is affected by the well-known pressure-induced phase changes 
at 410 km and 660 km depth. A fundamental aspect of thermo-chemical convection is the 
entrainment that occurs at the chemical interface, strongly influencing the stability and 
evolution of plumes, and yet this is largely unaccounted for in current models. Whether 
continents, slabs, or plumes, these features have almost exclusively been studied in 2-D and yet, 
time and time again, studies have shown that the third dimension is essential for understanding 
their behavior. With widespread advances in computational resources and techniques, it is no 
longer necessary to continue working under the false assumption that the geometry of the 
system may be simplified. We have developed a 3-D geodynamic computational code for the 
modeling of thermo-chemical convection and are currently applying this state-of-the-art 
software to problems in the Earth and planetary sciences. One such example is the current 
investigation of the thermal structure of the Australian continent. Currently, the structure of 
the upper mantle of the Earth is constrained through seismic tomography models, regional 
geological models and the interpretation of geochemistry. The combination of such data sets 
allows for a picture of the interior to be built up and the processes governing such details may 
be inferred. Recent developments (Faul and Jackson, 2003; Priestley and McKenzie, 2006) have 
provided a method for determining upper mantle temperatures from shear wave tomography 
(Figure 1). Through combining such upper mantle temperature estimates with geophysical, 
geochemical and geological data sets, a picture of the Australian continent as well as the 
continental lithosphere and the upper mantle structure beneath Australia may be constructed. A 
natural extension of such a model is to incorporate these data sets into a 3-D thermo-chemical 
convection model of the Australian continent. Continental volumes may be represented as 
chemically distinct regions, including variable heat source distributions and thermodynamic 
properties (such as thermal diffusivities). 

 

Figure 1. Shear wave tomography (left) at a depth of 100 km beneath the Australian continent. 
Red regions correspond to fast velocities and blue is slow. Calculated upper mantle temperature 



(right) derived from the tomography model. The method to determine temperature from V s is 
from Priestly and McKenzie (2006). At this depth, hot upper mantle temperatures are observed 
in the east whilst the west shows regions with cooler temperatures. From Freeman et al. (in 
preparation).  

References: 
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Quantitative infra-red absorption spectroscopy  

Malcolm Sambridge, Istvan Kovacs, Joerg Hermann, Hugh O'Neill, John Fitzgerald  

 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 

A new collaboration with members of the Earth materials area of the school was initiated this 
year in the area of I nfra-red (IR) spectroscopy. IR spectroscopy involves the measurement of 
light absorbance by anisotropic crystals. Important mineralogical applications include the 
quantification of water content of minerals like olivine and pyroxenes. The technique may also 
provide clues on the crystallography of water substitution. The governing physics requires 
solutions to Maxwell's equations for light propagation in media where both refractive index and 
absorption vary anisotropically, and these can become rather complicated. As a result this has 
largely neglected by modern practitioners in favour of empirically determined relationships 
between various quantities. In the present collaboration the fundamental physics (developed 
mostly in the latter part of the 19 th and early 20 th Centuries) has been re-examined. It has 
been possible to derive expressions for the distribution of polarized and unpolarized absorbance 
of linearly polarized light travelling in an arbitrary direction in weakly absorbing media.  

The figure shows the predicted and observed angular variation of absorbance as a function of 
the polarization angle of the incoming light. Each polar plot is for a different incoming light 
direction. The consistency between predictions and observations shows that the new theory is a 
good match to the data. Using the new theory it's possible to estimate total absorbance (and 
hence water concentration) in minerals from unpolarized light at random directions. From an 
experimental viewpoint use of unpolarized light avoids many of the difficulties encountered 

with polarized light, which widens the range of 
minerals to which the technique can be applied.  

 

   

Figure 1: Angular variation of integrated 
absorbance for random light directions. The 
dashed line shows the prediction from the new 
theory the dots show the observations. 



Constraining source location and mechanism using coda wave interferometry  

David Robinson 1 , Roel Snieder 2, Malcolm Sambridge 1  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia 
2 Centre for wave phenomena, Colorado School of Mines, Golden , Colorado , USA . 

The waves arriving later in a seismogram arise from scattering and are known as coda waves. 
Most techniques for studying earthquake source properties such as location and mechanism do 
not use the coda. Coda wave interferometry relates the variation between two earthquake 
sources and the cross correlation of their coda waves. In this project we are researching the 
applicability of coda wave interferometry (CWI) for constraining the location and mechanism of 
double couple events.   Snieder (2005) demonstrate how the separation between two double 
couple events with identical source mechanisms can be estimated using CWI. We have 
conducted numerical experiments in stochastic heterogeneous media to explore the range of 
applicability of CWI for estimating source separation. We observe that CWI estimates of 
separation are within one standard deviation of actual separation when the perturbation is less 
than one fifth the dominant wavelength. Moreover, we have demonstrated how CWI estimates 
of separation should be interpreted with the aid of a probability density function (PDF) which 
computes the probability of different actual separations for a given CWI estimate. An example 
of such a PDF is shown in Figure 1.   We have also extended existing CWI theory to show how a 
change in the source mechanism between two identically located double couple sources can be 
estimated from the correlation of their coda. The mechanism perturbation is a simple function 
of the change in strike, dip and rake of the double couple. Applicability of the theory is tested 
using synthetic waveforms generated from a 3D finite difference solver for the elastic wave 
equation. Perturbations in strike, dip and rake are tested independently and simultaneously. In 
each case a cross-over point is identified such that the estimated source change is within one 
standard deviation of the actual change for all perturbations below the cross-over. After the 
cross-over the CWI estimates represent a lower bound for the change in mechanism. Cross-over 
points of 30, 62 and 56 degrees are observed when the strike, dip and rake are varied 
independently. When all angles are varied by the same perturbation simultaneously the cross-
over point is 17 degrees. The new theory creates the potential for joint relative location and 
focal mechanism determination using information from seismic coda, a component of the 
waveform that is often discarded. We anticipate the publication of this work in 2007.      

 

Figure 1: Probability density function for the actual separation 
between two double couple events given a CWI estimate of 150 
m. The vertical dashed line represents an actual separation of 150 
m. 

References: Snieder, R., and M. Vrijlandt, Constraining Relative 
Source Locations with Coda Wave Interferometry: Theory and 

Application to Earthquake Doublets in the Hayward Fault, California , J. Geophys. Res., 110, 
B04301, 10.1029/2004JB003317, 2005   



High resolution seismic imaging of southeast Australia using 
multiple array deployments 

Rawlinson, N. and Kennett, B. L. N. 

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 

The Tasman Orogen, or “Tasmanides” occupies the eastern third of the Australian continent, and 
is distinct from the Precambrian cratonic terrane to the west both in terms of its subduction 
accretion style of emplacement, and its Phanerozoic age. Over the last decade up to 10 separate 
temporary seismic arrays have been deployed to target the southern half of this region of the 
Australian continent (see Figure 1). In most cases, vertical component short period seismometers 
have been used, with 3-D P-wave teleseismic tomography being the primary tool of analysis. 
Beginning with SETA in southeast Tasmania , a new generation of seismic equipment featuring 
3-component short period sensors is now being used. One of our current goals is to combine 
data from all available experiments in a single inversion for the 3-D seismic structure of the 
upper mantle beneath this region. 

The EVA array (see figure), which covers much of eastern Victoria , comprises 50 short period 
vertical component seismometers, and was deployed in September 2005. After continuously 
recording for a period of approximately 8 months, the array was removed in May 2006. 
Considering the rugged terrain and significant forestation that characterizes much of eastern 
Victoria , the data is generally of high quality, with a large number of teleseisms detected. A 
preliminary teleseismic tomography model has been generated using arrival time information 
from 90 distant earthquakes, and the resultant images exhibit significant lateral variations in 
wavespeed. Of particular interest is a strong velocity contrast at 50-100 km depth between 
northern Victoria (higher wavespeed) and southern Victoria (lower wavespeed). Further work is 
required to properly understand the geological implications of these results. 

In early October 2006, an array of 40 3-component short period seismometers was deployed in 
southeast Tasmania as part of the SETA experiment. The array will be in place for a period of 
approximately 8 months to record large distant earthquakes. In addition, our collaborator Dr. 
Michael Roach from the University of Tasmania , will detonate several explosive sources to 
improve crustal path coverage. The use of 3-component seismometers should allow additional 
information on seismic structure to be inferred from techniques such as crustal receiver 
functions and S-wave tomography. In February 2007, the SEAL2 array will be deployed in NSW 
in a collaborative project with the NSW geological survey. Additional array deployments are 
expected to take place to the east and north of SEAL2 in late 2007 and early 2008.  



 

Figure 1: Distribution of temporary passive seismic arrays in southeast Australia over the last 
decade.  



Simultaneous inversion of active and passive source datasets 
for 3-D seismic structure  

N. Rawlinson and M. Urvoy 
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Seismic body wave tomography is a well established tool for imaging subsurface seismic 
structure at a variety of scales, but most applications involve a single type of dataset, such as 
local earthquake, teleseismic, or refraction and wide-angle reflection. However, with ongoing 
seismic deployments around the world, it is becoming increasingly common for multiple 
datasets to span a common region of the Earth. Rather than treat each dataset separately, a 
combined inversion would in many cases be preferable, as the increased path coverage should 
result in a better constrained model. 

We have developed an innovative new tool for combining a variety of body wave data types in a 
simultaneous inversion for seismic structure and source location. The forward problem of 
traveltime prediction is solved using a new grid based scheme known as the multi-stage fast 
marching method, which can track phases comprising any number of reflection or refraction 
branches in 3-D heterogeneous media containing undulating interfaces. The inverse problem of 
adjusting velocity, interface and source location parameters is solved using an efficient subspace 
inversion method. The new iterative non-linear tomography scheme is capable of combining 
multiple overlapping body wave datasets of different geometry in a single inversion for velocity 
structure, interface geometry and/or hypocenter location. 

The new scheme has been applied to refraction, wide-angle reflection and teleseismic arrival 
time data from Tasmania in a simultaneous inversion for 3-D lithospheric P-wavespeed and 
Moho geometry. A total of 6520 teleseismic arrival time residuals from the 2002 TIGGER 
experiment and 3172 crustal refraction and reflection (Pn, PmP and Pg phases) traveltimes from 
the 1995 TASGO experiment are used to constrain 3-D seismic structure. The crossing path 
coverage of the teleseismic dataset is extensive in the lower crust and upper mantle, but 
virtually non-existent in the mid-upper crust. In contrast, the path coverage of the active source 
dataset is almost exclusively crustal, with some penetration of the uppermost mantle. As a result, 
the two datasets are highly complimentary, and their combined inversion holds the promise of 
properly resolving both crustal and upper mantle structure. 

The figure shows several several slices through the Tasmanian tomography solution model. In 
contrast to previous results from separate inversions of the active and passive source datasets, 
the new images reveal a zone of elevated wavespeed beneath the Cambrian Mt. Read Volcanics, 
and indicate that both crustal thinning and elevated wavespeeds occur beneath northeast 
Tasmania , which supports the case for the existence of a prior passive margin. Otherwise, most 
major inferences from the previous studies, including evidence for a remnant subduction and 
rustal shortening, are supported by the new results. 



 

Figure 1: Summary of Tasmania tomography results. (a) Crustal section at 15 km depth; (b) 
Moho structure; (c) upper mantle section at 52 km depth; (d) three east-west cross-sections. 
Several features of interest have been highlighted. TFS = Tamar Fracture System; MRV = Mt. 
Read Volcanics.  



Calibration and Inversion of Airborne Geophysical Data  

R. Brodie and M. Sambridge  

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia  

  Prior to 2006, holistic inversion http://rses.anu.edu.au/cadi/ar/ar05/cadi5.html of frequency-
domain airborne electromagnetic data had been successfully applied in situations where there 
was considerable prior knowledge of the geology and conductivity structure of the survey area 
to constrain the inversion (Brodie and Sambridge, 2006a). Over the last year we have 
investigated how well the method works when there is a lack of prior information.   To simulate 
this scenario we inverted the same datasets without the use of a sophisticated prior reference 
model, downhole conductivity logs, or watertable depth constraints, all of which had been used 
in our previous work. We adopted a generalised multi-layer fixed layer thickness inversion model 
and used a homogenous reference model. To compensate for the lack of hard constraints we 
imposed vertical smoothness regularisation on the conductivity model to stabilise the 
inversion.   is possible to extract information from the subsurface along the connecting path 
between two stations by just using Earth's ambient seismic noise field. Due to the inter-station 
distance and spectrum characteristics of the noise field, the extracted signal is mainly the 
Green's function of Rayleigh wave type surface wave for vertical components.   The seismic 
broadband data was compiled from the temporary and permanent stations across the Australian 
continent from 1992 to 2006. The data was used to calculate the Green's function between each 
possible station pairs which resulted in a coverage of the continent as in earthquake 
tomography studies with over 1000 individual raypaths. Then seismic tomography was set to 
construct the group velocity image for Australian crust with frequency dependency. The image 
which was obtained from the seismic tomography, clearly maps the major geological units in 
the crust. The geologically older parts of the continent in the west have higher group velocities. 
In contrast to this, the relatively younger Phanerozoic belts are marked with lower group 
velocities       Figure 1. A comparison of downhole log conductivity measurements and holistic 
inversion model conductivities.     Although the downhole log data were not actually used in the 
inversion the correlation between the inversion model conductivities and downhole log data 
was high, as is demonstrated in Figure 1.  



 

Each point on this figure relates to the average conductivity over 5 m intervals for all the 44 
available downhole logs. We have also found that gain and bias calibration parameters were 
similar to those we had estimated by other methods that had incorporated substantial 
information.The extracted wavefield which is the Rayleigh wave component of the Green's 
function, from the correlations of permanent station CTAO with other stations.     Figure 2: The 
map in A shows the raypath distribution used in the group velocity tomography. Group velocity 
anomalies for two different frequencies are given in B for 0.2 Hz and C for 0.08 Hz.    

 

Figure 2 shows the conductivity of layer 12 of the holistic inversion model. Figure 3 shows an 
example of a section through the inversion models. It can be seen that the top of the 
conductive zone at around 15-20 m elevation is coincident with the elevation of the known 



depth of a saline watertable. Our research has led us to concluded that the holistic inversion can 
be successfully applied in cases where little or no prior information is available (Brodie and 
Sambridge, 2006b).  

 

Figure 3. A conductivity section through holistic inversion model along the profile labelled A on 
Figure 2. The top of the watertable surface is shown by the black line at approximately 15-20 m 
elevation. 

Since the multi-layer inversion requires many more inversion parameters we had to parallelise 
the holistic inversion code. For this we used the MPI paradigm implemented mainly via the 
PETSc code for distributed sparse matrix algebra. Parallelisation has allowed us to invert whole 
datasets, rather than subsets, for multi-layer models. We have run inversions with up to 8.07 
million data and 3.40 million parameters on 64 nodes of the Terrawulf Cluster.  
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Geomagnetism   

F. E. M. Lilley 

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 

Work has continued in 2006 bringing a number of contributions to publication stage. These are 
concerned particularly with electromagnetic induction in the Earth and its oceans. Contact has 
been maintained with Professor J.T. Weaver of Canada , regarding the analysis of 
magnetotelluric data for local geological distortion, and regional geological dimensionality. 
Discussion has continued with other Australian geophysicists pursuing research based on 
electromagnetic induction by natural source fields, and related topics . 



Volcano-tectonic earthquakes and magma reservoirs; their roles in 
volcanic eruptions at Rabaul Caldera  

Itikarai 1 , B.L.N. Kennett 1 , C. Sinadinovski 1 , N. Rawlinson 1 

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 

Since seismic monitoring began in the late 1960s the seismicity in Rabaul caldera has been 
marked by intra-caldera high frequency volcano-tectonic earthquakes. The hypocentral 
distribution of these earthquakes defines an outward-dipping elliptical ring-fault in shallow 
depths (Mori et al., 1987). Before the 1994 eruption other prominent seismicity includes a 
swarm of earthquakes that occurred in May 1992 away from the caldera in a northeasterly 
direction. 

After the eruption the intra-caldera seismicity decreased significantly. The locatable events have 
been sparsely distributed within the caldera with majority of them located on the southern 
section of the ring-fault. These events have been overshadowed by a group of earthquakes that 
occurred northeast of the caldera. Observations between the ongoing eruptions at Tavurvur and 
the periodic episodes of northeasterly earthquakes between 1995 and 2005 show interesting 
correlations. Notable episodes of northeasterly earthquakes have been followed by intensified or 
renewed eruptive activity. The lead-time between earthquakes and either one of the types of 
eruptive activity is between few and several months. We speculate that the northeast 
earthquakes mark episodes of intrusions of a second magma source into the caldera magma 
reservoir allowing magma mixing to occur, hence resulting in the ongoing eruption at Tavurvur. 

P-wave traveltime tomography using the Fast Marching Method (Rawlinson and Sambridge, 
2004) was used to map low velocity anomalies in and around Rabaul Caldera. 541 regional and 
local earthquakes detected by 20 seismic stations of the Rabaul Harbour Network, operating at 
different times, and giving rise to 3744 raypaths were used. The results suggests up to three 
possible magma reservoirs. One is the shallow caldera reservoir (Finlayson et al., 2003) and the 
other two, the first slightly deeper beneath the caldera and the second northeast of the caldera, 
are new finds (this study and Bai and Greenhalgh, 2005). The proximity of the northeast 
earthquakes to the north-northeasterly low velocity anomaly, evidence of magma mixing in 
Tavurvur eruptives, but not Vulcan, (Patia et al., 2002) and other information strongly suggests 
this anomaly is a magma reservoir, most likely basaltic in composition, and is the source of 
magma injected into the caldera reservoir. 

The above information, particularly the reasonable correlation between the northeast volcano 
tectonic earthquakes and the ongoing eruptions at Tavurvur between 1995 and 2005, could be 
useful for future eruption forecasting and disaster mitigation in Rabaul.  



 

Figure. 1 : Velocity perturbation (in %) from the 1- D reference velocity model for a N-S cross-
section passing through the centre of Rabaul Caldera and the Tavui region. 

 

Figure. 2: Model for magma interactions in and around Rabaul Caldera. 
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The accuracy of a seismic risk assessment is related to the time span of the data base. The longer 
the seismicity of an area is observed, the better the ability to predict future activity. Historical 
records of earthquakes stretch back more than four times the period of instrumentally recorded 
earthquakes, so the value of historical earthquakes and isoseismal maps (for example Fig. 1) is of 
great importance for calibration of ground motion models. Building type is taken into account 
during assigning of the intensity values and such maps reflect the local geology and soil 
characteristics. 

Of interest to the insurers are also interrelated aspects of risk calculation such as the expected 
earthquake occurrences, maximum magnitudes and intensities, and anticipated damage. We 
have used a well documented case of the Adelaide 1954 earthquake to address these aspects 
and tried to compare the MM intensities with the damage ratios for the purposes of loss 
calculation. Our estimates are about 1% of the effective loss of the replacement value of 
insured dwellings in Adelaide. Earlier results of the Probable Maximum Losses studies based on 
aggregation of losses for several regions of MMI produced estimates in the range of 2 to 5% for 
a shallow earthquake with magnitude 5.6 below postcode 5000, with uncertainties in the results 
attributed to the modelling of the subsoils and choice of attenuation function. 

By 1957 most of Adelaide Plains had been urbanised with expansion of low density housing 
after WW-II with the growth of outer centres and southwards along the coast. With the 
southerly development of Adelaide's suburbs an event of similar size recurring today might be 
expected to cause significantly higher loss.  

 

Figure 1: 
Isoseismal map 
of Adelaide 
1954 
earthquake  
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Geologically, Western Australia is characterized by four main geologic features: Pilbara, 
Bangamall, Capricorn and Yilgarn Cratons. Pilbara in the north and Yilgarn in the south are 
Achaean Cratons. These two cratons are separated by two younger sediments, they are 
Bangamall ‘Grenvillean' basin and Capricorn (early proterozoic orogen) [Betts et al., 2002]. This 
research is carried out to image the 3D structure of these geological features by using P-wave 
tomography technique. 

There are about 45 seismic stations across Western Australia (Figure 1) which record local and 
broadband earthquakes with magnitudes between 3.0 and 7.0mb and depth between 1.0 and 
600 km. This station-event pairs produce nearly 600 raypaths. 

600 P wave traveltimes were hand picked and store it as data input for our tomography work. 
The tomography routine and the Fast Marching Method of Rawlinson et al. (2004 are used to 
trace seismic path in 1D model of ak135. Our area of study was discretised using grid node 
configuration with number of propagation grids are 30 x 46 x 55 for depth, latitude and 
longitude respectively. 

 

The preliminary result of the tomography image at -15km of Western Australia is shown in 
Figure 2. The color represents P wave perturbation in percent relative to the ak135 model. Green 
represents high seismic speed and brown represents low seismic speed. The Achaean Cratons of 
Pilbara in the north and Yilgarn in the south are associated with high seismic speed anomaly, 
while the Bangamall and Capricorn are associated with low seismic speed.  
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Attenuation Tomography of Australia  
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The strategic position of the Australian continent in the middle of seismicity belts which extend 
from Java to Sumatra and the mid-ocean ridge to the south of the continent provides a wealth 
of events at suitable distances to be used as probes into the seismic structure of the upper 
mantle. The extensive deployments of portable broadband seismic stations across the Australian 
Continent and Tasmania since 1993 offers robust seismological data with a dense coverage at 
distances from 5° to 45°. Over the last two decades, a wide range of studies have been used to 
gain information on one-dimensional and three-dimensional structure in the mantle which 
exploits different aspects of seismograms. P and S wave seismic traveltimes from nearly 4000 
three-component seismic dataset from the record have been hand picked. The wave ratio 
method is then applied to estimate the spectral ratio between shear and compressional waves. 
Seismic spectra are estimated using the multitaper method with 512 points in window range of 
30s to 45s and frequency range of 0.25Hz to 1.00Hz. 

Three-dimensional P and S wave speed tomography is conducted by inverting a kernel matrix 
obtained from a quasi three dimensional ray tracing which respect to P and S wave seismic 
traveltime residuals from the ak135 model. The study area from latitude 22° N to 65S° and 
longitude 78° to 189° and 0-1240km depth is discretised into 11100 cells with a cell size 3°x3° 
and depth increments of 35 or 200km. Both P and S -wave speed information from the seismic 
wave speed tomography are then utilised as data input for 3-D seismic attenuation tomography. 
In this inversion, it is assumed that QP=2.3QS. The seismic attenuation anisotropy in terms of 
the ratio between seismic attenuation derived from SV and SH component is also presented. 

 

The major feature that is revealed from the both seismic wave and seismic attenuation studies is 
a strong contrast in deep structure between central Australia and the eastern seaboard (as can 
be seen in the Figure). Further representation of seismic attenuation anisotropy suggests that in 
the region where seismic coverage is good, transverse component ( SH ) wave is less attenuated 
than radial component ( SV ). The Archaean and the Proterozoic rocks in the west and in the 
middle of the continent point to a high seismic wave speed anomaly and low seismic 
attenuation and the Phanerozoic rocks and the presence of recent volcanism and region of high 
heat flow in the east are associated with low seismic wave speed anomaly and high seismic 
attenuation.  



Earthquake location and upper mantle structure from P wave polarization in 
French Polynesia and Australia  

Fabrice R. Fontaine 1 , Guilhem Barruol 2 , Brian L.N. Kennett 1 , Götz H. Bokelmann 2 , 
Dominique Reymond 3  

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 
2 Laboratoire de Tectonophysique, Université Montpellier II, CNRS, ISTEEM, Montpellier, 34095 France 

3 Laboratoire de Géophysique, CEA, Pamatai, Faaa, 98702 French Polynesia  

We realized measurements of long-period P wave polarization in French Polynesia and in 
Australia. The 3D character of particle motion of P waves provides complementary and 
independent constraints on the upper mantle structure beneath a given station to that from 
shear-wave splitting. Analysis of the deviation of horizontal polarization and the vertical 
polarization angle as a function of event backazimuth are used to obtain information about: i) 
sensor misorientation, ii) seismic anisotropy, and iii) velocity heterogeneities. The measurements 
are realized with a method proposed by Schulte-Pelkum et al. (2001). We propose an alternative 
technique for temporary deployed seismic stations. Despite the availability of 15 years of data, 
the two permanent stations on Tahiti do not show any evidence of shear-wave splitting 
(Fontaine et al. , submitted) whereas P wave polarization observations do. Using the latter 
technique the fast axis azimuth is oriented N72°E close to the orientation of the ancient 
fracture zones . This direction is consistent with the observed fast axis orientation within the 
upper lithosphere from surface wave tomographic model by Maggi et al. (2006). This suggests 
that SKS waves sample either a complex upper mantle structure induced by the recent 
magmatism on Tahiti or a vertical mantle upwelling, while P waves identify an azimuthal 
anisotropy in the lithosphere at somewhat larger horizontal distance from the station, since the 
incidence angles are much larger than the SKS waves. Australia is ideally located for P wave 
polarization analysis due to the favourable distribution of seismicity around this continent. 
Moreover, some relatively dense networks of broadband seismometers were installed throughout 
the Australian region during the last decade that may give the possibility to discriminate 
between velocity perturbations and seismic anisotropy beneath some stations. We propose the 
existence of a dipping structure beneath some stations to explain our observations. In Tahiti, the 
tsunami warning centre uses only one seismic station in real-time to determine the earthquake 
location. The horizontal polarization of P waves deviates up to 10° depending on the 
backazimuth of the event. The introduction in the automatic earthquake location of a term for 
correction of the deviation of the direction of particle motion would improve the precision of 
the location and thus the accuracy of the tsunami warning system.  



 

Figure 1. The deviation of polarization of P waves can be the result of several causes: a) seismic 
anisotropy of the medium, b) the sensor misorientation, c) a velocity anomaly, and d) a dipping 
seismic discontinuity. 
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Continuous and discontinuous variations in seismic waves peed can cause a wave 
to travel to a receiver by more than one path. In such a situation Lagrangian 
wavefront tracking in reduced phase space can be used to calculate multivalued 
travel times. Source receivers ray paths can be estimated a posteriori by exploiting 
the connectivity between points on the wavefronts for all time steps.   Our scheme 
currently allows calculation of later arrivals for a two dimensional velocity model 
with interfaces. In Figure 1 later arrivals for the reflected wave are generated due 
to the low velocity anomalies and the shape of the interface. This means that for 
some of the receivers up to 5 arrivals can be observed. However the travel time 
alone is not sufficient in order to identify potential later arrivals in observations. 
We therefore use the extracted ray paths for the calculation of synthetic 
seismograms. In the Gaussian beam method a synthetic seismogram is computed 
for a given ray path by shooting a fan of rays in the vicinity of the ray path and 
solving the dynamic ray equations for each ray. The seismogram is then given by a 
summation over those rays.   In the figure synthetic seismograms are plotted for 
three receivers. For the receiver at 175 km the waveform is fairly complex due to 
the superposition of the five arrivals. For the receiver at 125 km the amplitude of 
the second arrival in the seismogram is larger than the one for the first arrival. 
This is due to a superpositon of the second and third arrival. The second and third 
arrival for this receiver have similar travel times. This is also visible in the ray paths 
of the second and third arrival being close to each other.  

 

Figure 1: Synthetic seismograms, wavefronts and ray paths for the reflected wave generated by 
a source above an interface. First arrival ray paths are plotted in red, second in blue, third in 
green, fourth in light blue and fifth in orange. For the orange receivers a normalized synthetic 
seismogram is plotted in the box above them. 
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The multi-year SSCUA experiment (seismic structure of the continenent under Antarctica ) 
resulted in the successful collection of a unique seismic data set (2002-2004) from the 
previously unexplored region of Central East Antarctica, surrounding the Lambert Glacier Region 
(Fig. 1). In previous work, receiver function techniques were used to model the depth and the 
character of the seismic S-velocity profile beneath stations deployed across the region 
( Reading , 2006) which lies at the probably junction of three major plates in the assembly of 
the supercontinent of Gondwana. More recent analysis has focused on the splitting of shear 
waves. This indicates that the seismic energy, on its path between the Earth's core and the 
recording station, has encountered a region, or regions of past or present strain within the 
lithosphere.  

Shear-wave splitting results for stations across the Lambert Glacier are shown (Fig. 2). The 
stations closer to the coast show fast directions parallel to the general west-east direction of 
the Antarctic coast-line. The strain in the deep lithosphere may be related to the rifting of the 
southern ocean when India and Australia broke away from this part of Antarctica . Stations 
furthest inland show strain in the deep lithosphere that is more likely to be related to relict 
structure in the most ancient blocks of the continent. New deployments associated with the 
International Polar Year (2007/08) are likely to provide additional seismic data to further 
investigate the remote interior of East Antarctica .  

 

Figure 1. Downloading data from a station of the multi-year SSCUA seismic deployment.  



 

Figure 2. Shear-wave splitting results from stations of the SSCUA seismic deployment, 
surrounding the Lambert Glacier, East Antarctica .  

References: Reading , A.M., 2006. The seismic structure of Precambrian and early Palaeozoic 
terranes in the Lambert Glacier region, East Antarctica . Earth and Planetary Science Letters , 
244, 44-57.  
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It is possible to extract information from the subsurface along the connecting path between 
two stations by just using Earth's ambient seismic noise field. Due to the inter-station distance 
and spectrum characteristics of the noise field, the extracted signal is mainly the Green's 
function of Rayleigh wave type surface wave for vertical components.   The seismic broadband 
data was compiled from the temporary and permanent stations across the Australian continent 
from 1992 to 2006. The data was used to calculate the Green's function between each possible 
station pairs which resulted in a coverage of the continent as in earthquake tomography studies 
with over 1000 individual raypaths. Then seismic tomography was set to construct the group 
velocity image for Australian crust with frequency dependency. The image which was obtained 
from the seismic tomography, clearly maps the major geological units in the crust. The 
geologically older parts of the continent in the west have higher group velocities. In contrast to 
this, the relatively younger Phanerozoic belts are marked with lower group velocities.       

 

  

Figure 1: The extracted wavefield which is the 
Rayleigh wave component of the Green's 
function, from the correlations of permanent 
station CTAO with other stations.      

 

   

Figure 2: The map in A shows the raypath distribution used in the group velocity 
tomography. Group velocity anomalies for two different frequencies are given in B 
for 0.2 Hz and C for 0.08 Hz. 
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Seismic wave propagation from the Indonesian subduction zone into the ancient lithosphere of 
the Australian cratons produces seismograms with a characteristic of low frequency onsets 
followed very quickly by a long duration high frequency coda for both P and S waves. Such 
effects are observed at the permanent array WRA and at portable stations across northern 
Australia . The propagation of high frequencies for up to 1500 km from the source requires very 
low attenuation of seismic waves along the path.  

Figure 1  

The example shows a seismogram for a station in the Northern Territory from a source at 35 km 
depth near 125 E. The upper three traces are the 3-component records with rotation along the 
great circle between source and receiver: Z is the vertical component, R the radial component 
along the path and T the transverse component to the path. The seismograms are shown 
without any filtering. The next set of three traces shows the energy on the vertical component 
(ZE), in the horizontal plane (HE) and the total energy (3E). The lower three panels show 
frequency-time analysis of the 3-component seismograms and display the persistence and slow 
decay of the high frequency components. 

The detailed character of the seismograms recorded in northern Australia depends on the source 
position along the subduction zone system and appears to be related to the nature of the 
transition between the thick Australian Lithosphere and the subduction zone. The duration of 
coda increases and the rate of coda decay decreases for sources further to the east where the 
thick lithosphere abuts 

To understand the structural factors controlling the appearance of the seismograms a range of 
numerical simulations have been carried out on the Earth Simulator supercomputer in Tokyo .  



The calculations have been carried out using 2-D finite difference calculations in media with 
stochastic random heterogeneity. The calculation domain is 1500 km long by 400 km deep, and 
the grid spacing is 62.5m in both the horizontal and vertical direction. A 16 th order staggered 
grid method is used with a parallel code and frequencies up to 16 Hz are included. Thses very 
large models involving propagations over hundreds of wavelengths require 5 hours of 
computation each on 32 nodes of the Earth Simulator. 

Based on prior experience with stochastic waveguides in subduction zones, the heterogeneity 
had much long scale lengths in the horizontal direction than the vertical and smaller scales in 
the crust than the mantle. The distribution of heterogeneity in the lower crust plays an 
important role in the development of the character of the seismograms but there is also a 
significant contribution from the structure in the mantle.  

Figure 2  

A suite of models of the transition between the thick lithosphere of the Australian Craton and 
the oceanic material in the subduction zone have been constructed based on tomographic 
imaging for the Indonesian region by Widiyantoro & van der Hilst (1997).  

The resulting 2-D numerical simulations to high frequency capture many of the characteristics 
of the observed seismograms, and indicate that the nature of the transition structure from the 
subduction zone to the Australian craton has a significant influence on the character of the 
arrivals. The differences are apparent in the figure where calculated vertical (Z) and radial (R) 
component seismograms are shown for the epicentral distance to WRA from the Banda Sea . 

The successful simulations include a quasi-laminated structure in the lower crust and mantle 
lithosphere on length scales well below those that can be directly imaged, whose origin is not 
yet understood. The stochastic waveguide acts to duct high frequency energy to large distances 
and the crustal heterogeneity helps to homogenize the energy between the three components. 
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Terrawulf cluster  

As the Terrawulf computational Facility reaches its fourth year of operation, it has been used for 
a range of new and continuing projects. Some of these are featured below. As in previous years 
the projects have involved staff and students across the school as well as collaborators 
nationally (e.g. Geoscience Australia ) and overseas (e.g. University of Grenoble in France ). This 
year we said farewell to Peter Rickwood who has looked after the Terrawulf and its users for the 
past two and half years. Peter leaves us to take up Ph.D study in the Univ. of Technology 
Sydney . Peter remains a welcome regular visitor to the floor and has continued his research 
collaborations with staff. New appointments have been Drs. Justin Freeman and Yin Shan. Justin 
is engaged in several lines of research in computational geoscience. Yin has taken up Peter's 
position and assumed responsibility for the Terrawulf cluster and support of its users.  

The Terrawulf is now showing its age. Its warranty has expired and we have begun to loose 
nodes (primarily due to motherboard failure). This process is likely to continue, with node failure 
becoming more frequent over the next year. In 2007 we hope to be able to start building a 
replacement for the Terrawulf (funding permitting). Plans for Terrawulf II are underway. Watch 
this space…  

 

Inferring earthquake source properties from coda wave interferometry  

D. Robinson, M. Sambridge, R. Snieder   The Terrawulf has been used to generate synthetic 
seismograms for assessing the applicability of coda wave interferometry theories for source 
separation and source variation. The systematic simulation of seismic waveforms in 3D complex 
media has provided an invaluable synthetic dataset for testing the theories. We have used these 
waveforms to determine probability density functions for source separation directly from the 
cross correlation of coda between displaced earthquake pairs. The data have also been used to 
demonstrate the applicability of a newly derived theory that relates the variation in source 
properties between two events to the interference pattern of their coda waves.  

 



Estimation of earthquake source parameters from InSAR  

J. Dawson, P. Tregoning  
 
The Terrawulf was used to assess the accuracy of earthquake source parameters inverted from 
simulated Interferometric Synthetic Aperture Radar (InSAR) data. Using focal mechanisms of 
Australian earthquakes (1959 to the present), we simulated synthetic two-pass InSAR 
observations with realistic spatial noise derived from the characteristics of actual ERS-2 and 
ENVISAT InSAR data observed over Australia. The precision of two-pass satellite SAR 
interferometry with ERS2 and ENVISAT SAR data in the Australian region can approach ±2 mm 
(1 sigma) and is routinely at the ±4 mm level. The use of spatially uncorrelated observational 
weights has minimal impact on the accuracy of earthquake source parameters inverted from 
InSAR data. Invalid a priori assumptions of the dimension of the earthquake rupture plane can 
bias depth estimates by up to 0.4 km. In most cases single geometry (i.e. ascending or 
descending) InSAR observations can be used to accurately determine earthquake source 
parameters, although typically a combined geometry reduces the source parameter uncertainties 
by a factor of 1.5. In general, earthquakes of magnitude < 4.8 are unlikely to be observable by 
InSAR although very shallow events would be detectable. InSAR is insensitive to magnitude 6.2 
earthquakes deeper than 10 km, and magnitude 5.5 deeper than 6 km. For earthquakes 
magnitude > 5.8 (average depth 6.5 km) we could estimate the epicentre of the rupture with an 
average accuracy of 0.25 km, depth to within 0.5 km and the fault orientation to better than 2 
degrees.  

 

Airborne frequency domain inversion  

R. Brodie, M. Sambridge 

The Terrawulf facility has been used to further enhance the "holistic" inversion of frequency-
domain airborne electromagnetic. Before this development holistic inversions could only be run 
on subsets of airborne datasets, primarily due to the memory limitations of standalone 
processors. 

In 2006 the holistic inversion code was parallelised via MPI to allow inversion of whole datasets 
at appropriate resolutions. Inversion of complete datasets (at once) ensures consistency of 
resolved calibration parameters over the whole survey. Parallelisation also allowed the move to 
more generalised vertically smooth multi-layer conductivity inversion models, which require 
many more model parameters to be solved for, but are generally more suitable when there is 
little prior information about the survey area. 

The parallel code enabled the holistic inversion of a large (11,500 line kilometres) airborne 
electromagnetic survey involving 8.07 million data and 3.40 million parameters on 64 nodes of 
the Terrawulf in 8.22 hours using 51Gb of memory in total (Brodie and Sambridge, 2006). 
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A Probabilistic approach to ground motion estimation  

R. Ruddick, M. Sambridge, T. Allen 

The development of Australian-specific ground-motion models is fundamental to assessing the 
risk to Australian communities from earthquakes. A Bayesian approach has been developed for 
Earthquake source and path inversion, based on the Neighbourhood algorithm. All development 
work was carried out on the Terrawulf cluster, and subsequent runs were carried out on a 
cluster at Geoscience Australia . This calculation requires significant computing time. Here we 
inverted for 45 parameters (including the magnitudes of the 36 events). It took 382 hours to 
generate 712,500 models using 20 nodes on a cluster of Linux PCs with a Portland group F90 
compiler. In comparison the same inversion took 65 hours using 100 nodes of a Linux cluster 
with the Intel FORTRAN comiler. Details of the method and preliminary results are reported on 
elsewhere. 

 

GPS data processing  

P. Tregoning  

 
A multi-cpu cluster like the Terrawulf is ideally suited to ensemble data processing tasks such as 
that required in use of GPS data. In 2006 the Terrawulf was used to investigate  

1) the effects of a priori hydrostatic delay errors on height and zenith delay estimates (For more 
details of this work see Tregoning, P . and T. A. Herring, 2006.)  
 
2) the effects of atmospheric pressure loading and mapping functions on the uplift  
rate estimates of tide gauges in the southwest Pacific (manuscript in preparation).  
 
3) reprocessing of a decade of GPS data in Papua New Guinea for present-day crustal motion 
studies. 

References: ‘Impact of a priori zenith hydrostatic delay errors on GPS estimates of station 
heights and zenith total delays' . Tregoning, P . and T. A. Herring, Geophys. Res. Lett. , in press , 
2006.) 

 



Extracting denudation and relief history from 
thermochronological age-elevation profiles 

Peter van der Beek 1 , Jean Braun 2 , Cristina Persano 3 , Frederic Herman 4* , and Erika Labrin 

1   Laboratoire de Géodynamique des Chaînes Alpines, Université Joseph Fourier, BP 53, 38041 
 Grenoble Cedex , France  

2   Géosciences Rennes, Université de Rennes I, 35042 Rennes Cedex , France  
3   Department of Geographical and Earth Sciences, University of Glasgow , Glasgow G12 8QQ , UK  
4 Research School of Earth Sciences, Australian National University , Canberra ACT 0200, Australia  

* Present Address: Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena , CA 
91125 , USA . 

We explore the capacity of low-temperature thermochronology data, in particular 
thermochronological age-elevation profiles, to provide joint constraints on the denudation and 
relief history of mountain belts. Thermochronological age-elevation profiles have been widely 
used to infer regional denudation histories but, in general, these analyses have considered the 
problem as one-dimensional, neglecting potential effects of topography or laterally varying 
denudation rates on age-elevation profiles. Although the influence of temporally steady-state 
topography on thermochronological age-elevation profiles is well understood, the potential 
effects of transient topography have not as yet been addressed in detail. To answer the question 
whether we can differentiate regional changes in exhumation rate from relief changes by 
analyzing thermochronological age-elevation profiles, we combine a three-dimensional 
thermal-kinematic model to predict thermal histories and thermochronological ages from an 
input denudation and relief history with an inversion scheme based on the neighborhood 
algorithm. We explore both synthetic data and a new thermochronological (zircon and apatite 
fission-track, apatite (U-Th)/He) dataset collected along an age-elevation profile in the French 
western Alps , a region that has experienced modest tectonic activity but intense glaciation 
during the last few myr. Our results suggest that multiple thermochronometers are required 
along an elevation profile to discriminate between different denudation and relief history 
scenarios, and that relief has increased significantly in our study area over the last few myr, 
possibly resulting from focused glacial valley erosion during Quaternary glaciations. 

 



PRISE Introduction  

PRISE operates as a unique entity within the Research School of Earth Sciences, with the 
principal charter being to provide external access to the Research School 's specialised 
equipment and expertise in areas of geochronology, isotope geochemistry and trace- and major 
element geochemistry. It is thus the Research School 's preferred vehicle for commercial and 
“commercial collaborative” projects in these areas. 

The specialised expertise of the PRISE staff sees them involved in wide ranging collaborative 
research projects with academic colleagues throughout the world, as well as providing their 
research and analytical expertise to industry and Government agencies on a commercial basis. 
During 2006 PRISE hosted 23 visitors from Australia and overseas. Most undertook collaborative 
projects utilising the SHRIMP, Laser ablation- and solution ICPMS, electron microprobe and TIMS 
analytical facilities. PRISE staff also participated in, and led, a number of field-orientated studies 
in Australia , Africa , South America and Norway . 

As members of a self-funded research group, PRISE scientists also undertake their own research 
projects and have been involved in successful Australian and international research grant 
proposals. During 2006 Dr Greg Yaxley was awarded an ARC Linkage grant with industry partner 
AMIRA International to develop new tools for the interpretation of diamond indicator minerals. 
The PRISE group maintains a high publication record and 2006 was no exception, with 42 
papers being published in international journals and books 
( http://rses.anu.edu.au/prise/pubs_2006.htm ).  

Some areas of current research activity  

• A new high pressure empirical calibration of the exchange reaction for Ni and 
Mg between olivine and pyrope garnet at mantle pressures (3.0-4.5 GPa) was 
determined using the piston-cylinder apparatuses at RSES. This reaction is the 
basis of "Ni-in-garnet" thermometry, an important exploration tool used by the 
diamond industry in estimating thermal conditions and probable diamond 
stability in the lithospheric upper mantle. The key finding was that, as well as 
being temperature dependent, the reaction is also pressure dependent, casting 
doubt on previous calibrations which did not include any pressure dependence. 
This research is kindly funded by de Beers.  

• The ultimate test of the Neoproterozoic “Snowball Earth” hypothesis is to 
accurately determine the ages of the various glaciogenic deposits around the 
world. This is possible by U-Pb dating of zircons from volcanic ashes from within 
these deposits, but complications caused by inheritance and mixed populations 
of zircons make this a difficult exercise. A sampling and analytical strategy (using 
the SHRIMP) has been developed to maximise the chances of successfully dating 
the correct material. This procedure is being applied to better constrain the 
timing of world-wide glacigene events.  

• Sulphur isotope studies are fundamental to the understanding the origin and 
conditions of formation of the metal sulphides. One of the keys to discovering 
and deciphering complex histories within sulphide minerals is to use the spatial 
resolving power of the SHRIMP. Together with the Earth Chemistry group, 



analytical protocols for sulphur isotope analyses have been developed using the 
multi-collectors of the SHRIMP II. Testing of various potential standards has been 
successfully completed and reconnaissance studies on two ore deposits have been 
carried out.  

• Sedimentary basin evolution is being studied through combined studies of 
oxygen isotopes and fluid inclusions in quartz cements, K-Ar ages of diagenetic 
illite, and Re-Os isotopes and trace elements in late-stage sulfides. The work has 
direct application to understanding the quality of petroleum reservoirs. In the 
next phase of the project the geochemical and petrographic data will be linked 
with regional tectonic models to improve predictive capabilities of the 
geochemical and geophysical datasets.  

• Field work was conducted on the Almklovdalen peridotite-dominated body in the 
Western Gneiss Region, Norway . This is a large slice of upper mantle material, 
tectonically emplaced into the crust, which largely consists of fertile peridotite 
with abundant relatively refractory garnet clinopyroxenite and eclogite layers. All 
lithologies were extensively sampled for future petrological and geochemical 
studies aimed at investigating high pressure interactions between partial melts of 
eclogite or pyroxenite, and peridotite. These field based studies complement on-
going high pressure experimental investigations of melting of heterogeneous 
upper mantle.  
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Rapid emplacement of one of the world's greatest continental magmatic 
provinces - precise age constraints on the Bushveld Complex  

Richard A. Armstrong 1 , Sandra Kamo 2 , R.E. Harmer 3  

1 Research School of Earth Sciences. The Australian National University , Canberra 0200, Australia 
2 Jack Satterly Geochronology Laboratory, Department of Geology, University of Toronto , Toronto , Ontario , M5S 

3B1 , Canada 
3 African Platinum, Building 4 (Greystone), Fourways Golf Park , 2 Roos Street , Fourways 2191, South Africa . 

The Bushveld Complex ( sensu lato ) in southern Africa represents one of the largest examples of 
continental magmatism on Earth. If the precursor felsic volcanic rocks of the Rooiberg Group 
are included, the volume of magma generated is estimated to be up to a staggering 1,000,000 
km 3 . The layered mafic phase of the Bushveld Complex is the largest such igneous intrusion on 
Earth, with estimates of magma volume as high as 400,000 km 3 . Geophysical evidence also 
shows that the mantle beneath the Kaapvaal Craton still records a possible Bushveld-related 
seismic anomaly today (Fouch, et al., 2004). The timing and the origin of the various 
components of the complex are, however, poorly constrained with some work suggesting 
thermal activity could have continued for up to a billion years (McNaughton, et al., 1993). This 
research is aimed at determining a precise chronology of events covering the entire history of 
the Bushveld Complex, using combined TIMS and SHRIMP zircon U-Pb dating, with the aim at 
establishing some constraints on the possible origin of this massive and economically important 
event.  

In the broadest sense, the Bushveld Complex is generally considered to include the intermediate 
to felsic volcanic rocks of the Rooiberg Group, the mafic layered rocks of the Rustenburg 
Layered Suite, the felsic intrusive rocks of the Lebowa Granite Suite, plus the enigmatic Rashoop 
Granophyres. Representatives of all these major components were sampled for dating (note that 
some of the dates quoted below are still subject to a final assessment once the last analyses are 
completed, but it is anticipated that this should not affect the absolute ages, but might affect 
the final precision quoted). TIMS dating of felsites of the roofing Rooiberg Group show that 
these precursors to the main phase of the Bushveld Complex were emplaced 2059.9 ± 1 Ma ago. 
This is significantly prior to intrusion of the main phase of the complex – as shown by dates 
obtained on zircons from the famous PGE-bearing Merensky Reef, and from a late-stage basic 
pegmatoid. These gave statistically identical ages of 2055.3 ± 1.2 Ma and 2056.3 ± 0.7 Ma 
respectively. Dating of granites of the Lebowa Suite that demonstrably intrude and post-date 
the mafic rocks, shows they were intruded at 2054 ± 2 Ma (a mean of several dates obtained on 
a variety of granites from this suite). A date of 2054 ± 4 Ma recently published by Dorland et al., 
2006 on a rhyolite within the overlying sedimentary sequence of the Waterberg Group shows 
that the Bushveld Complex had cooled and had undergone significant erosion short time after 
intrusion of the mafic phase.  

This high-precision geochronological study established for the first time that the whole event 
occurred over a very short time interval of approximately 4 Ma. The emplacement of the mafic 
Rustenburg Layered Complex and the felsic Lebowa Granite Complex was within 1-2 Ma, a time 
interval similar to that measured for large igneous volcanic provinces such as the Karoo or 
Deccan . Extensive recent geochronological investigations of large parts of southern Africa have 
shown that Bushveld-aged igneous rocks occur over a vast region of the subcontinent. These are 
currently the focus of a larger study aimed at discovering the full areal extent of rocks of this 
age and to establishing a possible causal link between the Bushveld Complex and a larger 



regional event. It certainly seems probable that the Bushveld Complex, unique as it is, was a part 
of some larger “Bushveld event”, rather than an isolated igneous event of unknown origin. 
Certainly some origins can now be discounted – it is unlikely that an extraterrestrial (impact) 
origin can be reconciled with the distinctly different ages now established for the Rooiberg and 
Bushveld events. The origin of this enormous and economically important complex is still 
uncertain, but the rapid emplacement and erosion does provide some clues. Further research on 
the age of the late-stage cassiterite-bearing granites associated with the Bushveld Complex is in 
progress.  

References: Dorland, H.C., Beukes , N.J. , Gutzmer, J., Evans, D.A.D and Armstrong, R.A. (2006) 
Precise SHRIMP U-Pb zircon age constraints on the lower Waterberg and Soutpansberg Groups, 
South Africa . South African Journal of Geology , 109, 139-156.  

Fouch, M.J., James, D.E., Vandecar, J.C., van der Lee, S and Kaapvaal Seismic Group (2004). 
Mantle seismic structure beneath the Kaapvaal and Zimbabwe Cratons. South African Journal of 
Geology , 107, 33-44.  

McNaughton, N.J,, Pollard. P.J., Groves , D.I. and Taylor , R.G. (1993). A long-lived hydrothermal 
system in Bushveld Granites at the Zaaiplaats Tin Mine: lead isotope evidence. Economic 
Geology , 88. 27-43.  

   

  



U-Pb and Lu-Hf isotopic constraints on the provenance of Permian detritus in 
turbidites from Patagonia and Livingston Island, Antarctica ; implications for 

plate reconstructions.  

Fanning, C.M 1 , Hervé, F. 2 , Yaxley, G.M 1 . and Pankhurst, R.J. 3    

1 Research School of Earth Sciences , The Australian National University , Canberra ACT 0200, Australia 
2 Departamento de Geología, Universidad de Chile, Casilla 13518, Correo 21, Santiago , Chile 

3 NERC Isotope Geosciences Laboratory, Keyworth, Nottingham NG12 5GG , UK  

The provenance of sedimentary rocks has been revolutionised through application of isotopic 
methods, in particular U-Pb detrital zircon dating. Such studies reveal not only the age 
spectrum for the source of zircon, but invariably a young age component that places significant 
constraints on, and sometimes redefines, the time of deposition. In many cases this young age 
component is derived from a magmatic source that is coeval with deposition. Laser ablation, 
multi-collector ICP MS Lu-Hf analyses of previously U-Pb dated zircon can further constrain 
isotopic sources. The Hf isotope signature of an individual zircon age component will provide a 
characteristic signature of the protolith and information as to crustal residence time, thereby 
enabling more refined correlations and reconstructions.  

Within the Late Palaeozoic accretionary wedge of the western margin of Patagonia and 
Antarctic Peninsula there are packages of metasedimentary rocks that lie outboard of the 
southern Patagonian and Antarctic Peninsula batholiths. Detrital zircons in turbiditic sandstones 
from both areas indicate a similar source characterized by an abundance of Permian-age 
detrital zircons. Previously it has been suggested that these have come from a Permian arc, 
possibly the Choiyoi province of southern South America . Hf isotopic data for Permian-age 
detrital zircons from turbidites in a N to S transect from 50°S to 60°S yield dominant initial 
epsilon Hf values between -5 and -10. This indicates that the source for these Permian zircons 
had a significant crustal residence time and that they were not derived from a juvenile 
magmatic arc. Other grains record even more enriched Hf isotope signatures indicating 
derivation from yet older crustal sources.  

The Hf isotopes reinforce communality of the detrital zircon source and further indicates that 
juvenile crust was not dominant, but that there may have been mixing between older sources of, 
say, Pan African (Brasiliano) and Grenville ages, together with a minor but significant 
subduction-related magmatic input. This supports the proposal that recently recognised but 
widespread Permian magmatism in Patagonia represents crustal melting in response to 
subducted slab break-off, ie the inferred Permian arc is not juvenile. The data is consistent with 
the premise that the Antarctic Peninsula was side by side with Patagonia during the Jurassic, 
receiving detritus from the same source.  



Impact clusters on the Moon from 40Ar-39Ar ages of Apollo 16 melt breccias  

Marc D. Norman 1 , Robert A. Duncan 2 , and John J. Huard 2  

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200 Australia 
2 College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, OR 97331 USA  

The upper crust of the Moon records an integrated history of impact events extending from 
soon after the main accretionary phase of planet formation to the present day. Lunar impact 
breccias provide a record of the timing and frequency of events that occurred prior to the 
development of a significant rock record on Earth. One of the most unexpected discoveries 
obtained from the Apollo expeditions to the Moon is the predominance of impact melt breccia 
ages between 3.8 and 4.0 billion years. This clustering of ages corresponds to an episode of 
intense crustal metamorphism defined by whole rock U-Pb isotopic compositions of lunar 
anorthosites, a coincidence that suggests a cataclysmic bombardment of the Moon at that time.  

The idea that the Earth and Moon experienced a major spike of incoming planetesimals at ~3.9 
Ga is controversial. An event of this magnitude would have significant implications for crust 
formation and biologic evolution on Earth, for establishing absolute timescales of geological 
events on other planets, and for understanding planetary dynamics in the Solar System. As a 
test of the cataclysm hypothesis, we measured 40Ar-39Ar ages on 25 samples of Apollo 16 
impact melt breccias using a continuous laser heating system on sub-milligram fragments. 
Twenty-one samples produced multi-step plateaus that we interpret as crystallization ages, with 
20 of these ages falling in the range 3.75 to 3.96 Ga. The ages cluster into at least four groups, 
allowing us to recognise several different impact events within the Apollo 16 melt breccia suite. 
This shows that numerous large impact events occurred on the lunar surface within a relatively 
narrow time interval, providing additional evidence of a heavy bombardment of the Moon 
during the crucial period when biology was emerging and early continental crust was forming 
on the Earth.  

 

Photomicrograph of a crystalline lunar impact melt rock with a poikilitic texture. The yellow-
orange mineral is pyroxene enclosing euhedral crystals of plagioclase. Cross-polars, field of view 
about 1 mm wide.  



Exploring the melting behaviour of the Earth's heterogeneous upper mantle.  

Anja Rosenthal 1 , Gregory M. Yaxley 1 , David Green 1 and Carl Spandler 2  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia 
2 Institute of Geological Sciences, University of Bern , Bern , Switzerland  

This project forms part of an ARC-funded project, which aims to determine solidus temperatures, 
phase relations and partial melt compositions during partial melting of upwelling eclogites 
(oceanic crust composition), residual garnet-bearing and garnet-free pyroxenites and refertilised 
lherzolites over the upper 150-200 km of the mantle, as functions of pressure, temperature and 
bulk composition. The phase relations thus determined control minor and trace element 
behaviour during partial melting and will be essential constraints on models of isotope evolution 
and mixing often used to explain the heterogeneity of mantle-derived magmas. 

The primary technique for this research is high pressure experimental petrology, in conjunction 
with a range of cutting edge micro-analytical techniques (electronprobe microanalysis, laser-
ablation ICP-MS). Techniques of high pressure and temperature experimental petrology are 
necessary to define the melting behaviour of postulated mantle materials as functions of 
pressure (P), temperature (T) and composition. High pressure experiments can be used to 
establish equilibrium melt and residual phase compositions. Careful experimental design can also 
constrain and clarify other melting models such as continuous melting and melt extraction, 
channel flow and melt pooling, etc. 

A high-pressure experimental investigation of several eclogitic compositions (Res-2 to Res-5) is 
nearly complete, in which the effects of Na/Ca+Na and other compositional features on the 
phase relations and partial melt compositions have been delineated. The preparation of 
compositions and experimental techniques followed established procedures. High pressure 
experiments have been conducted over a temperature range from 1200 to 1500°C, and a 
pressure range form 3.0 to 5.0 GPa in a standard 1.27 cm piston-cylinder apparatus. Run 
products were polished and examined by reflected light microscopy, and by scanning electron 
microscopy (SEM) and electronprobe microanalysis (EPMA), using a JEOL 6400 SEM with EDS 
facility to analyse major element of the mineral assemblages (garnet and clinopyroxene) and 
glass. 

A second essential component of the project is to assess whether evidence of processes of 
heterogeneous melting, melt migration and mantle refertilisation exists in natural mantle 
samples. Accessible for such investigation due to tectonic emplacement from upper mantle into 
the crust are peridotitic bodies of the Western Gneiss Region (WGR) of Norway . For example, at 
Almklovdalen, a range of relatively refractory pyroxenite-rich lithologies are surrounded by 
fertile garnet peridotite and dunite. These may be natural examples of high pressure interactions 
between partial melts of pyroxenites and enclosing peridotites. 

Fieldwork was conducted in the Nordfjord-Stadlandet part of the Western Gneiss Region in 
Norway in June-July to sample these pyroxenites and peridotites, which The region is known for 
its excellent outcrops, making possible the compilation of spatial, temporal and genetic 
relationships of the layered peridotite masses, and determination and mapping of key textures 
in mm to m scale available.  



 

Figure 1. Layers of garnet pyroxenite and peridotite at Alklovdalen, Western Gneiss Region.  



Experimental calibration of Ni partitioning between garnet and olivine at upper 
mantle pressures – implications for diamond exploration.  

Gregory M. Yaxley 1 and Hugh St.C. O'Neill 1  

1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia  

The chemical compositions of lithosphere-derived pyrope garnet, often recovered from heavy 
mineral concentrates (HMC) obtained during diamond exploration programs, contain a record of 
the temperature at which the grains equilibrated with olivine in peridotite in the lithosphere.  

This information is extremely useful in guiding diamond exploration programs. If the local 
cratonic geotherm at the time of kimberlite emplacement can be estimated independently (e.g. 
from studies of multiphase mantle-derived garnet peridotite xenoliths), then temperature 
information obtained from single-phase thermometry can be fitted to the geotherm allowing 
estimation of the mantle depth interval sampled by the kimberlite during its ascent to the 
surface. This is important in assessing the extent of entrainment by kimberlites of material from 
pressure – temperature conditions within the diamond stability field. This clearly has 
implications for the diamond prospectivity of individual pipes.  

Temperature information is preserved in garnet and olivine major, minor and trace element 
chemistry. For example, garnet and olivine participate in T dependent exchange equilibria, such 
as the following for Ni: 

3Ni 2+

2SiO4 + 2Mg3Al2Si3O12 = 2Ni2+

3Al2Si3O12 + 3Mg2SiO4 (1)  

olivine garnet garnet olivine  

If the temperature and pressure dependence of exchange equilibrium (1) can be calibrated, then 
in principal the chemical compositions of garnet and olivine coexisting in the upper mantle can 
be used to determine the temperature at which they equilibrated.  

A new empirical calibration of the reaction for Ni-Mg exchange between olivine and garnet at 
mantle pressures has been conducted at 3.0-4.5 GPa, using piston-cylinder high-pressure 
experimentation at the Research School of Earth Sciences. This research was kindly funded by de 
Beers. 

An important new finding of this study, is that when our data is combined with an earlier, 
higher pressure calibration (6-7 GPa) (Canil 1994), the reaction has a resolvable and significant 
pressure effect of approximately 6-8°C/kbar. This agrees with thermodynamic predictions based 
on molar volume estimates (Canil 1994). This seriously compromises the validity of a former 
empirical calibration of Ryan et al. (1996), which does not include pressure effects in the Ni 
exchange reaction, nor in the Fe-Mg olivine garnet thermometry, which was used in its original 
formulation. Application of this thermometer to single grain Cr-pyrope garnet may artificially 
extend the range of temperatures obtained from any given Ni-in-garnet data set, thereby 
implying a falsely large sampling depth interval for individual kimberlites pipes.  

 



References: Canil D. (1994) An experimental calibration of the nickel in garnet geothermometer 
with applications. Contributions to Mineralogy and Petrology 117 , 410-420. 

Ryan C.G., Griffin W.L. and Pearson N.J. (1996) Garnet geotherms: Pressure-temperature data 
from Cr-pyrope garnet xenocrysts in volcanic rocks. Journal of Geophysical Research 101 , 
5611-5625.  
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