
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.  
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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. 
Economic Geology 101, 805-817.  



Sediment melts at sub-arc depth  

Jörg Hermann 1 , Carl Spandler 2  

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

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  

   

István Kovács 1 , Jörg Hermann 1 , Hugh St. C. O'Neill 1 , Gábor Horv áth 2 , John FitzGerald 1 , 
Malcolm Sambridge 1 

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

2 Institute of Matemathics, E ötvös University , Budapest , 1117, Hungary  

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  

Robert P. Rapp 1,2 , Tetsuo Irifune 2 , Nobu Shimizu 3 
 

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 
2 Geodynamics Research Center, Ehime University, Matsuyama, 790-8577, Japan 

2 Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA, 02543, USA  

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.  

Nishiyama,, N., Rapp, R.P., Irifune, T., Sanehira, T., Yamazaki, D., and Funakoshi, K. (2005) Stability 
and P-V-T equation of state of KAlSi3O3-hollandite determined by inn situ X-ray observations 
and implications for dynamics of subducted continental crust material. Physics Chem. Minerals 
32 , 627-637.  

Rapp, R.P., Irifune, T., Shimizu, N., Nishiyama, N., Norman, M.D., and Inoue, T. (2007) Subduction 
recycling of continental sediments and the origin of geochemically enriched reservoirs in the 
deep mantle. Earth Planet. Sci. Lett. (submitted).   



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

Chris McFarlane, Malcolm McCulloch, & Courtney Gregory  

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

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  

Guil Mallmann 1 , Hugh St.C. O'Neill 1 , Stephan Klemme 2  

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 
2 School of Geosciences, University of Edinburgh, Edinburgh, EH9 3JW, UK  

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  

James Tuff 1 , David H. Green 1 , Michael Shelley 1  

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

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.  

Taylor W.R., and Green D.H. (1989) The role of reduced C-O-H fluids in mantle partial melting. 
Geological Society of Ausralia Special. Pubication. 14 , 592-602.  

Taylor, W.R., and Foley, S.F. (1989) Improved Oxygen-buffering techniques for C-O-H fluid-
saturated eperiments at high pressure. Journal of Geophysical Research 94 , 4146-4158.  

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  

Thomas Ulrich  

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

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  

Thomas Ulrich  

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

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.  

  



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

Shaun L.L. Barker 1 , Stephen F. Cox 1,2 , D.C. ‘Bear' McPhail 2  

1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 
2 Department of Earth and Marine Sciences, Australian National University , Canberra , ACT 0200, Australia  

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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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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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).  
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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.  
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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.  
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The pressure-temperature evolution recorded in rock units found in orogenic belts is generally 
believed to be characterized by an early stage of high-pressure metamorphism followed by 
exhumation to surface, during which the early metamorphic assemblage is overprinted in 
greenschist to amphibolite facies conditions. In contrast to this commonly held view, our study 
of the Piemonte unit of the Western Alps provided evidence for two burial-exhumation cycles 
that took place during a single orogenic cycle (Figure 1). An early high-pressure event, which 
resulted from tectonic burial down to pressures of 1.5 GPa, was followed by exhumation to ca. 
0.15-0.25 GPa as a result of extensional deformation. Renewed shortening culminated in a 
second burial episode down to pressures of 0.48-0.65 GPa, before the final exhumation took 
place. The extent of the second pressure-temperature cycle has been determined through 
studies of the compositional vari ations of amphiboles (Figure 2)  

Combined structural studies (Figure 3 and 4) revealed that the first exhumation was 
accomplished as a result of generalized extensional deformation (D2) accommodated by 
extensional shear zones. Subsequent folding of the extensional structures indicates that a 
deformation mode switch from extension to shortening affected the study area. Folding was 
followed by renewed top-to-the-west extension accommodated by west-dipping shear planes. 
Therefore, shortening deformation seems to be responsible for episodes of tectonic burial, while 
extensional deformation leads to exhumation to shallower depths.  



White micas have been dated by the 40Ar/39Ar step heating method in order to constrain the 
time scales associated with the observed pressure cycles and deformation mode switches (Figure 
5). A strong correlation is observed between measured ages, mica composition and deformation 
fabrics. Crystallization of phengitic mica in eclogite facies conditions took place at ca. 44 Ma. A 
major deformation-recrystallization event in greenschist facies conditions (D2) culminated in 
the formation of muscovitic mica at ca. 42-41 Ma. Muscovites are found along shear fabrics 
associated with shear zones that accommodated fast exhumation and cooling of the studied 
units. Folding of the shear-related structures during D3 resulted in the formation of pervasive 
axial planar cleavage in micaschists after ca. 36.5±0.5 Ma. The ages estimated for the different 
steps of the tectonometamorphic evolution of the study area compare with those obtained in 
other parts of the Penninic units with other geochronological techniques. Therefore, ages of 
deformation/metamorphic events may be preserved in white micas even when complex thermal 
histories follow their crystallization. Diffusive loss of Ar from white micas may be negligible if 
the studied minerals escape recrystallization and/or the time scales of the observed Pressure-
Temperature evolution are very short.  

 

  

Therefore, we suggest that the evolution of orogens is characterized by multiple short-lived 
burial-exhumation cycles related to orogen-scale alternance between shortening and 
extensional deformation.  



Such complex evolution may be related to internal dynamics of orogenic wedges or to repeated 
episodes of rollback of the hinge of subduction zones in front of the evolving orogen (Figure 6).  
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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.  
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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 .  
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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  
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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.  

   

References: Brown, F. H., Haileab, B., and McDougall, I. (2006) Sequence of tuffs between the 
KBS Tuff and the Chari Tuff in the Turkana Basin , Kenya and Ethiopia . Journal of the Geological 
Society, London 163 , 185-204.  

McDougall, I., and Brown, F. H. (2006) Precise 40 Ar/ 39 Ar geochronology for the upper Koobi 
Fora Formation, Turkana Basin , northern Kenya . Journal of the Geological Society, London 163 , 
205-220.  

  
 


