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Exploding	  stars,	  colliding	  comets,	  DNA	  based	  life	  on	  Earth	  –	  they	  all	  connect	  in	  
the	  search	  for	  extra-terrestrial	  life.	  
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Earth Materials and Processes 
 

Introduction 

 
The Earth Materials and Processes area comprises research groups in Rock Physics, Experimental Petrology, and Structure & 
Tectonics. Our research centres around laboratory based measurements under controlled conditions, simulating those 
occurring in nature, but these activities are complemented by a rich array of analytical equipment and are supported by 
extensive field-based observations, often in collaboration with scientists from other institutions, nationally and 
internationally. Through such investigations we aim to develop understanding of the structure and chemical composition of 
planetary interiors, and the processes by which planets evolve. Our interests start at the very beginning of solar system history 
with how the Earth and other rocky planets accrete, and then cover the ongoing processes of 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. 

• Oxidation state and coordination of metal ions at high temperatures. Studies of crystals, melts and hydrothermal 
solutions by X-ray absorption spectroscopy, using synchrotron radiation. Studies of silicate glasses and melts to 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. 

• Coupling between fluid flow and fault mechanics in the continental crust. Field-based studies of a normal fault 
system in Oman, along with complementary stable isotope and other geochemical studies of associated calcite vein 
systems, are being used to explore how fault-controlled fluid flow is localized among components of regionally 
extensive fault networks. Field-based and microstructural studies in two examples of intrusion-related ore systems 
(Porgera, PNG, and North Parkes, NSW) are providing insights about the dynamics of growth of fracture-controlled 
hydrothermal systems and localization of ore deposition in these settings. Laboratory studies of the seismic 
properties of the cracked and fluid-saturated rocks of the upper crust 

• The mission to planet Earth in which we construct a virtual time machine (in collaboration with U. Sydney) to 
provide a spatio-temporal context that will allow a greater understanding of planetary tectonics from the point of 
view of plate-scale physical processes. This infrastructure development is supported by the NCRIS AuScope initiative. 
To provide critical data for the tectonic reconstructions, “listening posts” are being established that provide samples 
that can be analyzed and dated using 40Ar/39Ar and U-Pb geochronology in the Earth Chemistry. 

 



Figure 1. Extensive irrigated agriculture occurs on the alluvial
sediments of the Lower Murrumbidgee catchment.

Figure 2. To date, more than 150 samples have been
collected from water bodies across the study area, including
irrigation bores, some of which pump more than 20 ML/day

during the irrigation season.

Environmental Tracers in Waters of the
Lower Murrumbidgee Catchment, New
South Wales
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Norman1, Wendy McLean2 and John G. McDonald1
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The semi-arid Lower Murrumbidgee catchment in
south-central New South Wales hosts agricultural and
horticultural industries that generate more than one
billion dollars in crops annually.  Irrigation water in the
region is predominantly sourced from the
Murrumbidgee River, with supplemental water
extracted from local aquifers.

During the first year of a three-year ARC-Linkage
grant held by ANU and Parsons Brinckerhoff, a field
program was initiated in 2009 to sample water from
irrigation extraction bores, environmental monitoring
bores, and rivers throughout the Lower Murrumbidgee
to characterize and quantify groundwater dynamics in
the region.  To date, over 150 water samples have
been collected and analysed for a major, minor, and
trace elements as well as select stable and radio
isotopes.  This research has produced the most
comprehensive and largest-scale hydrogeochemical
data set available for the region.

Environmental tracer concentrations in water samples
have been reviewed for insight into processes
influencing groundwater quantity and quality. 
Analytical results illustrate that groundwater chemistry evolves in the direction of groundwater flow from
an Na-HCO3-Cl type water to an Na-Cl type water at higher TDS concentrations.

Cl/Br ratios and 2H/18O isotope concentrations indicate that the increase in groundwater TDS is primarily
the result of evaporation and transpiration of meteoric waters, consistent with the findings of studies
conducted in adjacent catchments.  A significant finding is that mixing of surface waters and shallow
groundwater is most pronounced in aquifers under the main irrigation areas, adjacent to the



Murrumbidgee River, and in areas of groundwater discharge.  Regions outside of the irrigation areas
exhibit no significant evidence of surface water/groundwater mixing.

Preliminary results from this research were presented at the 10th Australasian Environmental Isotope
Conference & 3rd Australasian Hydrogeology Research Conference held from 1-3 December 2009 in
Perth, WA.  Future research includes the continuation of the current sampling protocol to identify
seasonal trends in water quality, and the selection of characteristic sites within the Lower Murrumbidgee
for higher-frequency sampling.
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Figure 1. (a) Changes in δ18O composition of veins as a
function of distance from fluid inlet during continuous
advective transport and reaction involving kinetically-

controlled isotopic exchange.  Isotopic profiles are given for
times t0 to t3.  Note that the isotopic front migrates in the

flow direction with time. (b)  Evolution of isotopic
composition of veins with time at one point (P) in the flow

path.  Isotopic compositions of veins are very dependent on
flow rates. After Cox (2007).

Dynamic permeability and the evolution of
fluid pathways in fault networks
Stephen F Cox1, Paul Stenhouse1 and Janos Urai2
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At elevated temperatures, and especially in the
presence of reactive pore fluids at depth in the Earth’s
crust, permeability in rocks may be destroyed rapidly
by compaction, pore cementation and crack healing
and sealing processes. The repeated re-generation of
fracture-controlled permeability therefore plays a
critical role in governing fluid escape from
overpressured reservoirs (such as prograding
metamorphic crust, subducting slabs, crystallizing
magmatic bodies and compacting sedimentary basins),
and redistribution of those fluids within the crust. 

The migration of aqueous fluids through active fault
networks impacts on a number of important Earth
processes. These include the generation of
hydrothermal ore deposits and the deformational
response of the crust to tectonic plate interactions. For
example, fluid overpressures can play a critical role in
driving brittle failure and are implicated in earthquake
processes in some geodynamic settings.  However, our
fundamental understanding of growth and behaviour of
fluid pathways in active fault systems at depth in the
crust is limited. Key questions concern the relative
roles of stress and fluid pressure in driving the
formation of fracture-controlled permeability networks
at various scales, and how these different drivers
influence the evolution of hydraulic connectivity and
fluid pathways. 

In actively deforming, reactive fluid-rock systems, permeability is a dynamic, time-variant parameter
controlled by competition between various permeability-destruction processes and deformation-induced,
or fluid-pressure-induced, permeability-creation processes (Cox, 2005).  In seismogenic fault zones, for
example, large and sudden permeability enhancement can occur during earthquake rupture events.  In
contrast, the much longer interseismic period is characterised by gradual permeability destruction
associated with fracture healing and sealing (Tenthorey & Cox, 2006; Giger et al, 2007). Repeated
breaching of fluid reservoirs by earthquake ruptures, followed by hydrothermal sealing of pathways and
shut-off of flow, should foster the development of episodic, rather than continuous, flow regimes. Little is
known about how such “toggle-switching” of permeability (Miller & Nur, 2000) might impact on the
evolution of fluid pathways during ore genesis in fault systems, and more generally in fracture-controlled
flow networks during upper crustal deformation. “Toggle switching” of permeability should lead to
repeated changes in fluid pathways as failure events migrate around fracture systems.  This has
important implications for network connectivity, and may result in segments of fracture-controlled flow
networks switching repeatedly from above to below the percolation threshold. As there are likely to be
feedbacks between localisation of fluid migration and nucleation of seismicity, understanding the nature
of coupling between dynamic permeability, fluid flow rates, fluid pressure states and deformation
processes is critical for understanding how fluid pathways may evolve in space and time.  This
knowledge is critical also for understanding what factors favour the extreme flow localisation required to
form many types of hydrothermal ore deposits in brittle deformation regimes, and for understanding the
possible roles of fluids in affecting how seismicity patterns evolve in space and time.

In light of these observations, key motivations for this project are the following questions:

•  How do interactions between stress states, fluid pressures, permeability and fluid-rock reactions



influence the growth, time-dependent permeability structure, and evolution of fluid pathways in fault-
related fluid flow networks? 
•  What are the implications of these interactions for fluid redistribution processes in the crust, especially
in relation to their impact on epigenetic ore formation, the mechanical behaviour of the crust, and
seismicity patterns?

Many vein systems that are preserved in exhumed fault zones represent ancient, fracture-controlled fluid
pathways. Vein systems are developed at various scales, and range from localised arrays of veins
associated with small faults to regional-scale vein networks or swarms. The chemistry of vein minerals
has potential to reflect the composition of the fluids from which they grew.  Importantly, changes in vein
mineral chemistry during incremental vein growth can preserve a record of changes in fluid chemistry in
space and time. Barker et al (2006) used high spatial resolution isotopic and trace element analyses to
document progressive changes in isotopic compositions, rare earth element (REE) concentrations, and
redox states during growth of one vein.  In this project, this approach is being extended across a
regionally-developed, fault-related vein system to explore spatial and temporal variations in vein mineral
chemistry during advective flow, and thereby use geochemical tracers to explore aspects of the dynamics
and evolution of fluid pathways during growth of a fault system.

A key factor in using geochemical tracers to explore the operation of flow systems is that, as fluids
migrate downstream along pathways, isotopic and element exchange occurs between fluids and the rocks
through which they percolate. As externally-sourced fluids react progressively with rocks along the flow
path, their compositions become more rock-buffered towards the downstream parts of the system (Figure
1). Reactive transport modelling of isotopic profiles in veins and wall-rocks along flow paths can be used
to constrain flow directions and fluid fluxes. The shapes and positions of geochemical fronts are
influenced by parameters such as flow rates and net fluid flux, temperature-dependent exchange rate
constants, and effective reactive surface areas. In continuous flow regimes, geochemical fronts migrate
with time in the fluid flow direction (Figure 1).  In contrast, in episodic flow regimes, each batch of
migrating fluid may react separately with wall-rocks and the position of the geochemical front will be
dependent on the fluid flux during each pulse of fluid flow (Cox, 2007).

Calcite-rich vein systems formed in upper crustal regimes in limestone sequences provide great potential
for preserving the record of fracture-controlled flow.  In low temperature (150-300ºC) environments,
C/O isotope, trace element, and Sr-isotope signatures in veins and host rocks can exhibit negligible re-
equilibration after vein formation (eg, Barker et al, 2006; Cox, 2007).  Additionally, fluids derived from
reservoirs outside limestone sequences are usually substantially out of chemical equilibrium with
limestones, and leave a distinctive signature in vein calcite deposited prior to fluids becoming rock-
buffered along their pathways.  Finally, high precision, high spatial resolution analytical techniques now
allow the chemical signature of fluids to be examined cost-effectively at very fine scales during
incremental growth of veins. This opens the way to produce high resolution records of spatial and
temporal variations in fluid chemistry during formation of vein systems in fracture-controlled, advective
flow regimes.

Coupling geochemical tracer analysis with a physical understanding of how fracture-controlled percolation
networks may evolve, accordingly has potential to provide new insights about how fracture-controlled
flow networks evolve and influence fluid redistribution in the crust.

In this project, we are conducting structural and microstructural studies of exceptionally well-exposed,
calcite-rich vein systems that are hosted by a system of normal faults in a limestone sequence in the
Jebel Akhdar dome in Oman. The structural studies are being combined with high spatial resolution C/O
stable isotope, Sr isotope, and trace element analysis of vein calcite, to map spatial and temporal
variations in the chemistry of vein calcite throughout the fault system. The study uses the 4D variations
in vein mineral chemistry to map the distribution of reactive flow paths as the fault system evolved. In
particular, vein mineral chemistry will be used to map, at various scales, how the positions of
geochemical fronts migrated with time within vein systems.  The geometry and distribution of
geochemical fronts will be used to constrain flow directions. Reactive transport modelling of geochemical
profiles along fluid pathways will be used to map 4D variations in fluid fluxes.

In summary, the project is advancing understanding of:

•   structural controls on the distribution of fluid flux within individual, fluid-conductive fault zones;
•   how the dynamics of growth of fracture-controlled flow systems at depth in the crust influences
hydraulic connectivity, the distribution of fluid flux, and changes in fluid pathways with time in flow
systems associated with the growth of fault networks;
•   feedbacks between fluid flow and rock mechanics in the seismogenic regimes of  the continental
crust;



•   fundamental aspects of coupling between deformation processes, fluid transport and reaction, how
these processes may influence redistribution of fluids during crustal deformation, and impact on
seismicity patterns and flow localisation associated with ore deposition in fracture-controlled
hydrothermal systems. 
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Figure 1. Dislocation recovery 'Arrhenius' plot. There is no
statistical difference between the dislocation recovery rate of
synthetic and natural olivine in this study compared with an

older study for which the light microscope was used.

Laboratory Studies of Rock Deformation,
Dislocation Recovery and Attenuation
Robert J.M. Farla1, Harri Kokkonen1, Hayden Miller1,
John D. FitzGerald1, Ulrich H. Faul2, Mark
Zimmerman3, David L. Kohlstedt3 and Ian Jackson1
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As part of an ongoing study of dislocation damping as
a possible mechanism for seismic wave attenuation in
the Earth's upper mantle, we focused this year on the
preparation of natural (San Carlos) olivine cylindrical
fine-grained polycrystalline specimens and their
deformation by dislocation creep. These specimens
differ significantly from their fully synthetic (sol-gel)
counterparts by being more coarse-grained and
containing a broad inventory of trace elements. Specimens of each type have been successfully deformed
both in compression (ANU) and torsion (University of Minnesota). Infrared spectroscopy indicated that
the specimens are essentially dry (< 20 wt ppm water). The specimens were deformed in torsion to a
shear strain of 0.5 at 170 and 200 MPa shear stress (Fig. 2a). Micro-structures viewed under the light
microscope show strong crystal preferred orientation - most notable in the fine grained sol-gel olivine
(Fig. 2b).

We have also begun a study of the recovery of dislocation micro-structures in a compressionally
deformed San Carlos specimen during high temperature annealing - designed to complement our
previous work on the sol-gel material. Preliminary results show that the dislocation recovery rate is not
affected by trace elements in olivine nor grain size (see Fig. 1). However, comparison with previous
results on dislocation recovery in natural olivine conducted nearly 20 years ago using a light microscope
and an older generation scanning electron microscope, reveals a marked contrast - possibly attributable
to the significant difference in resolution at which dislocations are counted and measured at (1000x
versus 8000x). Completion of the micro-structural study and planned attenuation measurements on both
types of material, undeformed or pre-deformed in either compression or torsion, should contribute
significantly to our understanding of dislocation damping and hence the interpretation of seismological
models for the upper mantle.



Figure 2. (a) Sol-gel olivine, specimen T0436, deformed in torsion. Twist direction is anti-clockwise when viewed from above. (b) Light
microscope image of the torsionally deformed sol-gel specimen. The sense of shear and direction of preferred orientation of [100] crystal

axis are indicated.



Figure 1.

A versatile facility for rock physics
research
Ian Jackson1, Hayden Miller1, Junjie Mu2, Zbigniew H.
Stachurski2 and Douglas R. Schmitt3

1 Research School of Earth Sciences, Australian
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3 Department of Physics, University of Alberta,
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The presence of fluids is expected to profoundly
influence the seismic properties of the cracked rocks of
the Earth’s upper crust in situations ranging from
earthquake nucleation and recurrence, to geothermal
power and CO2 sequestration. In particular, the
seismic wavespeeds and attenuation are expected to
be strongly frequency dependent under these
conditions, placing a special premium on laboratory
measurements at seismic frequencies.  To this end, we
have modified unique equipment for low-frequency
torsional oscillation studies of shear mode behaviour
under high-pressure conditions to allow
complementary work on compressional mode
behaviour by flexural oscillation (Fig. 1, upper panel).

Another important change has been development of
the capacity to perform such forced oscillation
measurements under conditions of independently
controlled confining and pore fluid pressures. 
Exploratory measurements have demonstrated the
necessary sensitivity to low-amplitude flexural
oscillation (Fig. 1, lower panel). In parallel with the
development of the laboratory capability, we have
undertaken finite-difference and finite-element
modelling of the flexure of the experimental assembly
that reveals close consistency with the experimental
data. Having thus demonstrated the viability of the
new technique, we are now planning exploratory
studies of thermally cracked rocks and ceramic
analogues, to be tested dry or saturated with a pore
fluid - either argon or water in the first instance.



Effects of stress states and fluid pressure regimes on fluid pathways and
evolution of fluid compositions within intrusion-related hydrothermal systems.
Angela Halfpenny 1, Stephen Cox 1 and David Cooke 2
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Fluid pathways and hence localisation of ore in intrusion-related hydrothermal systems, are controlled by
the development of fracture networks and by ongoing competition between (1) fracture sealing processes
and (2) stress-driven and fluid-pressure-driven opening of fracture peameability.  This project explores
how stress fields evolve during gold mineralisation in the Porgera Intrusive Complex (PIC) and examines
the controlling role that changes in both stress field orientations and failure modes have on
mineralisation styles.  The Porgera gold deposit is located in the Enga province at 2500m elevation in the
highlands of Papua New Guinea.  Emplacement of the PIC occurred at 6.0 ± 0.3 Ma at a depth between
2-4km (Richards, 1997).  Mineralisation occurred between 6.0 Ma and 5.6 Ma and regional uplift
commenced around 4 Ma. 

On the basis of cross-cutting relationships, mineralisation at Porgera is separated into 4 main episodes:
pre-stage 1, stage1, stage 2 and post-stage 2.  Only stage 1 and stage 2 are economically significant. 
Stage 1 mineralisation is hosted by widely distributed extension veins. Most veins are moderatly to
steeply dipping, but mutually overprinting relationships with a second population of gently dipping stage
1 veins indicates that there were repeated changes in the orientation of the near-field σ3 from a gently
plunging to steeply plunging attitude during Stage 1.  Repeated reorientation of stress fields in the PIC
during stage 1 is interpreted to be associated with either (1) magma inflation-deflation cycles in a deeper
level magma chamber, or (2) inflation-deflation cycles driven by fluid leakage repeatedly interrupting
accumulation and pressurization of volatiles in a reservoir at the top of the magma chamber. 

The transition from stage 1, low grade, distributed mineralisation to stage 2 localized high grade
mineralisation was associated with the growth of the Romane Fault network.  This fault network accessed
magmatic-hydrothermal fluids at depth and localized fluid flow through faults and their damage zones. 
Compositional banding in stage 2 veins indicates cyclic changes in fluid chemistry.  The formation of
implosion breccias is interpreted to indicate sudden fluid de-pressurisation associated with fault slip
events. Microstructures indicating multiple episodes of opening and sealing of some veins and breccias
suggest that episodic, fracture-controlled flow may have been controlled by co-seismic permeability
enhancement and interseismic permeability destruction in the stage 2 fracture systems. Transiently high
flow rates, large transitory fluid pressure gradients, and large chemical gradients, during pulses of fluid
redistribution, were associated with repeated breaching of the deep-level magmatic-hydrothermal fluid
reservoir and are interpreted to be key factors promoting flow localisation and efficient gold precipitation
during stage 2.

Richards, J.P., 1997. Controls on scale of Porgera-type porphyry/epithermal gold deposits associated with
mafic, alkalic magmatism. Transactions of the Institution of Mining and Metallurgy Section B-Applied
Earth Science, 106: B204.
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Figure 1. The internal structure of a composite stage 1 and stage 2 vein. Sections 1 and 3 represent the stage 2 mineralisation, which
exhibits quartz and roscoelite-rich bands.  The gold is associated with the roscoelite-rich bands and a patch of gold is marked by the

white arrow.  Section 2 is a coarse-grained stage 1 vein.



Multi-element Comparisons of Natural and Anthropogenic Inputs into
Pristine Estuarine Sediments, Merimbula, N.S.W., Australia
Fern Beavis, David Ellis, Stephen Eggins and Andrew Christy

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

In most areas of the world, high population centres and heavy industry are located along river
systems and provide a catchment wide source of heavy metal pollution along the length of the
river system. These anthropogenically derived heavy metal pollutants enter the freshwater river
systems and are transported downstream as part of the suspended sediment load. Such metals
combine with the suspended sediment such that there is a higher concentration of heavy metals
with the finer grained, clay-rich component of the transported sediment. In such cases, the
ultimate depositional environment of contaminated sediments bears little relation to the distant
source regions of anthropogenic pollution.

In an arid country like Australia, there are numerous coastal estuaries that are supplied with
sediment transported down catchments that lack both industry and significant population
centres. However such coastal estuaries are undergoing rapid population growth, even though
for such regions the upstream catchment is notably lacking in population centres and industry.
This provides an opportunity to study heavy metal additions and contamination in a
post-depositional estuarine saline environment, in which relatively uncontaminated freshwater
sediments are input into the system, mainly during seasonal flood events.

We used a range of conservative elements, especially rare earth elements, to show that heavy
metal contamination does not correlate wholly with sediment grain size, but also correlates with
proximity to local townships surrounding part of an estuary. Heavy metals such as Pb can then
clearly be discriminated in terms of original, transported sediment compositions and local
pollutant sources in an estuary. This shows that heavy metal pollution correlates in proximity to
urban development, rather than with upstream contamination and transported sediment type.



Experimental constraints on chlorine behavior in subducted sediments
Huijuan Li and Joerg Hermann

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

It is widely accepted that a fluid phase released from the subducted slab fluxes partial melting in the
overlying mantle wedge, however, the nature of “subduction fluid agent” remains a matter of debate.
The Cl concentration in “subduction fluid agent” is also poorly constrained, although experimental studies
have shown that complexation with chlorine (and possibly other halogens) at high concentration might
produce a strong effect on relative HFSE vs. REE/LFSE partitioning (Brenan et al., 1995; Keppler, 1996).

Detailed chemical analyses of oceanic crustal material have revealed that subducted sediments are the
dominant host of LILE in the slab. The significance of such a role is further supported by considering that
the composition of the “slab fluid agent” which migrates from the subducted slab to the mantle wedge is
assumed to be buffered by the subducted sediment residue component located at the slab-mantle
interface. Therefore, determining accurate sediment-derived fluid and melt compositions at high P are
critical for understanding mass transfer from the slab to mantle wedge (e.g., Hermann and Spandler,
2008).

We have conducted an experimental study on hydrous Cl-brearing synthetic pelite over a pressure and
temperature range of 25-45 kbar and 650-850°C respectively. The starting composition contains 6.65%
water and 0.05% chlorine, equivalent to ~1wt.% NaCl solution. Apatite was found to be the major
chlorine carrier with Cl concentrations ranging from ~0.1%-1.2%. While Cl in apatite shows a consistent
trend of increasing concentration with increasing temperature, a decrease in Cl concentration was found
to occur with increasing pressure. The chlorine content in the coexisting melt or aqueous fluid phase was
determined by both analysis and mass balance calculations. From the resultant data we were able to
obtain a set of chlorine partition coefficients between apatite and melt/aqueous fluid (DCl

ap-liq) and while
these values show a general increase with increasing temperature, they are found to decrease with
increasing pressure. Chlorine partition coefficients between apatite and melt, DCl

ap-melt, are found to
vary from 1.5 to 14, while partition coefficient values for aqueous fluid are found to be less than 1,
suggesting chlorine has a strong partitioning preference for aqueous fluid. Our results show that Cl in
apatite can be a very useful sensor for the Cl concentration in subduction zone fluids.
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Figure 1. Backscattered electron images of experiment C3314 at 25kb, 660°C (a) and experiment C3269 at 25kb, 800°C (b).
Abbreviations: Amp, amphibole; Phen, phengite; Q, quartz; Grt, garnet; Ky, kyanite; Rut, rutile; Ap, apatite; F, quench product from
aqueous fluid. (a) Fine-grained hydrous quench powder was present in the run products. (b) Hydrous melt coexisting with phengite,

garnet and accessory minerals.



Figure 1. Example of a typical island arc basalt (Solomon
Islands). The partitioning of V and Sc between olivine and
melt (defined by the groundmass) can be used to estimate

the oxygen fugacity of the rock.

The oxidation state of terrestrial basalts
revisited
Guil Mallmann1, Hugh O'Neill1, Marc Norman1, Steve
Eggins1, Dima Kamenetsky2, Simon Turner3, Ian
Smith4 and Chris Ballhaus5
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In order to better understand the oxidation state of
planetary mantles and their partial melting products,
we have developed and calibrated a method to
estimate the relative oxygen fugacity (fO2) of mafic
volcanic rocks based on the relative partitioning of V
and Sc between olivine phenocryst and basaltic melt (Fig. 1). The method relies on the high sensitivity of
the partitioning of V on oxygen fugacity (Mallmann & O'Neill 2009) and has two fundamental advantages
relative Fe wet chemistry analyses: 1) it records the oxidation state of a basalt at the time when olivine
forms or, in other words, very early in its magmatic cooling history, and 2) it can be applied to any
planetary olivine-phyric mafic rock independent of their oxidation state (either highly reduced or highly
oxidized). Preliminary assessment indicates accuracy in relative fO2 between 0.2 to 0.5 log units, but
precision typically better than ±0.2 log units.

The method was applied to 41 mid-ocean ridge (MORB), 34 ocean island (OIB), and 24 island arc (IAB)
basalts from a variety of geographic locations. The results indicate that MORBs and OIBs record a very
restrict range of relative fO2s, between QFM and QFM+1 (where QFM stands for the quartz-fayalite-
magnetite oxygen buffer), with no clear distinction between them. On the other hand, IABs record
consistently more oxidizing conditions, with relative fO2s ranging from QFM+1 to QFM+3 (average =
QFM+1.6). The average relative fO2 determined for MORBs is about 1 log unit higher than previous
results obtained by Fe wet chemistry (Fig. 2), but in excellent agreement with new Fe XANES
measurements (Mallmann et al., unpublished data). The average relative fO2s of Hawaiian OIBs is in
excellent agreement with previous determinations, but show much less variability, indicating that the
ferric/ferrous iron ratios in these samples have been altered by late-stage processes. Whilst our results
suggest that IABs are oxidized relative to MORBs and OIBs at the time they crystallize olivine, we believe
these more oxidizing conditions are the result of late-stage (shallow depth) processes since no distinction
exists in the bulk V/Sc ratios (which record the oxidation state of the source, Mallmann & O'Neill 2009)
between these different types of terrestrial basalts. Hence, the oxidation state of the asthenospheric
upper mantle must be uniform within 1 log unit.

Mallmann & O'Neill (2009)
http://petrology.oxfordjournals.org/cgi/content/abstract/50/9/1765

http://petrology.oxfordjournals.org/cgi/content/abstract/50/9/1765


Figure 2. Histograms (top) and probability (bottom) plots for the oxygen fugacity (relative to the quartz-fayalite-magnetite buffer, QFM)
of terrestrial mid-ocean ridge (MORB), ocean island (OIB) and island arc (IAB) basalts determined by V/Sc olivine-melt partition.

Literature data obtained by other methods based on the oxidation state of iron are also shown.



Figure 1. A comparison of suggested trends in DNi variation
due to increasing MgO content of silicate liquid: All

experiments other than those of Li et al. (2003) represent S-
free systems, an observation which has been used to infer

direct influence of NiS complexing. As can be seen from the
trend determined in this study (red data points), a similar

positive trend can arise in s-free systems under the
influence of Fe variation (adapted from Li et al. 2003).

Figure 2. Compositional effects on the two element
distribution coefficient (lnKD

Ni-Mg), when plotted against
FeO, showing both the S-free glasses of this study and the

Li et al. glasses.

Ni Partitioning Between Olivine and
Silicate Melt
Compositional effects due to Fe variation
Jesse Jones and Hugh O'Neill

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

As the acquisition and interpretation of trace element
partition coefficients has been pursued since the late
1960’s it may be expected that, after countless studies
regarding natural and experimental systems, the
application of partitioning data for simple mineral-
liquid pairings such as Ni in olivine and silicate melt,
would be relatively uncontroversial. Such is not the
case. It appears that a complete understanding of
effects relating to all intensive parameters on divalent
cation partitioning remains elusive.

By conducting a series of carefully designed one
atmosphere experiments, we have investigated Ni
partitioning between metal, silicate melt and olivine
phases, over a range of (reduced) ƒO2 conditions
using a single starting composition and Fe:Ni:Co metal
alloy components with variable Ni:Fe ratios.

While a significant negative dependence for DNi values
on the MgO content of silicate liquids has been
observed in several prominent studies (i.e. Hart &
Davis, 1978; Leeman & Lindstrom, 1978), our results
show a reverse trend (positive correlation).

Li et al. (2003) also reported a similar positive
correlation between DNi and MgO glass content derived
from analysis of a series of fresh MORB samples, a
trend which they subsequently attributed to loss of
available Ni2+ in total Ni figures due to NiS complexing
in the melt.

As a further line of evidence, Li et al. (2003) present
the correlation between the two-element distribution coefficient KD

Ni-Mg (KD
Ni-

Mg=[MgOmelt/MgOol]/[NiOmelt/NiOol]) and Sulphur as being a function of NiS complexing in silicate
liquids, thus reflecting its strong  influence on DNi figures.

As can be seen in fig 1, the positive dependence of DNi on MgO-glass content shown in the S-free
experiments (series 1-5) of this study reflect a similar trend to that produced by Li et al. (2003) from
their MORB analyses; a compositional trait that was attributed to the effects of NiS in the liquid phase.

It has long been inferred from the sulphur contents of MORB glasses that the sulphur content at sulphide
saturation (SCSS) of silicate melt increases with increasing FeO in natural magmas (Wallace &
Carmichael, 1992, Mavrogenes & O’Neill, 2002). It appears that the S-related correlations observed by Li
et al. (2003) may in fact be masking the underlying and controlling role of Fe, observed in the KD

Ni-Mg

values. The results determined (KD
Ni-Mg vs. FeOglass ) in our S-free system, appear to support this

conclusion.



Li, C. Ripley, E.M. Mathez, E.A. (2003) The effect of S on the partitioning of Ni between olivine and
silicate melt in MORB. Chem Geol. 201, 295–306.

Mavrogenes, J.A. and O’Neill, H.St.C. (2002) The Sulfide Capacity and the Sulfur Content at Sulfide
Saturation of Silicate Melts at 1400°C and 1 bar. Journal of Petrology. V, 43. 6, 1049-1087.

Wallace, P.J. and Carmichael, I.S.E. (1992) Alkaline and calk-alkaline lavas near Los Volcanes, Jalisco,
Mexico: geochemical diversity and its significance in volcanic arcs. Contrib. Miner. Petrol. v. 111, p. 423-
439.
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Figure 1. Dolomite (Dol)-bearing eclogite from the Italian
Alps (Ph: phengite, Gln: glaucophane, width of the picture is

~2 mm)

Figure 2. BSE image of experimental run products at 3.5 GPa
and 750°C, where dolomite (Dol) co-exists with melt (M),
phengite (Ph), garnet (Grt), clinopyroxene (Cpx) and rutile

(Rt).

The CO2 paradox in subduction zones
Laure Martin and Joerg Hermann

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

Understanding the carbon recycling into deep Earth
reservoirs and its connection to the exogene carbon
cycle is crucial to understand the evolution of climate
throughout geological time. Along subduction zones,
carbon from exogene reservoirs is buried into the deep
Earth. The main input materials of carbon are
sediments (organic matter and carbonate-rich
sediments) and carbonates formed during seafloor
alteration of the oceanic crust. Some of the carbon is
recycled back to the Earth’ surface as CO2 via arc
volcanism on a time scale of a few million years,
whereas other parts can be subducted into the lower
mantle and remain locked up for hundreds of millions
of years. So the key question is: How much of the
carbon goes deep down and how much is recycled
through arc volcanism.

Two methods have been applied to understand if
carbon in the subducting slab is transported into the
deep mantle or recycled back to the surface. (i) The
analysis of the CO2/3He and isotopic composition of
the volcanic gas have suggested that 80% of the
carbon originates from the metamorphism of the
down-going slab (Varekamp et al., 1992; Marty and
Tolstikhin, 1998). (ii) Experimental studies of the
stability of carbon-bearing phases in H2O-CO2-bearing
basaltic compositions show that carbon remains
trapped in carbonates up to 6 GPa and the fluid at
sub-arc depth is, therefore, dominated by H2O (Poli et
al., 2009). Consequently, results from both methods
contradict each other and the origin of CO2 emitted in arc volcanoes is not well constrained.

During seafloor alteration, the oceanic crust is not only enriched in H2O and CO2 but also in K. At high
pressures, such altered basalts are thus characterized by the assemblage garnet + omphacite +
glaucophane + phengite + epidote + carbonate (Fig. 1). Solidus experiments were conducted with a
starting material composition of K, CO2 and H2O-bearing basaltic composition as a proxy of the altered
oceanic crust at 2.5 and 3.5 GPa, 750-850°C in order to study CO2 liberation during subduction.

The experimental results indicate that the solidus occurs at a temperature below 750°C. At T³750°C, a
high proportion of melt coexists with a carbonate phase, omphacite, garnet, epidote, rutile ± coesite and
phengite (Fig. 2). Between 750 and 800°C, the carbonate phase is dolomite and above 800°C, it is
replaced by Mg-rich calcite. The evolution of phase proportions with increasing temperature suggests the
following melting reaction:

Epidote+Phengite+Carbonate+Omphacite+H2O+Quartz/Coesite = Garnet + hydrous, CO2 bearing melt

The following conclusions can be drawn from these results. (i) The solidus of the altered oceanic crust
occurs below 750°C at 2.5 and 3.5 GPa, which is similar to the solidus in CO2-free (700<T<750°C,
Schmidt and Poli, 1998) basaltic and pelitic systems. (ii) Such a low solidus temperature suggests that
the fluid composition is H2O-rich at the solidus. (iii) The melting reaction is associated with the
destabilisation of the carbonates phases, which leads to the release of CO2, most likely dissolved in the
hydrous melt. (iv) These results suggest that the altered oceanic crust, which is preferentially located at
the top of the slab, may partially melt at sub-arc depths. This provides an explanation on how CO2 is
efficiently released from the subducted slab and suggests that a much larger portion of CO2 can be
recycled through arc volcanism than what previous experimental studies have predicted.
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Figure 1. Fringing reef in stratigraphic contact with a lava
flow (Panama). The sequence forms the upper part of a

Paleocene accreted oceanic island.

Figure 2. Mega-blocks of recrystallized reefal limestones from
a Permian accreted oceanic island (backside) (Iran). The
blocks are embedded in a schistose matrix of siliciclastic

accreted sediments (front side).

Accretion of seamounts and oceanic
islands in subduction zones
David Buchs1, Richard Arculus1, Joerg Hermann1,
Sasan Bagheri2 and Peter Baumgartner3
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National University, Canberra, ACT 0200, Australia
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Baluchestan, Zahedan, Iran
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Oceanic islands and seamounts are common products
of intra-plate volcanism in the oceans, with recent
estimates suggesting a population of ~95’000
seamounts in the Pacific Ocean (Hillier & Watts, 2007).
Once formed, seamounts and oceanic islands migrate
with plate tectonics toward subduction zones and are
ultimately driven into the mantle at a present
subduction rate of ~0.34 seamount km-1 Ma-1 along
the Pacific. Subducting seamounts have a major
impact along convergent margins and notably affect
seismogenesis, supra-subduction magmatism and
processes of accretion and subduction erosion.
Although some of these effects are clearly of
fundamental interest for the evolution of convergent
margins, mechanisms controlling the subduction,
accretion and extend of preservation of seamounts
along subduction zones is still poorly understood.

Our study provides new constraints on subduction
processes based on the characterization of fragments
of seamounts and oceanic islands preserved in recent
and ancient accretionary complexes. We studied
accretionary complexes along the Middle American Trench through a multi-disciplinary approach that
includes extended field mapping, geochemistry of the igneous rocks, remote interpretations based on
satellite imagery and biochronologic dating. Our results indicate that the outer parts of the convergent
margin include km-sized slices of accreted oceanic islands and seamounts, some of which represent
unusually large fragments of ancient intraplate volcanoes (fig. 1). Based on the nature and arrangement
of these slices we reconstructed the development of the margin from the subduction initiation (~75-73
Ma) to the Oligocene (~30 Ma). The margin underwent a ~45 Ma-long history of repeated shifts between
accretion and subduction erosion.

More recently, we initiated a new study on a Permian accretionary complex exposed along the Paleo-
Tethys Suture Zone in Iran. We identified distinct seamounts and oceanic islands that became exhumed
during the closure of the Paleo-Tethys Ocean. Good exposures allowed efficient mapping of the
accretionary complex by satellite (fig. 2). The results show that large slices of seamounts and oceanic
islands can be subducted to considerable depth in subduction zones.



Figure 1. Fig. 1. A sub-solidus mineral assemblage at 1050°C
and 3.5 GPa. Grt – garnet, Cpx – clinopyroxene, K-Fspar –

K-Feldspar, Ru – rutile, Carb – carbonate.

Figure 2. Fig. 2. Two immiscible liquids at 1150°C and 4.5
GPa. Dark grey is a silicate liquid and light grey is a

carbonate liquid.

An experimental study of the upper mantle
melting behaviour of recycled carbonate
eclogite at 3.5-5.5 GPa
Ekaterina S. Kiseeva1, Gregory M. Yaxley1 and Vadim
S. Kamenetsky2

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 CODES and School of Earth Sciences, University of
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Altered, carbonated oceanic crust may be recycled
through subduction zones into the deeper convecting
mantle, where it may contribute components to
mantle-derived partial melts such as carbonatites,
kimberlites and other silica-undersaturated magmas.
We used a high pressures experimental approach to
investigate the melting behaviour of carbonate eclogite
(modelling high pressure, altered, carbonate-bearing,
recycled oceanic crust) in the upper mantle at depths
of 100-170 km, which correspond to pressures of 3.5-
5.5 GPa. We aim to test the possible involvement of
such material in formation of rare and exotic rocks as
kimberlites and carbonatites. 

The aim of the study is to locate the solidus positions,
partial melt compositions and trace element
partitioning of carbonate-bearing eclogite as functions
of pressure, temperature and SiO2 content. The initial
composition GA1 [1] represents altered oceanic basalt
(eclogite) to which 10% of calcite (10%cc) was added.
The second composition Volga+10%cc is identical to
GA1 but with 6.5% less SiO2. This models subducted
mafic crust which may have lost a siliceous component
during dehydration and/or silicate melting in the
subduction zone. Both mixes were doped with a
mixture containing 30 trace elements in an average amount around 100-150 ppm.

Experiments were conducted in piston-cylinder presses over the range of pressures (3.5-5.5 GPa) and
temperatures (1000-1400 ºC). The main findings are:

The mixes crystallize under sub-solidus conditions at 3.5 GPa as garnet + clinopyroxene +
carbonate + rutile ± K-feldspar ± apatite (fig. 1)
At 3.5 GPa the solidus of GA1 is less than 1050°C. At 4.5 and 5.0 GPa the estimated solidus is
lower. The solidus of Volga+10%cc for all the examined pressures is at least 100°C lower than in
GA1, which is in a good agreement with silica-undersaturated composition SLEC1 [2]
Carbonate-silicate liquid immiscibility (fig. 2) is detected at all the pressures (3.5, 4.5, 5.0, 5.5 GPa)
and its field expanded from low to higher pressures reaching 150°C at 5.0 GPa.
Depending on the temperature and pressure, CO2 or CO3

2- may be present, dissolved in silicate
melt, in carbonate melt; in solid carbonate or as a fluid, transporting incompatible elements from
the crystalline run product into the graphite capsule
Initial melts are highly siliceous, K-rich compositions, probably with considerable dissolved carbon.
Early melting is probably dominated by components from accessory phases such as K-feldspar,
coesite and carbonate. This is an important contrast with earlier, similar studies in low –K or K-free
systems, in which initial melts were calcio-dolomitic carbonatites [1,3], and highlights the important
influence on early melts of accessory phases such as coesite and K-feldspar.
Trace element partition coefficients between garnet, clinopyroxene and silicate melt are similar to
previously reported [3]. DCpx/melt in equilibrium with carbonatitic melt reveals different patterns
with high values for HFSE, as Ta, Zr, Hf and Ti.
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Figure 1. Major element depth profile of the UZ of the
Windimurra MLI indicating two types of Fe enrichment,
probably related to variable oxygen fugacity of magma

pulses.

Squeezing out the upper mantle: melt
evolution of voluminous mafic layered
intrusions
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Many of our technological advances and devices that
we take for granted in our daily life require noble
metals, making these group of elements a substantial
and highly valuable resource, and by that, a
fundamental cornerstone of the world’s economy. The
majority of the world’s noble metals that are stored
near the Earth’s surface - and thus accessible for
mining - are hosted by mafic layered intrusions (MLI).
These large igneous bodies comprise a stratified
sequence of voluminous upper mantle-derived melts,
with most of them predominantly Archean to early
Proterozoic age. Despite decades of research on MLI,
their genesis, including their tectonic settings, melting origins, evolution of melts, and the cause for
specific noble metal distributions are still not completely understood. The key to unraveling these
questions and to more efficiently access these ancient treasures is the study of MLI melt evolution using
petrologic and geochemical investigations.

Our research is focusing on one of the world’s largest MLI, the Windimurra-Narndee igneous complex
(WNIC; ~ 2.8 Ga old) forming part of the Archean Yilgarn Craton, located in the West Australian desert.
The Complex is unique among MLI as it was not affected by crustal contamination during magma ascent
and opens a crystal-clear window in the long-gone, ancient mantle beneath Australia. We use
petrogenetic tools (such as the electron microprobe for major elements chemistry, laser-ablation in-situ
trace element analyses, and isotope investigations by isotope dilution for dating and source tracing) on
two long drill cores of the upper sequences.  One goal is to better understand the nature of iron
enrichment in uppermost MLI, and its role in controlling the oxygen fugacity in melts, a parameter that is
crucial for the distribution of some key elements such as V, S or e.g., the ferric-ferrous ratio. An
important feature therein is the overall absence of water (or hydrous phases) in the melts. This is fairly
uncommon in most MLI as many of them experienced various degrees of crustal assimilation. In the
future, isotopic investigations will give us not only a better constraint on the emplacement age of the
intrusion and its role in the formation of the Yilgarn Craton, but will also provide us with source
information of the Intrusion. Its crustal contamination-free nature means it is ideally suited for study of
the mantle source using Sr-Nd-Hf isotope systems. We can also study the effect of parent-daughter
element fractionation during extensive mantle melting on crustal formation, and potentially discover the
true nature of the depleted mantle at around 2.8 Ga before present. 



Figure 1. Geological Setting of Ritter Volcano, West Bismarck-
New Britain Arc after Woodhead et al., 2009.

Figure 2. Cr/(Cr + Al) vs Mg/(Mg + Fe2+) for spinel in
peridotite from Ritter Volcano

Peridotites from a submarine volcanic
front arc volcano: a global first
Sarlae McAlpine and Richard Arculus
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Research Voyage SS06/2007 (WeBiVE) of the Marine
National Facility recovered a suite of basalt-coated
peridotite xenoliths from three cones to the northwest
of Ritter Volcano, on the volcanic front of the New
Britain-West Bismarck Island Arc (Fig.1). The Ritter
suite is the first global occurrence of peridotites
sampled from an active submarine volcanic arc front
edifice. In 1888, the former ~800m Ritter cone
collapsed, triggering a tsunami that devasted the
nearby islands of Sakar and Umboi. Since 1888, an
active submarine vent has grown in the throat of the
collapsed volcano.

The peridotites range from harzburgite to lherzolite in
composition, are generally coated by basalt, and occur
as rounded and angular blocks and fragments. The
host basalt is a Cr spinel-olivine-bearing, medium-K,
low-Fe tholeiite. It is the most MgO-rich basalt
(~15wt%) discovered in the West-Bismarck-New
Britain Arc system; the high-MgO might derive in part
from the cumulative and/or xenocrystic nature of the
olivine crystals. The mineralogy of the host basalt
includes olivine (Fo91.9-82.4), diospide-augite, and
spinel. The spinel is highly refractory with Cr/(Cr+Al) >
0.8, akin to spinel in boninites. The peridotites have
complex textural relationships between the main
minerals olivine, orthopyroxene, clinopyroxene, and
spinel; deformation textures are prominent, and
include deformation banding in olivine and wavy deformation of exsolution lamellae in the pyroxene. The
Cr/(Cr+Al) of the spinel ranges from ~0.4 to some of the highest and most refractory (0.9) values ever
reported for peridotite assemblages. The mineralogy and geochemical characteristics of the peridotite
suite will give insight into the lithospheric mantle forming the overriding plate of the New Britain-West
Bismarck arc system.

 

Reference: Woodhead, J., et al., 2009, The Big Crunch: Physical and chemical expressions of
arc/continent collision in the Western Bismarck Arc, J. Volcanol. Geotherm. Res. in press, corrected
proof. 



Figure 1. Stratigraphic column showing the evolution of
discordant features caused by focused transport of mafic

melts through the uppermost mantle. Lithology, appearance
and disappearance of mineral phases and depth are shown in

columns parallel to the drawing. Reference to pictures in
figure 2 are also given.

Melt transport in the mantle
Transition from dunite channels to pyroxenite
dykes in the upper mantle section of New
Caledonia
Cassian Pirard, Jörg Hermann and Hugh O’Neill
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In oceanic spreading zones, new crust is formed by
basaltic melts extracted from the mantle. Previous
research has shown that dunite channels play a
fundamental role in this magma transport (Kelemen et
al. 1995). These channels are relatively porous and
were thought to allow the transfer of large amounts of
melts from the mantle to the crust. Once established,
there is little interaction of melt passing through the
channels with the surrounding peridotite rocks.

We have investigated in detail melt transport in the
uppermost mantle section of the New Caledonia
ophiolite. Dunite channels are widespread in the
harzburgite and crosscut the dominant tectonite
foliation. However, field studies of the uppermost part
of the mantle section show an evolution of the
channels as the crust mantle boundary is approached
(Fig.1). In some places, dunite channels (Fig.2a),
normally formed only of olivine, start to precipitate
pyroxenes by consuming olivine. This reaction leads to
the formation of proto-pyroxenite channels cross-
cutting the mantle (Fig.2b). In the uppermost part of
the mantle, the replacive proto-pyroxenite channels
gradually transform into pyroxenite dykes indicating a
more brittle behavior of the surrounding mantle rocks
(Fig.2c). These dykes, which are widespread in many
ophiolites all around the world, can occasionally show
fractionation trends in the last few hundred meters
below the crust-mantle boundary. Closer to the crust
mantle transition, it is common to see gabbro dykes
with pyroxenite walls (Fig.2d) cutting through the
peridotite. Pyroxenes from the walls are identical to
pyroxenite dykes whereas the gabbro has similarities
with the cumulate gabbros forming the oceanic crust.
These gabbro dykes are reaching the crust-mantle
transition zone and act as feeders for mafic melts forming the oceanic crust. The evolution from dunite
channels to pyroxenites to gabbro dykes shows that melt transport in oceanic spreading zone is highly
focused. However, the variety of rocks observed provide evidence for multiple dissolution-precipitation
processes acting during the melt transport. Additionally we show that fractionation of mafic magma can
occur in the uppermost mantle before the melts reach the crust-mantle boundary.

Kelemen, P.B., Shimizu, N., Salters, V.J.M., 1995. Extraction of mid-ocean ridge basalt from the
upwelling mantle. Nature, 358, p635-641.



Figure 2. a. Dunite channel (Dun) in layered harzburgite (Hzb). b. Proto-pyroxenite channel (PPx) in harzburgite. c. Pyroxenite dyke (Px)
25m from proto-pyroxenite 2b. d. Gabbro dyke (Gab) with pyroxenite walls (Px) in harzburgite (Hzb). All pictures taken in the Massif du

Sud, New Caledonia.



Figure 1. Impact spherule (microkrystite) from the Jeerihan
Impact Layer, top of the c. 2.63 Ma-old Jeerinah Formation,
Pilbara Craton, Western Australia. The spherule consists of
radiating quench-textured chlorite surrounding an offset

central vesicle.

Archaean asteroid impacts, banded iron
formations and sulphur MIF-S anomalies.
Andrew Glikson
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The origin of the abrupt end-Archaean - early
Proterozoic (c. 2.45 Ga) transition from an oxygen-
poor to an oxygeneting atmosphere remains one of
the outstanding problems in early Earth history. A
change in mass-independent fractionation of sulphur
isotopes (MIF-S) (δ33S) about 2.45 Ga is commonly
interpreted in terms of the termination of UV-triggered
chemical reactions under oxygen-poor atmosphere
conditions. Late-Archaean (~2.7–2.5 Ga) and mid-
Archaean (~3.2 Ga) sequences in the Pilbara craton
(Western Australia) and Kaapvaal Craton (South
Africa), in which MIF-S data were measured, contain
asteroid impact ejecta units dated as 2.48, 2.56, 2.63,
3.24, 3.26 and 3.47 Ga-old. The scale of the impacts is estimated by mass balance calculations based on
Iridium and 53C/52Cr isotopic anomalies and on impact spherule (microkrystites. see figure) size
distribution, suggesting projectiles several tens of kilometsers in diameter. In view of an incomplete
preservation of impact ejecta units, the above represents a minimum rate of the Archaean impact flux.
High UV flux due to low ozone levels in the Archaean atmosphere may have been enhanced by large
impacts, accentuating MIF-S anomalies. The appearance of iron-rich sediments above late and mid-
Archaean impact ejecta units may be related either to to microbial oxidation of ferrous iron or,
alternatively, photochemical oxidation of ferrous to ferric iron. Similar MIF-S anomalies may have been
associated with Proterozoic and Phanerozoic impacts, although to date little evidence exists in this regard.
Detailed sampling and isotopic analyses across the impact ejecta fallout units are required in order to test
possible relationships between Archaean impacts and MIF-S anomalies.



Figure 1. Tetrahedral chains of sapphirine and khmaralite,
showing long-range site occupancy patterns. Increasing Si

content indicated by deepening shades of blue, Be content by
red shades. Minority component Si concentrates in the Q3

sites T2/T3(/T8/T9), but Be does so even more strongly.

Figure 2. Back-to-back tetrahedral chains in khmaralite,
linked by octahedra whose Fe content is indicated by olive

shades. All the Be-rich tetrahedra are surrounded by Fe-rich
sites if there is alternation of BeSi and SiBe pairs in the Q3

sites, doubling the chain periodicity (top), but not if the
periodicity of sapphirine is maintained (bottom).

A Monte Carlo study of short- and long-
range order of tetrahedral cations in
sapphirine and khmaralite
Andrew G. Christy
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Stability of the mineral assemblage sapphirine +
quartz is an indicator of metamorphism under
ultrahigh-temperature (> 950oC) conditions, but it is
still uncertain how far down in temperature this
assemblage persists, or how it is affected when the
major elements (Mg, Al, Si, Fe2+) of sapphirine are
substituted by minor amounts of components such as
Fe3+ or Be. It is known that current thermodynamic
databases do not correctly predict the stability of other
exotic assemblages such as sapphirine+forsterite and
sapphirine+kyanite, and that the problem is likely with
the activity model used for sapphirine solid solutions: 
the complex sapphirine crystal structure has many
distinct cation sites, some of which show full long-
range order (LRO) while others show some disorder.
However, NMR spectroscopy indicates that there is
considerable short-range order (SRO) between
neighbouring “disordered” sites. The enthalpy of the
mineral is very sensitive to the degree of short-range
order, which will also tend to reduce the entropy
below what would be expected from long-range site
occupancy data. 

Al-Si order is made difficult in sapphirine because it
has a chain of linked tetrahedrally coordinated cations
which are 60–70% Al. Although energetically
unfavourable Al-O-Al links and Si-O-Si can be
minimised in number, they cannot be eliminated
completely, as they can in many other rock-forming
silicates. Because the chain has an unusual “winged”
geometry, in which equal proportions of tetrahedra link
to 1, 2 or 3 neighbours (Q1, Q2, Q3), short-range
linkage patterns couple strongly to long-range site
occupancies. Favourable Al-O-Si links can be
maximised if the minority component Si is
concentrated in the Q3 sites. However, since the two
such sites are adjacent, there is a limit as to how
much LRO is possible. 

A computer simulation of the tetrahedral chain of
sapphirine, with energy minimised by the Monte Carlo
method,  has been used to demonstrate that the
observed amount of Al-Si order in sapphirine is much
greater than can be driven by tetrahedral linkage
enthalpies alone, even though the Al-Si exchange
enthalpy is of the order of 2RT. Interactions with the 
surrounding octahedral (Al, Mg) are at least as
important. However, substantial Be is readily
incorporated in the chains via the substitution
(BeSi)(AlAl)-1, which ultimately leads to the mineral
khmaralite, which shows rearrangement of the LRO
scheme. The ordering pattern of khmaralite has also been simulated, as a minimum-energy solution for a
small number of near-neighbour and chain-matrix interaction terms. Be outcompetes Si for the Q3 sites



because Be-O-Be avoidance is much more enthalpically significant (Be-Al and Be-Si exchange enthalpies
= 7RT) than Al-O-Al/Si-O-Si avoidance. The model predicts a major reorganisation of site occupancies
and increase in enthalpy when Be > 1.7 atoms per 12 tetrahedra, which is probably why the maximum
observed content in nature is about half of this value. The chain-doubled superstructure in khmaralite is
not due to within-chain interactions, but aligns the Be-rich sites of back-to-back chains and links them
to a cluster of octahedral Fe2+-rich sites.

The simulation can be used to calculate the effect of short-range order on configuration entropy,
comparing chains with no SRO with those where SRO is maximised for a given state of LRO. It appears
that SRO reduces configurational entropy by only 17-18% in either sapphirine or khmaralite

Reference: Christy, A.G. (2009) A Monte Carlo study of short- and long-range order of tetrahedral
cations in sapphirine and khmaralite.  Amer. Mineral. 94: 270-282.

Figure 3. Predicted Be contents of the 12 tetrahedral sites of khmaralite as a function of the total Be. Q1 sites indicated by circles, Q2 by
diamonds, Q3 by by triangles. Below 1.7 Be per formula unit, the Be can be confined almost exclusively to two Q3 sites. Above that

threshold, this abruptly ceases to be the case, and the number of unfavourable Be-O-Be linakges grows rapidly.



Figure 1. 3.24 Ga impact ejecta unit, Miralga Creek, central
Pilbara Craton, Western Australia. A - ACM-S3 - Upper

impact layer; ACM-S2 - Middle impact layer; Ch - chert; V -
volcanics; FV - felsic volcanics/sill; DOL - dolerite. B - mk -

Lens of impact spherules within chert. C - sp - impact
spherule within black chert fragment in tsunamic breccia. D -
sp - impact spherule in chert breccia; T - microtektite; Q -

quartz fragment

Asteroid impact connections of crustal
evolution
Andrew Glikson and John Vickers

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

Advances in isotopic age determinations increasingly
point to an episodic nature of crustal evolution. Field
and geochemical evidence indicate that at least some
large impact episodes may have been associated with,
and possibly triggered, magmatic and tectonic events.
Corrrelations are observed between isotopic age
frequency peaks and asteroid impacts records (~3.47,
~2.63, ~2.56, ~2.48, ~2.023 Ga [Vredefort] and 1.85
Ga [Sudbury]). Evidence for major dynamic and
thermal effects of a large impact cluster on the early
Precambrian crust is provided by ejecta fallout units
associated with: (i) unconformities; (ii) tsunami
boulder debris; (iii) compositional contrasts between
supracrustal sequences that underlie and overlie the
ejecta units; (iv) onset of episodes of iron-rich
sedimentation; and (v) near-contemporaneous
intrusion of granitoid magmas. An impact cluster at ~3.26–3.24 Ga, documented in the Barberton
greenstone belt, South Africa, is associated with unconformities and granite activity correlated with
unconformities and olistostromes in the Pilbara Craton, Western Australia. In both cratons a 300 Ma
period of evolution of greenstone–granite terrains is abruptly terminated by unconformities overlain by
impact ejecta, turbidite and banded iron-formation. The 3.26 and 3.24 Ga terminations involve major
faulting, uplift, erosion, and the onset of high-energy sedimentation, which includes detrital components
from contemporaneous granites. The onset of ferruginous sedimentation, including banded iron-formation,
in the wake of the ~3.47,~3.26,~3.24,~2.63 and~2.56 Ga impacts, suggests weathering and soluble
transport of ferrous oxide under low-oxidation atmosphere and hydrosphere conditions, possibly reflecting
extensive mafic volcanic activity triggered by the impacts. Extensive dyke formation during 2.48–2.42 Ga
(Matachewan, Scourie, Karelian, Widgiemooltha, Bangalore, Antarctica dykes) may be related to deep
crust/mantle fractures triggered by the ~2.48 Dales Gorge mega-impact. Tentative observations are
consistent with, but do not demonstrate, possible overlaps between Phanerozoic impacts and the onset of
faulting and plate tectonics episodes.



Figure 1. Scanning Electron Microscope image of Mount
Ashmore pseudotachylite, showing fragments of microbreccia
embedded in microbreccia. Qz - quartz fragments; kf - K-
feldspar fragment; FeS - pyrite fragment; SiAl - Silica and
alumina-dominated non-stochiometric fragments; Ca - Ca-

dominated non-stochiometric fragment; F - fossil foram shell.

A probable end-Eocene impact structure
under the Timor Sea
Andrew Glikson1 and Dariusz Jablonsky2

1 Research School of Earth Sciences, Australian
National University, Canberra, ACT 0200, Australia
2 Finder Exploration Pty Ltd.

The end-Eocene (c. 35 Ma) constitutes a period of
major extraterrestrial impacts, including the Popigai
(D=100 km; 35.7 ± 0.2 Ma), Chesapeake Bay (D = 85
km; 35.3±0.1) and a major tektite strewn field in
northeastern America. The end-Eocene is also a key
period at which the Drake Passage (Chile - Antarctic
Peninsula) opened, the Antarctic ice sheet began to
form, sharp global cooling occurred accompanied with
mass extinction of about 10 percent of species. Here
we report the discovery of a new, hitherto unknown,
asteroid impact structure of end-Eocene age. New
seismic reflection data and petrological studies of drill
cuttings from the Mount Ashmore structural dome,
west Bonaparte Basin, Timor Sea, suggest the dome represents the central uplift of an extraterrestrial
impact of end-Eocene, pre-Oligocene, age. The dome is located below a major unconformity. Isopach
maps and reconstruction of structural depths reveal kinematic deformation patterns and structural
orientations consistent with centripetal deformation toward the domal axis, as well chaotic megabreccia
structures. A study of early Oligocene to early Jurassic drill cuttings from the Ashmore 1B petroleum
exploration borehole reveals a dominance of flow-textured comminuted microbreccia with particles ranging
to submicron scale, referred to as pseudotachylite. X-ray diffrcation analysis indicates the microbreccia
includes about one third of poorly-diffracting particles, likely derived from carbonate and clay-dominated
material. The microbreccia contains corroded relic quartz grains which display heavy irregular fracturing
and incipient planar fractures. Similar pseudotachylite fragments occur in basal Oligocene sediments, likely
representing erosion of the structural dome which protrudes above the pre-Oligocene unconformity.
Scanning electron microscopy (SEM) coupled with Energy Dispersive Spectrometry (EDS) indicate the
pseudotachylite consists of micron to tens of micron-size particles with low-totals and non-stochiometric
heterogeneous compositions, including Si, Al-Si, Si-Ca-Al, Si-Al-Ca, Si-Mg, Fe-Mg-Ca, Fe-Mg-Ca, Fe-Mg
and carbonate-dominated particles (see figure). No volcanic material or evaporites are encountered in the
core, which militates against interpretations of the structure in terms of volcanic or salt dome origin. The
chaotic seismic structure of the domal core, the centripetal sense of intra-domal deformation, the micro-
brecciated flow-textured nature of the cuttings, the poorly diffracting nature of the pseudotachylite matrix
and the heavily fractured state of quartz grains are consistent with an interpretation of the Mount
Ashmore dome in terms of a central rebound uplift of an impact structure.



Figure 1. The trace element composition of experimentally
produced hydrous melts derived from subducted sediments,
normalized to the starting composition, at 2.5 (a), 3.5 GPa
(b) and 4.5 GPa (c). The melts are enriched in incompatible

elements (left side of the diagram), however, there is no
significant fractionation of Nb and Ta from Th and La. Data
from Hermann and Rubatto (2009), Chemical Geology 265,

512-526.

The Nb-Ta chicken-egg problem
Joerg Hermann and Daniela Rubatto
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The continental crust is generally enriched in
incompatible trace elements but shows a pronounced
negative anomaly in Nb and Ta compared to Th and
La. During partial melting of the mantle all these
elements are similarly incompatible and thus are not
fractionated. Hence, it has been speculated that the
fractionation occurs during subduction of oceanic crust.
Fluids liberated from the subducted slab trigger partial
melting in the mantle wedge and impose a “slab
signature” in terms of trace elements onto the volcanic
arc rocks that represent newly formed continental
crust. Nb and Ta highly partition into the high-pressure
phase rutile (TiO2) in deeply subducted crust and are
potentially retained when these fluids are liberated
from the slab.

We have performed high-pressure and high
temperature experiments at conditions relevant for
slabs at sub-arc depth in order to test whether such
residual rutile is ultimately responsible for the negative
Nb-Ta anomaly in the continental crust. The
experiments were performed on a subducted sediment
composition because these rocks dominate the
incompatible trace element input into subduction
zones. All the experiments contained residual rutile
(Fig. 2). However, trace element analyses of the
produced fluid phase showed that Nb and Ta are not
depleted with respect to the starting material and
showed a similar behaviour to Th and La (Fig. 1). The
main reason for this is that the accessory phases
allanite and monazite (Fig. 2) retain Th and La as
efficiently as rutile does with Nb and Ta. Therefore, it
seems that in subduction settings Nb and Ta are not
easily fractionated from Th and La and we are faced
with a chicken-egg problem. Detritus from the
continents dominates the trace element composition of
the subducted sediments, which are thus already
characterized by a negative Nb-Ta anomaly. The partial
melting of the subducted sediments and the interaction
of these fluids with the mantle wedge will then transfer this negative Nb-Ta anomaly into newly formed
crust at volcanic arcs. While our study shows how to maintain a “status quo” it also (re-)opens the
question: When and how was the negative Nb-Ta anomaly in the continental crust established?



Figure 2. Electron back scatter images of experimental run products. a) Rutile (rt) coexists with partial melts at 800°C, 2.5 GPa. Also
present are other important phases that control the trace elements such as phengite (phe), allanite (all), zircon (zir), and apatite (apa).
b) Idiomorphic rutile is in contact with a hydrous melt at 800°C, 3.5 GPa. Monazite is stable instead of allanite. Scale bar represents 10

µm.



Variscan deformation of Australia ─ A heretic view of the Alice Springs Orogeny, 
Australia-Asia collision and tectonic extrusion
Chris Klootwijk

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

Paleomagnetic results from the ignimbrite-rich Carboniferous succession of the Tamworth Belt, Southern
New England Orogen (SNEO), eastern Australia, indicate an Early Carboniferous northward excursion over
about 30 degrees of latitude, culminating during middle-late Visean. The excursion is identifiable also in
paleomagnetic data from the Australian craton and the Tasman Orogenic System (TOS) and may have
started in Early Devonian. By middle-late Visean, the promontory of the Australian Craton in central New
Guinea reached latitudes of 30 - 40 degrees N (Figure 1G), well within the paleolatitudinal range of the
Central Asian Orogenic Belt (CAOB) of then southern Laurasia. Devonian-Carboniferous convergence and
collision of Australia, as part of northeastern Gondwana, with the CAOB is proposed as the cause of
contemporaneous, Variscan, tectonism along, and in the hinterland of, the northern and southern
margins of the Paleoasian Ocean. That is within the CAOB of southern Laurasia and throughout Australia
(Alice Springs, Quilpie and Kanimblan Orogenies).

 

Convergence-related compressional deformation of Australia was essentially confined to a “compression
box”, extending southward from the central New Guinean cratonic promontory and bounded by the
Lasseter Shear Zone in the west and the future East Australian Rift System in the east (Figure 1A).
Convergence-driven north-south compression, weak heated crust in the Larapintine Graben and the
oceanic basement of the TOS (Figure 1B), and the “free” oceanic boundary of the Paleopacific,
constituted Variscan Australia-Asia conditions comparable to the Cenozoic India-Asia indentation and
extrusion process (Royden et al. 2008, Burchfiel et al. 2008). Tectonic extrusion of ductile lower crust,
and partial melt, from the Larapintine Graben caused eastward displacement of mainly the Thomson
Orogen and the Northern New England Orogen (NNEO), perhaps in association with slab rollback of
Paleopacific subduction. Upper crustal displacement was guided in the north by the Diamantina River
Lineament-Clarke River Fault Zone and in the south, more complexly, by the Darling River/Cobar-
Inglewood Lineaments and Cato Fracture Zone, and by the Lake Blanche-Olepoloko Fault Zones and
Lachlan Transverse Zone (Figure 1B).

 

The tectonic extrusion hypothesis offers provocative new avenues for interpreting aspects of the Late
Paleozoic evolution of Australia: (i) Different tectonic grains of the Alice Springs Orogeny (E-W) and the
Quilpie and Kanimblan Orogenies (N-S) represent divers effects of the Australia-Asia
convergence/collision on the brittle upper crust and on the ductile lower crust. Direct north-south
compression through the upper crust led to the Alice Springs Orogeny of east-west tectonic grain,
whereas in the ductile lower crust hydraulic fanning out of north-south compression toward alignment
with the east-west pressure gradient near the free boundary of the Paleopacific, led to the Quilpie and
Kanimblan Orogenies of north-south tectonic grain; (ii) East-west fanning out of azimuthal anisotopy
(Figure 1E) and continental-like velocities in the lower crust/upper mantle of more internal parts of the
TOS (Figure 1C, 1D), indicated by surface wave tomography, traces lower crustal tectonic extrusion from
the Larapintine Graben into and through the TOS; (iii) Prominent negative magnetic anomalies in the
Larapintine Graben and the TOS (Figure 1H) may represent hematite-residing Kiaman reverse polarity
remanence (Figure 1F) in lower and upper crust and outline lower crustal flow throughout the TOS; (iv)
Extent of lower crustal flow may be outlined further by mapping the extent of seismically highly reflective
lower crust, assuming that its planar anisotropy represents horizontal ductile flow rather than vertical
magmatic underplating; (v) The widespread Namurian sedimentary lacune may represent thermal
expansion resulting from lower crustal ductile flow, with denudation products transported from the
elevated “compression box” into the non-elevated New England Orogen (NEO) and western Australian
basins; (vi) Formation of the Kanimblan Highlands during Late Carboniferous may reflect this thermal
expansion process, with latest Carboniferous-Permian thermal relaxation leading to its demise; (vii) A
Late Carboniferous heat flux may explain the fission track and low-temperature isotopic disturbance
record without the need for extensive burial and denudation; (viii) A Stephanian change to clockwise
rotation of Gondwana caused northward telescoping of the SNEO against the eastward displaced buttress
of the NNEO, facilitated by structural detachment of the SNEO from the Lachlan Orogen along the
northward progressing Eastern Australian Rift System, leading to formation of the Texas-Coffs Harbour
and Manning Oroclines.
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Figure 1. (a)  Topographic and  bathymetric image of the Australian plate in its surrounding setting, reproduced courtesy of Geoscience
Australia, with the outline of the “compression box” hatched in white (Klootwijk, in prep., figure 12a). (b) Schematic overview of tectonic
extrusion during the Alice Springs Orogeny. Red arrows indicate compression from Australia-Laurasia convergence during the Devonian-

Carboniferous. Orange arrows indicate ductile flow of lower crust from the Larapintine Graben into mainly the Thomson and Lachlan
Orogens. Major ENE-WSW fault zones, in red, guided up to 200 km upper crustal eastward displacement of the Thomson Orogen and the

Northern New England Orogen. Yellow compartments (after Shaw et al. 1996) indicate at large the heated, weaker, crust of the
Larapintine Graben and the weaker, originally oceanic, crust of the TOS (Klootwijk in prep., figure 12B). (c) Rayleigh wave speed

anomalies of central and eastern Australia at 100km depth, relative to the ak135 model (Kennett et al. 1995), after Fischwick et al.
(2008, figure 3a); (d) Image of the horizontal gradient of surface wave velocity of central and eastern Australia at 100 km depth, after

Fishwick et al. (2008, figure 4a). (e) SV azimuthal anisotropy at 100 km depth (Debayle & Kennett 2000a, plate 2a). Azimuths of red line
segments indicate fast directions, their lengths indicate strengths of anisotropy. (f) Duration of the “Kiaman” Permo-Carboniferous

Reverse Superchron, after Menning (1995) and Roberts et al. (2003), (Klootwijk in prep., figure 22a). (g) Schematic view of
paleolatitudinal evolution of the central New Guinean promontory of the Australian Craton during the Carboniferous (Klootwijk in prep.

figure 22b). (h) Comprehensive model of the Oersted and CHAMP scalar residual field model CM4 at 400 km altitude, after Sabaka et al.
(2004, figure 14b).



Figure 1. A global reconstruction currently under
development which includes deformation of South America

and Africa. This figure shows continental positions at 150 Ma
relative to the South African craton.

Tectonic reconstruction using deformable
plates
Joe Kurtz, Sam Hart and Gordon Lister

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

AuScope is part of the National Collaborative Research
Infrastructure Strategy (NCRIS).  As part of that effort
the simulation, analysis and modelling community
(AuScope SAM) is constructing a "sofware machine"
consisting of several interoperable components.  The
tectonic reconstruction component is being developed
at U.Syd. and ANU.  The RSES component is Pplates,
the first ever deformable-plate, global- to regional-
scale, tectonic reconstruction code.

The workflow is illustrated here.

The Pplates code is now almost fully functional, and is available for download as a ".dmg" disk image. 
Click here to obtain a working copy of the program along with elementary datasets. New in Pplates v
1.3 (a new release) are many improvements that enhance the user experience and modified
implementation of many of the features of Pplates with an eye to moving to new API libraries.  In
particular:

1) Faster handling of gridded data.
2) Higher screen resolution for topography.
3) Performance improvement with larger projects.
4) Better menu design for handling project files - including a "Save All" option.
5) Improved mesh shaper performance --  moving a mesh shaper has been enabled.
6) Stress eigenvector calculation and display where previously only strain eigenvectors were available.
7) Map window viewing preferences stored with project.

Please Email joe.kurtz@anu.edu.au or sam.hart@anu.edu.au with comments and suggestions.

http://rses.anu.edu.au/tectonics/projects/virtual-earth/index.php
http://rses.anu.edu.au/tectonics/p-plates/index.php


Figure 1. Photograph with view towards South, taken from
the Forcola pass at the Swiss/Italian border. The Forcola

fault runs along the valley and disappears under the
quaternary valley fill of the Chiavenna plane. 

Figure 2. Apparent age spectrum gained from 40Ar/39Ar
furnace step-heating dating experiments of white micas of a
mylonite in the footwall of the Forcola fault. The spectrum
suggests a defromation age of the mylonites of 21-22Ma.

Dating a major shear zone in the Central
European Alps - The Forcola Fault
Clemens Augenstein1, Marnie Forster1, Gordon Lister1
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The Central European Alps have been subject to
geological studies for now more than 150 years with a
prolific array of data available.  Even though the timing
of deformation is one of the most important keys to
resolve the geological history of a mountain belt few
studies have focused on ascertaining the timing of
major movement zones in the area. The Forcola
normal fault is a major displacement zone in the
Central European Alps and is often regarded as the
Eastern boundary of the Lepontine gneiss dome. This
dome is a window into deeper crustal levels of the
Alpine nappe pile and the most prominent structure in
the Central Alps, but the origin of this gneiss dome is
still contentious with several hypothesis proposed
during the last decades. We suggest that none of the
present hypotheses explain either the published
observations, or our observations, in a satisfactory
manner. One important step towards a better
understanding of the formation of the Central
European Alps, is the direct dating of deformation
events inside and around the Lepontine dome. The
40Ar/39Ar geochronology furnace step-heating dating
technique on K-bearing minerals like micas or K-
feldspar, enables us to date recrystallisation of major
fabric forming minerals, and thus determine the timing of deformation directly.

Preliminary results from 40Ar/39Ar geochronology experiments on white micas from rocks deformed in
the Forcola fault are now available from samples collected during the field summer 2008. Results show
that these rocks recrystallised between 21 and 22 million years ago (see apparent age spectra) during
an intense deformation event (mylonitization of an orthogneiss). The relative flat “plateau” in the spectra
indicates that the white micas in the sample recrystallised completely and lost all their previous
accumulated radiogenic argon during the deformation event. This complete resetting of the argon system
correlates with the last event that can be verified at the microstructural-scale. These ages are the first
direct evidence for the timing of shearing events at the Eastern border of the Lepontine gneiss dome.

This study on the deformation of the Forcola Fault is just the beginning of a greater project. The overall
aim is to analyse several of the major movements zones in the Central Alps, helping to understand the
complicated processes of mountain range formation, continental collision and continental convergence in
greater detail.



Figure 1. 3-D model of the Wadati-Benioff zone associated
with the subducting Solomon Sea plate, developed by Tomas

O'Kane under the supervision of Dr Simon Richards. This
required the interpretation of the earthquake hypocentre
dataset Engdahl et al., (1998), kindly provided by Robert

Engdahl via personal communication. We have recently been
examining the geodynamic implications of this inferred slab

geometry.

Evolution of the subducting Solomon Sea
Plate
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The Papua New Guinea and Solomon Islands region is
located within the transition zone between SE Asia and
the SW Pacific, one of the best-endowed metallogenic
belt and most actively deforming areas on Earth.
Interactions between the WNW-moving Pacific Plate
and the NNE-moving Australian Plate give rise to a complex convergent zone exhibiting numerous micro-
plates, volcanic provinces, island arcs and some of the fastest relative plate motions on Earth.

Some of this complexity has been unravelled using earthquake hypocentre data to create a 3-D model of
the Wadati-Benioff zone associated with the subduction of the Solomon Sea Plate at the New Britain
Trench. We report the presence of a large aseismic zone, herein termed the New Ireland aseismic zone,
located in the ‘apex’ of the subducting slab, the margins of which initially record a dip of 30°, before
steepening to over 75° at depth. Steeper slab dips are seen both to the east and west of the slab apex,
particularly the eastern section of the slab, which appears to have been overturned (i.e. dip exceeds
95°).  

In the light of this discovery existing tectonic models must be reassessed. The 3-D geometry appears to
require slab-tearing during roll-back, and by implication must have stranded formerly attached segments
of the subduction zone.  Alternative models for the aseismic zone, such as the subduction of an aseismic
ridge, do not provide a satisfactory explanation for the inferred geometry, and implicit deformation, of
the Solomon Sea slab. In contrast, the roll-back and slab-tearing hypothesis is consistent with the
current 3-D geometry, although it has significant ramifications for the tectonic evolution of the region.
Roll-back and slab-tearing require a modification of palaeogeography and 3-D structure with time.



Evidence of (subduction-related?) magmatism after "the collision" of India and
Eurasia
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The concept of “the collision” in relation to the accretion of India to Eurasia dominates the literature on
the Himalayan orogen. Current controversy surrounds its timing. One hypothesis suggests that this event
took place at ~54-50 Ma, whilst other hypotheses suggest that it occurred earlier (~75 Ma), or later
(~35 Ma). Most of this controversy is associated with the simplified view that the accretion of India to
Eurasia was more important in terms of magmatism, metamorphism and deformation than the accretion
of other island arcs and terranes during the closure of Tethys. The current paradigm suggests that Indus
Suture Zone marks the boundary between the Indian and Eurasian plates (Figure 1).

 

New U-Pb SHRIMP dating of zircons from a granodiorite in the Karakorum Batholith indicate
crystallization occurred north of the Shyok Suture Zone at 32 Ma. There is also other evidence of
magmatism at this time along strike of the Shyok Suture Zone, this includes porphyry Cu, Mo and Au
deposits in eastern Tibet. Various models are invoked to account for this magmatism. However, as the
evidence of magmatism at these times does not fit the paradigm of “the collision” marked at the Indus
Suture Zone at ~54-50 Ma, tectonic models that suggest this magmatism could be the result of partial
melting caused by dehydration of a down-going slab at (or before) this time are ignored. We therefore
suggest that the Indus Suture Zone (at least in NW India) may not mark the boundary between the
Indian and Eurasian plates, and the concept of “the collision” needs to be revised.

Figure 1. Digital elevation model of the Himalaya derived from Shuttle Radar Topography Mission (SRTM) data showing the location of
major structures and suture zones, as well as the location of crystallization ages of granites, granodiorites and porphyry Cu-Mo-Au

deposits north of the Indus and Shyok Suture zones.



Figure 1. Ilmenite inclusions in garnet (Image width 1.2mm).

Figure 2. Electron Microprobe transect across an ilmenite
inclusion (pink) in garnet.
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Geospeedometry is a rapidly developing field. The
technique is used to constrain the duration of thermal
pulses during metamorphism. For example, diffusion
modelling of element profiles in garnet. Garnet
geospeedometry involves measurement of diffusive
loss of an element during the entire heating and
cooling history, giving information as to the time-
integrated thermal response to the heating and cooling
history. Currently, garnet geospeedometry is plagued
by the difficulty of differentiating between growth
zoning, as a result of Rayleigh-Taylor fractionation, and
diffusion profiles. Development of a new
geospeedometer that utilises the exchange of Fe-Mn
between garnet and ilmenite inclusions will aid in
solving this problem.

 

The garnet-ilmenite system, if properly calibrated, will
allow the determination of the duration of both heating
and cooling during the tectonometamorphic evolution
of a particular rock. This is possible because of the
temperature dependence of the Fe-Mn partition
coefficient of the garnet-ilmenite system (Pownceby et
al. 1987). This allows exchange of Fe and Mn at the
boundary between garnet and ilmenite with the
diffusion coefficient of garnet controlling the efficiency
of exchange; the diffusivity of ilmenite does not need
to be taken into account due to its rapidity. The rate
of diffusion dictates the efficiency of exchange, with a
quadratic relationship between the length of the
diffusion profile and timescale. Ilmenite operates as a sink for Mn during the period of heating above the
growth temperature; during cooling the ilmenite acts as a source for Mn, expelling it into the garnet. The
ability of ilmenite to act as a diffusional sink on the heating path is greater than its ability to act as a
source on the cooling path because as temperature decreases the systems potential for diffusion rapidly
drops.  This process produces diffusional features that vary in length and a bimodal diffusion profile is
created. According to these theoretical considerations the Mn diffusion profile should have a sharp
increase in concentration adjacent to the ilmenite inclusion then a Mn moat surrounding the ilmenite
inclusion. The diffusion profile for Fe theoretically mirrors this behaviour. This profile has been observed
in electron microprobe transects across ilmenite inclusions in garnet.

 

Pownceby, M. I., Wall, V. J., O’Neill, H. St.C. (1987). Fe-Mn partitioning between garnet and ilmenite:
experimental calibration and applications. Contributions to mineralogy and Petrology 97 116-126.



Figure 1. Map of the area afflicted by the aftershocks from
the 2004 Great Sumatran Earthquake. The earthquakes

shown are those for which centroid moment tensor solutions
exist, and are derived from the Global CMT project database.
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It is evident that the most violent of Great
Earthquakes are driven by ruptures on giant
megathrusts.  Current theory suggests that the rupture
harvests (and thus releases) elastic energy that has
been previously stored in locked segments of the
megathrust, and that this energy is stored as the
result of relative motion of the adjacent stiff elastic
tectonic plates.  However it is clear that this
mechanism fails to explain many first order aspects of
large earthquakes.  The energy source for strain
accumulation can also be found in gravitational
collapse of orogenic crust and/or in the foundering (or
roll-back) of an adjacent subducting lithospheric slab. 

Analysis of the geomery of aftershocks allows
distinction of two types of failure.  The classic view is
that megathrusts fail in compression, with motion
analogous to that expected if accretion takes place
against a rigid (or elastic) backstop.  This type of
megathrust behaviour may well have applied to the
southern segment of the Sumatran megathrust, from
whence emanated the rupture that drove the 2004
Great Earthquake.  The northern segment (beneath the
Andaman Sea) admits to no such explanation.  The
geometry of aftershocks suggest that the crust above the initial rupture failed in an extensional mode. 

Therefore westward roll-back of the subducting Indian plate, and the consequent gravity-driven
movement of the over-riding crust and mantle can be implicated in the origin of the tsunamigenic Great
Sumatran Earthquake of 2004. The edge of the Indian plate is foundering, with slab-hinge roll-back in a
direction orthogonal to its motion vector. Aftershocks show that this motion may have driven afterslip in
the Andaman segment of this giant megathrust-related earthquake.

The crust and mantle above major subduction zones is mechanically weakened by the flux of heat and
water associated with subduction zone processes.  In consequence the lithosphere of the over-riding
orogens can act more like a fluid than a rigid plate.  Such fluid-like behaviour has been noted for the
Himalaya and for the crust of the uplifted adjacent Tibetan Plateau, which appear to be collapsing. 
Similar conclusions as to the fluid-like behaviour of an orogen can also be reached for the crust and
mantle of Myanmar and Indonesia, since here again, there is evidence for arc-normal motion adjacent to
rolling-back subduction zones.




