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            P ETROPHYSICS G ROUP 57 PETROPHYSICS The Group’s approach is essentially that of materials science. We observe and seek to understand the physical behaviour of geological materials under controlled laboratory conditions, and then apply such insights to the structure and processes of the Earth. Measurements of macroscopic physical properties (e.g., strength, or seismic wave speeds and attenuation) are interpreted through microstructural studies centred around light and electron microscopy. Often it is necessary to prepare, from either natural or synthetic precursors, simpler synthetic materials whose properties are amenable to more detailed interpretation than those of complex natural rocks. Our interest in geological materials is shared by members of the Petrochemistry and Experimental Petrology Group, who focus primarily upon the chemical aspects of their behaviour. Geological and geophysical observations of the response of the Earth to naturally applied stresses, which vary widely in magnitude and timescale, provide much of the motivation for the Group’s work. In the laboratory, ultrasonic wave propagation and lower frequency forced- oscillation methods are used to probe the elastic/anelastic behaviour which determines seismic wave speeds and attenuation. On longer time scales and at higher stresses, the mechanical behaviour of synthetic faults and fault gouge is studied with particular interest in the complex interaction between chemical reaction, deformation and fluid flow. The fact that all but the simplest elastic behaviour of geological materials is controlled by microscopic defects such as dislocations and processes operative at grain boundaries, places a premium on the complementary microstructural studies. Major achievements for 1999 include • exploratory experimental studies of the interplay between metamorphic devolatilisation reactions, pore-fluid pressure and permeability • extension to 1300°C of capability for accurate measurement of elastic wave speeds by ultrasonic interferometry • major advances in the study of seismic wave dispersion and attenuation in fine-grained polycrystalline olivine Members of the group collaborate widely within the School and beyond. Natural links with the Seismology Group are based on a common interest in the interpretation of seismological models for the Earth’s interior. Preparation of synthetic rock specimens and their precursors and investigations of melt distribution within partially molten upper mantle rocks involve intensive collaboration between the Petrophysics and Petrochemistry and Experimental Petrology Groups. The field-based observations of the structures and microstructures in naturally deformed rocks, and fluid-chemical studies by members of the new Centre for Advanced Studies of Ore Systems (RSES and Geology Department, Faculty of Science), complement the experimental program in rock deformation. Within the wider ANU community, the Petrophysics group has been providing leadership in the development of a higher profile for this university in materials science and engineering. Through their respective roles as Director of the Centre for the Science and Engineering of Materials (until December 1999), and Materials Science Coordinator on the Advisory Committee of the ANU Electron Microscope Unit, Drs I. Jackson and J. Fitz Gerald have been seeking to improve opportunities for research and training in this multi-disciplinary field. A new analytical TEM to serve the needs of the ANU materials science community was successfully commissioned this year. This instrument, housed within the School, is being operated by Dr J. Fitz Gerald and Mr D. Llewellyn on behalf of the ANU Electron Microscope Unit. In this capacity, Dr J. Fitz Gerald collaborates intensively in microstructural aspects of various materials science programs of the Research School of Physical Sciences and Engineering. In 1999 the Group maintained its strong commitment to the enrichment of undergraduate/graduate teaching. 
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 PETROPHYSICS
 The Group’s approach is essentially that of materials science. We observe and seek tounderstand the physical behaviour of geological materials under controlled laboratoryconditions, and then apply such insights to the structure and processes of the Earth.Measurements of macroscopic physical properties (e.g., strength, or seismic wave speeds andattenuation) are interpreted through microstructural studies centred around light and electronmicroscopy. Often it is necessary to prepare, from either natural or synthetic precursors, simplersynthetic materials whose properties are amenable to more detailed interpretation than those ofcomplex natural rocks. Our interest in geological materials is shared by members of thePetrochemistry and Experimental Petrology Group, who focus primarily upon the chemicalaspects of their behaviour.
 Geological and geophysical observations of the response of the Earth to naturally appliedstresses, which vary widely in magnitude and timescale, provide much of the motivation for theGroup’s work. In the laboratory, ultrasonic wave propagation and lower frequency forced-oscillation methods are used to probe the elastic/anelastic behaviour which determines seismicwave speeds and attenuation. On longer time scales and at higher stresses, the mechanicalbehaviour of synthetic faults and fault gouge is studied with particular interest in the complexinteraction between chemical reaction, deformation and fluid flow. The fact that all but thesimplest elastic behaviour of geological materials is controlled by microscopic defects such asdislocations and processes operative at grain boundaries, places a premium on thecomplementary microstructural studies.
 Major achievements for 1999 include
 • exploratory experimental studies of the interplay between metamorphic devolatilisationreactions, pore-fluid pressure and permeability
 • extension to 1300°C of capability for accurate measurement of elastic wave speeds byultrasonic interferometry
 • major advances in the study of seismic wave dispersion and attenuation in fine-grainedpolycrystalline olivine
 Members of the group collaborate widely within the School and beyond. Natural linkswith the Seismology Group are based on a common interest in the interpretation ofseismological models for the Earth’s interior. Preparation of synthetic rock specimens and theirprecursors and investigations of melt distribution within partially molten upper mantle rocksinvolve intensive collaboration between the Petrophysics and Petrochemistry and ExperimentalPetrology Groups. The field-based observations of the structures and microstructures innaturally deformed rocks, and fluid-chemical studies by members of the new Centre forAdvanced Studies of Ore Systems (RSES and Geology Department, Faculty of Science),complement the experimental program in rock deformation.
 Within the wider ANU community, the Petrophysics group has been providing leadershipin the development of a higher profile for this university in materials science and engineering.Through their respective roles as Director of the Centre for the Science and Engineering ofMaterials (until December 1999), and Materials Science Coordinator on the AdvisoryCommittee of the ANU Electron Microscope Unit, Drs I. Jackson and J. Fitz Gerald have beenseeking to improve opportunities for research and training in this multi-disciplinary field. A newanalytical TEM to serve the needs of the ANU materials science community was successfullycommissioned this year. This instrument, housed within the School, is being operated by Dr J.Fitz Gerald and Mr D. Llewellyn on behalf of the ANU Electron Microscope Unit. In thiscapacity, Dr J. Fitz Gerald collaborates intensively in microstructural aspects of various materialsscience programs of the Research School of Physical Sciences and Engineering. In 1999 theGroup maintained its strong commitment to the enrichment of undergraduate/graduate teaching.
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 A fourth-year course in Materials Characterization was once again presented primarily by Dr J.Fitz Gerald and Dr Z.H. Stachurski of the Engineering Department of the Faculty ofEngineering and Information Technology.
 The Group has this year substantially reshaped its staffing profile to better meet its currentand future needs for research support. Following the departure of Senior Technical Officers MrG.R. Horwood and Mr Z.R. Guziak, the Group recruited a Trainee Technical Officer (Mr J.Carr) and a Research Assistant (Ms L.J. Weston) with complementary responsibilities insupport of the Group’s research activity. The successful operation of novel equipment, and thedevelopment and exploitation of associated experimental techniques, depend heavily upon theskill and commitment of the these staff, along with Mr H. Kokkonen and the staff of theSchool’s Mechanical and Electronics Workshops. Mrs K. Provins provides invaluableadministrative support for the activities of the group and of the Centre for the Science andEngineering of Materials, now including responsibility for website development. The Grouptakes this opportunity to thank Mr G. Horwood for his many contributions during more than 20years of committed service to the School.
 HIGH-TEMPERATURE SEISMIC PROPERTIES OF EARTH MATERIALS
 Inadequate knowledge of the temperature dependence of elastic wavespeeds for key high-pressure minerals continues to be a major barrier to the robust interpretation of seismologicalmodels for the Earth’s interior in terms of chemical composition, mineralogy and temperature.Coherent polycrystalline specimens of the major transition-zone and lower-mantle phases havebeen successfully prepared during the past decade, and accurate measurements of the pressuredependence of their elastic wave speeds have been performed. Despite considerable progress inrecent years with diamond-anvil based opto-acoustic techniques and with ultrasonicinterferometry in multi-anvil apparatus, much less is known about the temperature dependence ofelastic wavespeeds.
 In addition, there are substantial uncertainties associated with extrapolation ofexperimental data generally obtained at high frequencies (MHz–GHz) into the realm of lowfrequency seismic wave propagation (mHz–Hz). Uncertainties in extrapolation are likely to beparticularly important at high temperatures owing to the thermally activated mobility of pointdefects and dislocations and their interactions with grain boundaries.
 In order to address these issues, we are extending to very high temperature (1300°C) ourcapability for elastic wavespeed measurement through high-frequency (10–100 MHz) ultrasonicinterferometry. In parallel with such studies, direct access to the realm of seismic frequencies isaccomplished by an apparatus, designed and built in house, that measures shear modulus G andthe associated strain-energy dissipation Q-1 through torsional forced oscillation and microcreeptests.
 High-temperature ultrasonic interferometry
 S.L. Webb, I. Jackson, D.A. Boness1 and L.J. Weston
 We have developed a new experimental assembly for ultrasonic measurement of P- and S-wave speeds in polycrystalline samples at temperatures to 1300°C at 300 MPa within an argongas-charged pressure vessel. A compound cylindrical buffer rod made of hardened steel,alumina and molybdenum components is used to isolate the piezo-electric transducer from thehigh-temperature high-pressure environment. Intimate contact between successive sections ofthe buffer rod and the sample, which are all enclosed within a thin-walled iron jacket, is ensuredby the application across each optically flat interface of a normal stress equal to the confiningpressure. This pressure also counteracts any tendency towards thermal cracking of the sampleat high temperature. The mechanical coupling across each interface in the buffer rod assembly is 1 Seattle University
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 improved by use of a one-micron vapour-deposited layer of gold at the ‘cold’ steel/aluminainterface, and by three-micron thick iron foils at the ‘hot’ alumina/molybdenum/sampleinterfaces. The choice of the individual buffer rod materials was based both on the requirementfor adequate contrast in acoustic impedance to ensure high amplitude reflections, and on thermalconsiderations. The sample mounted on the high-temperature end of the buffer rod issurrounded by a cylindrical ‘cup’ made of weak, pressure transmitting material (CaF2) locatedwithin the sealed iron jacket.
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 Figure 1: Compressional (a) and shear (b) wavespeeds for polycrystalline (Lucalox®)alumina determined by ultrasonic interferometry compared with the correspondingwavespeeds (solid lines) calculated from published single-crystal elasticity data (Goto et al.,1989).
 The P- and S-wave speeds in polycrystalline Lucalox® alumina have been measured to1300°C. Notwithstanding the excellent consistency between these results and expectationsbased on single-crystal data across the entire temperature range (Figure 1), the alumina specimenand the alumina component of the buffer rod were both found to be severely cracked onrecovery at ambient pressure and temperature. The damage is attributed to high deviatoricstresses caused by the contrast in thermal expansion between Mo and Al2O3. A possiblesolution now being explored involves elimination of the Mo section at the high-temperature endof the buffer rod. The presence of the Fe foil along with departures from ‘welded interface’boundary conditions has the potential to provide sufficient reflectivity at the buffer rod/sampleinterface.
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 High-temperature viscoelasticity in synthetic polycrystalline olivine: towards a mechanisticunderstanding of seismic wavespeeds and attenuation in the upper mantle
 I. Jackson, J.D. Fitz Gerald, U. Faul, H. Kokkonen, J. Carr and B. Tan
 Much of the variation of seismic wavespeeds and attenuation in the Earth’s upper mantleis plausibly attributed to high-temperature viscoelastic relaxation in rocks composed mainly ofthe mineral olivine. Quantitative interpretation requires rheological data obtained undercontrolled laboratory conditions on well-characterised materials. In order to build a mechanisticunderstanding of high-temperature viscoelastic relaxation in such ultramafic materials, we havecontinued a program involving fabrication and characterisation of a suite of syntheticpolycrystalline olivine aggregates and measurement of their mechanical properties at hightemperature through a combination of torsional forced oscillation and microcreep tests.Specimens of composition Fo90 ([Mg0.9Fe0.1]2SiO4) have been fabricated from pellets ofprecursor powders by hot-isostatic pressing in an internally heated gas-medium apparatustypically for 25 hr at temperatures of 1200–1300° C and pressures of 200–300 MPa. Particularemphasis this year has been placed on the use of Ni70Fe30 containers conducive to thethermodynamic stability of natural Ni-bearing olivines, and the use of synthetic (solgel) as wellas natural (San Carlos) precursors.
 The hot-pressed specimens are typically texturally well-equilibrated dense polycrystallineaggregates with average grainsizes in the range 2–60 µm. They are generally of low dislocationdensity and contain low concentrations of impurity. In the materials of natural origin, traceamounts of CaO and Al2O3 are detected in the grain boundaries. Small amounts of glass (<<0.1 vol %) representing melt formed at high temperature, are present mainly in grain-edgetubules. Local departures from ideal olivine stoichiometry are manifest as orthopyroxene andmagnesiowüstite widely distributed in the synthetic material. Measurement in the forcedoscillation tests of the amplitudes and relative phase of the applied alternating torque and theresulting angular distortion of the cylindrical specimen yield determinations of the shearmodulus G and associated dissipation Q-1, typically for oscillation periods of 1–100 s.Complementary information concerning the material response at longer periods and a measureof the recoverability of the non-elastic deformation are obtained from torsional microcreep teststo maximum strains of order 10-5.
 At relatively low temperatures T the response is essentially elastic and G(T) is closelyconsistent with expectations based on single-crystal elasticity data obtained at MHz frequencieswith ultrasonic techniques (Figure 2). With increasing temperature beyond a threshold near900°C, the behaviour becomes markedly viscoelastic with progressively lower and morefrequency-dependent modulus, and associated strain energy dissipation. The proportion of thenon-elastic strain that is recoverable (i.e. anelastic) decreases systematically with increasingtemperature. The broadly similar behaviour of materials of similar grainsize fabricated fromnatural and synthetic origin, and tested in Fe and Ni70Fe30 containers respectively, stands inmarked contrast to evidence for strong grainsize sensitivity among the specimens of naturalorigin fabricated and tested in Fe containers. It is tentatively concluded that trace elementimpurities and oxygen fugacity have much less influence upon the high-temperatureviscoelasticity than does the variation of grainsize – consistent with control by diffusionalprocesses. The (irrecoverable) viscous deformation is probably dominated by diffusion-accommodated grain-boundary sliding, whereas the recoverable anelastic behaviour is thought tooriginate in elastically accommodated movement (both normal migration and sliding) of grain-boundary segments with dimensions typically much smaller than the grainsize.
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 Figure 2: The variation of shear modulus and associated strain energy dissipation withtemperature for various fine-grained Fo90 olivine polycrystals. Each dataset is labelled withthe identity of the precursor (‘SC’ for San Carlos, or ‘solgel’), the container material(‘Ni/Fe’ for Ni70Fe30, or ‘Fe’), and the grainsize.
 High-temperature viscoelasticity of polycrystalline MgO
 S.L. Webb and I. Jackson
 The lower mantle of the Earth is thought to be composed mainly of (Mg,Fe)SiO3perovskite plus (Mg,Fe)O magnesiowüstite, with CaSiO3 perovskite next in abundance.Therefore, the study of the velocity and dissipation of seismic waves propagating through
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 magnesiowüstite (and perovskites) is critical to our understanding of seismological models interms of temperature and composition of the lower mantle. A comprehensive study of thecalcium and strontium titanate analogues for the silicate perovskites was reported last year. Thisyear MgO has been studied as the end-member of the magnesiowüstite series.
 A relatively fine-grained polycrystal was fabricated by hot isostatic pressing MgO powderat 1300°C and 300 MPa for 4 hours. The sample had a Gaussian distribution of grainsizesranging from 15–150 µm, with an average grainsize of 55 µm (Figure 3). The frequencydependence of the shear modulus and dissipation for a cylindrical specimen prepared from thehot-pressed boule were determined at 20–1300°C and 200 MPa confining pressure using thepreviously described torsional microcreep and seismic-frequency forced oscillation techniques.No change was observed in the modulus (±2 GPa) or dissipation (±10%) determined from theforced oscillation data at 1300°C over the 80 hour total exposure to temperatures above 1000°C.This is taken to indicate that there was no significant microstructural evolution during the courseof the measurements.
 The shear modulus G and dissipation 1/Q were determined as functions of frequency (10mHz–1 Hz) and temperature during staged cooling from 1300°C to room temperature (Figure4). Several distinct regimes of mechanical behaviour are readily identified. For 20 < T < 700°C(regime I), G is essentially frequency independent with a temperature derivative consistent withliterature values from ultrasonic (MHz frequency) measurements, and 1/Q is relatively low.
 1 00µm
 MgO
 Figure 3: SEM micrograph of polycrystalline MgO sample revealing the distribution ofgrainsize and significant residual porosity.
 Within regime II (700–900°C), the dissipation increases markedly with increasingtemperature accompanied by progressively greater modulus dispersion. The largest values of1/Q at least at short periods, and most strongly temperature dependent modulus are measured inregime III (900–1100°C). Within the upper half of this temperature range, a maximum in 1/Q isobserved at short periods and G becomes less temperature sensitive. Finally in regime IV, bothmodulus and dissipation again become markedly more strongly temperature dependent.
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 Figure 4: Frequency dependent shear modulus and associated strain energy dissipation forpolycrystalline MgO as functions of temperature and oscillation period (in s). The fourregimes of mechanical behaviour are indicated. The dashed line is fit to the frequencyindependent data in the temperature range 20–700°C.
 Torsional microcreep data (Figure 5) provide key additional insight into this relativelycomplicated behaviour. For temperatures <1100°C, the non-elastic deformation is fullyrecoverable (i.e. anelastic) following removal of the applied torque. At higher temperatures, thereis an irrecoverable viscous component that becomes progressively more important as thetemperature increases. The plateau observed at 1100–1200°C in the G(T) data, and thepeak/shoulder seen in the temperature dependence of 1/Q result from the transition betweenthese two distinct types of mechanical behaviour, which are here more clearly separated infrequency-temperature space than is the case for other materials recently studied in ourlaboratory.
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 Figure 5: Torsional microcreep data for polycrystalline MgO. For temperatures ≤1050°C,the records show complete recovery following removal of the applied torque, whereas athigher temperatures, a progressively larger fraction of the strain is irrecoverable andtherefore viscous in nature.
 High-temperature viscoelasticity of amorphous SiO2
 S.L. Webb
 The same torsional forced oscillation/microcreep methods have been employed this year inthe preliminary phase of a major study aimed at characterisation of the influence of volatiles onmagma rheology. The frequency dependent shear modulus and hence effective viscosity ofamorphous SiO2 (Suprasil® containing 1200 ppm water) have been measured over the frequencyrange 10 mHz to 1 Hz at temperatures to 1125°C under 200 MPa confining pressure.
 Two distinct regimes are identified for the shear-mode properties of the specimen. Atrelatively low temperatures (20–700°C), the behaviour is elastic with a room temperature shearmodulus of 29 GPa and a positive ∂G/∂T of 4 MPa K-1 in good agreement with previous studiesof the temperature dependence of the shear modulus of SiO2 glass at MHz frequencies. At thehighest temperatures of this study (800–1125°C), strongly viscous deformation is observed withfrequency-independent Newtonian viscosities of 1010–1014 Pa s.
 If the relaxation mechanism for silicate melts is viscous flow, the activation energy forflow can be determined from the position of the frequency dependent peak in the imaginary partof the shear modulus as a function of temperature. The activation energy calculated in thismanner is 385 kJ mol-1. This is slightly higher than the 309 kJ mol-1 calculated by Mills (1974)in his study of the frequency dependence of the viscoelastic properties of Suprasil®, but lessthan that determined in Hetherington et al.’s (1964) fibre elongation study of SiO2 viscosity(548 kJ mol-1 for a SiO2 melt containing 1400 ppm water, in the temperature range900–1400°C).
 The frequency dependent viscosity data collected at different temperatures can be plottedon a master curve as in Figure 6. The effect of temperature is removed by plotting the data as afunction of the ratio of forced oscillation period to structural relaxation time. The relaxation time
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 is taken from the data at 1050°C and calculated at higher and lower temperatures using theactivation energy for viscous flow.
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 Figure 6: Real component of the frequency dependent viscosity of SiO2 calculated at1050°C from the activation energy and for an assumed relaxation time of 1 s at 1050°C.
 FLUID-ROCK INTERACTION: LAB- AND FIELD-BASED STUDIES
 Dynamic permeability during the water-infiltration-driven reaction Calcite + Quartz ->Wollastonite + Carbon Dioxide
 S. Zhang, S.F. Cox and J.D. Fitz Gerald
 Competition between permeability reduction due to plastic deformation and permeabilityincrease due to decarbonation reaction was examined during hydrothermal hot-pressing ofcalcite – quartz aggregates. The starting materials are mixtures of 90 wt% calcite powder of 2–3µm grainsize and 10 wt% quartz of grainsize either < 5 µm (mixture A) or 30–50 µm (mixtureB). Mixtures were first cold-pressed in a copper jacket at an uniaxial stress of 100 MPa andthen hot-pressed at 400°C and a confining pressure of 25 MPa for three hours. Hydrothermalexperiments were conducted at confining pressures of 225 and 300 MPa, a water pore pressureof 200 MPa, and temperatures of 600°–850°C.
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 Figure 7: Formation of wallastonite aggregates at temperatures of (a) 600°C and (b)700°C, confining pressure of 225 MPa, and pore water pressure of 200 MPa.
 Under the experimental conditions, the release of carbon dioxide into the aqueous fluidphase is continuous. For mixture A, permeability remained at its initial value of about10-16.5m2 during 30 hours at 25 MPa effective pressure and 600°C. Radiating wollastoniteaggregates fill irregular-shaped pore spaces (Figure 7a). During 8 hours subsequent exposure to700°C, permeability decreased to about 10-19 m2. Almost all quartz particles were consumed andwollastonite aggregates with tabular grain shapes are present along most calcite/calcite interfaces
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 (Figure 7b). At an effective pressure of 100 MPa, permeability decreased from 10-17 to about10-19.5 m2 over 30 hours at 600°C. Formation of wollastonite is limited. Further treatment athigher temperatures produces dense wollastonite aggregates on calcite surfaces and results inrapid decrease of permeability to < 10-21 m2. For mixture B at 25 MPa effective pressure and600°C, permeability decreased by less than half an order of magnitude over 30 hours. Remnantquartz particles are surrounded by wollastonite fibres. Further treatment of the specimen at700°C decreased permeability by one order of magnitude with the removal of all quartz particlesand formation of porous wollastonite aggregates.
 Our experiments demonstrate the importance of effective pressure in influencing reactionprogress and permeability evolution during metamorphic reactions. The present experimentsclearly suggest that many water-infiltration decarbonation reactions in siliceous carbonates mustoccur under near-lithostatic fluid pressure conditions where reaction kinetics can be very fastand the release of carbon dioxide.
 Frictional sliding of granitic gouge material to large strain under hydrothermal conditions
 S. Zhang, J.D. Fitz Gerald and S.F. Cox
 Previous frictional sliding experiments on quartz and granitic gouge materials underhydrothermal conditions have revealed the role of dissolution-precipitation processes in reducingthe apparent coefficient of friction by localising shear deformation along slider/gouge interfaces.Therefore it remains unclear how dissolution-precipitation processes affect the bulk frictionalbehaviour of gouge material. We have designed a double vertical shear assembly capable ofshearing gouge material up to shear strains of 8 under hydrothermal conditions. Uniform sheardeformation in this assembly occurs within the central third-to-half-width of the gouge layer.
 We used crushed Westerly granite powder of grain size < 90 µm as starting material.Two layers of gouge each 0.5 mm thick are assembled between three alumina sliders. Axialcompression of the assembly pushes the central alumina slab downward relative to the other twoouter alumina sliders, thereby generating shear deformation within both gouge layers. The gougematerial was first hydrothermally hot-isostatically-pressed at a temperature of 600°C, a confiningpressure of 300 MPa and a water pore pressure of 200 MPa for about 8 hours. Sheardeformation was at the same pressure and temperature conditions and at sliding velocities of0.025–0.25 µm/sec. The friction coefficient reached a peak of 0.85 at a shear strain about 1 andthen gradually decreased to about 0.7 with further sliding up to a shear strain of 8. Duringdeformation, we measured permeability parallel to the gouge layer. The permeability initiallydecreased by about half an order of magnitude and then remained constant. Slide-hold-slidetests were conducted at large strains with hold period ranging from 32 sec to 105 sec. Althoughthere was significant permeability decrease during hold periods, there is no appreciable frictionalstrengthening with time for hold periods up to 104 sec. However, frictional strengthening withtime does occur with hold periods above 104 sec. Severe grain crushing and the development ofboth Y and R shears as well as P foliation indicate deformation predominantly by cataclasticflow. Our results suggest that frictional strength of granitic gouge under high-temperaturehydrothermal conditions is dominated by cataclastic flow.
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 Fluid-driven faulting processes in an intrusive-related hydrothermal system, Porgera,Papua New Guinea
 S.F. Cox and S.M. Munroe2
 Fault zones which host hydrothermal mineralisation were typically active structures whichlocalised high fluid flux during ore genesis. Extensive three dimensional exposures provided bymining operations commonly make such structures spectacular natural laboratories in which toinvestigate deformation processes in faults, especially the role of fluid in controlling theseprocesses.
 The Roamane Fault Zone (RFZ) formed within an active hydrothermal system duringcooling of the 6 Ma Porgera Intrusive Complex in the western highlands of PNG. Faultingoccurred at temperatures around 200°C, and at a depth of approximately 3 km. The fault and itsassociated fracture systems localised the deposition of more than 350 t of Au. The extent ofhydrothermal alteration associated with the RFZ indicates that the formation of this structuredisrupted the pre-existing, intrusive-related hydrothermal flow regime and strongly localisedfluid flow above, and at the southern margins of the intrusive complex.
 The steeply SSE-dipping RFZ began with dextral strike-slip movement, but underwent aperiod of normal slip prior to reverting to a dextral strike-slip regime in the waning stages of thehydrothermal system. The fault is continuous along strike for at least one kilometre; the net sliphas not been determined.
 The principal displacement zone (pdz) of the RFZ comprises a core, up to 2 m wide,containing multiple generations of massive to banded cataclasite, wear breccia, and minor foliatedcataclasite, injection cataclasite and veins. Localised polished slip surfaces are also present. Adamage zone containing up to 15 m of coarse implosion breccia is present in the fault footwall.The intensity of brecciation decreases progressively away from the pdz. Repeated episodes ofbrecciation and multiple generations of cataclasite indicate episodic, probably seismic slip in theRFZ. Foliated cataclasites are interpreted to have formed during aseismic creep.
 Early growth of the RFZ was associated with formation of steeply-dipping, WNWtrending breccia-veins which splay predominantly from the pdz into the fault footwall. Thesestructures are dilational normal faults, with lengths up to 200 m and net slips up to 30 cm. Theyare interpreted as wing cracks formed in association with dextral slip on the RFZ. Internalstructures in breccia-veins indicate formation by wall-rock implosion into dilating fractures,driven either by concurrent slip on the pdz, or by rapid, aftershock-related fracture propagationfrom the tip of slip patches on the pdz.
 Localised suprahydrostatic fluid pressures are interpreted to be a major factor initiatinggrowth of the RFZ within an active hydrothermal system (Figure 8). Competition betweenepisodic, slip-induced porosity-creation and interseismic hydrothermal pore sealing promotedfluctuations in fault zone permeability throughout the slip history. Associated repeatedfluctuations in fluid pressure and shear stress must have influenced fault shear strength andrupture nucleation. Co-seismic dilatancy on the pdz, and possibly within the large footwall wingcracks, was potentially important in controlling rupture arrest.
 2 SRK Consulting
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 Figure 8: Failure mode plot as a function of pore fluid factor (ratio of pore fluid pressureto vertical stress) and stress difference, calculated for failure on the Roamane Fault Zone ata depth of 3 km. Failure criteria are plotted for faults with cohesive strengths rangingbetween 0 and 40 MPa. For likely stress differences in the range 40–50 MPa, fluidpressures in excess of hydrostatic are required to initiate shear failure on the RFZ.Extensional shear failure of the footwall wing cracks requires pore factors as high as 0.8 atstress differences of 40–50 MPa, or substantially higher stress differences at lower porefluid factors. The latter option is consistent with the wing cracks nucleating (co-seismically, or as aftershock structures) from stress concentrations at the propagating tip ofthe principal displacement zone.
 METEORITIC IMPACT RECORDS AND CRUSTAL EVOLUTION
 Evidence is accumulating that terrestrial crustal evolution has been severely perturbed bypost-3.8 Ga impact by large asteroids and comets, as predicted from the cratering flux in thesolar system and increasingly borne out by the geological record. The research programsummarized below includes (1) a search for distal impact fallout deposits in Archaean terrains,identified by spherulitic condensates from impact-released silicate vapor, and other mineralogicaland geochemical relics these impacts in early Archaean sediments; (2) elucidation of possibleimpact origin of the Permian–Triassic boundary extinctions, and (3) study of Australian impactstructures, notably the newly proven 120 km–diameter Woodleigh multi-ring impact structure ofprobable Late Devonian age, and the Late Eocene to pre-Miocene Carolyn strewn crater field,possibly reflecting cometary fragmentation or an asteroid breakup event.
 Archaean extraterrestrial impact signatures
 A.Y. Glikson
 Three 3.26–3.24 Ga-old units of spherulitic condensates identified at the base of the FigTree Group, Barberton Mountain Land, eastern Transvaal, are characterized by marked PGE(platinum group elements) anomalies, quench-textured and octahedral resorbed Ni-richchromites, iridium nano-nuggets, and negative 53Cr/52Cr ratios diagnostic of C1 chondrites.These units constitute the best-defined mega-impact cluster known in the Archaean record.Scanning electron microscopy coupled with energy dispersive spectrometry of Ni-chromites-bearing spherules (with G.R. Byerly and D.R. Lowe) indicate internal Ni zonation of the
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 chromites; a follow-up study of the PGE is planned. Mass balance calculations of Ir and Cr,based on an assumed global distribution of fallout, can be used to estimate projectilecomposition and dimensions. For spherule unit S4 the model suggests projectile diameter >30km, consistent with estimates based on vapor-liquid equilibria by Melosh and by O’Keefe andAhrens. Crater size scaling suggests a >600 km-diameter structures, likely to have formed in asimatic crustal environment in view of the lack of shocked quartz fragments, thus constituting anArchaean terrestrial mare equivalent.
 3.26–3.24 Ga events are also well recorded in the Pilbara Craton of Western Australia,including the Strelley Group which consists of komatiite, andesite, dacite and chert interbeds.This sequence is overlain by a yet-undated granitoid clast-bearing siltstone-banded ironstonesequence of the Gorge Creek Group. This break and the contemporaneous break between theOnverwacht Group (komatiite-tholeiite-felsic volcanic assemblage) and Fig Tree Group(turbidite-felsic volcanic assemblage) in the Barberton Mountain Land, represent fundamentalchanges from simatic to sialic volcanic-sedimentary facies. The onset of rifting and exposure ofgranitoids following the impacts suggest strong vertical tectonic movements, possibly related toArchaean mega-impacts. Modeling of the effects of very large impacts on thin thermally activeoceanic crust overlying shallow asthenosphere predicts development of propagating lithosphericfaults and regional to global magmatic and tectonic effects. The post–3.8Ga impact fluxindicated by lunar cratering data and the modern asteroid and comet flux underpin thesignificance of these events for crustal evolution.
 Woodleigh impact structure of probable Late Devonian age
 A.Y. Glikson, A.J. Mory3, R.P. Iasky3, F. Pirajno3, and T.P. Mernagh4
 The impact origin of Woodleigh has been proved by drilling into both the ~25 km-diameter central granitoid uplift and the breccia-bearing >600 m-deep rim syncline. Petrological,SEM, EDS, and Laser Raman studies of samples from the shocked granitoid core demonstrateplanar deformation features in quartz and feldspar, microbrecciation, pseudotachylite veining,and pervasive vitrification of feldspars. Pseudotachylite veins contain highly refractory micron-scale comminuted breccia and glass enriched in the refractory elements (Mg, Al, Ca) anddepleted in relatively volatile elements (K, Si) (Figure 9). Experimental laser fusion/volatilizationstudies and systematic relations between chemical fractionation and boiling points suggest a rolefor shock-induced volatilization. High Mg levels (<4.0% MgO) and Fe levels (<2.0% FeO) indiaplectic amorphous inclusions within MgO-free feldspars constitute a distinct anomaly.
 ICPMS analyses of shocked pseudotachylite-injected granitoid samples indicate that,while the lithophile and chalcophile trace metals (Pb, Sn, Wo, Mo, Bi, Ag, Sb, Zn, Cu, Au) varyby factors in the range of ×0.1 to ×10.0 relative to average granite (AG), the siderophile tracemetals are strongly enriched, including V (<390 ppm; ×6–20AG), Cr (<125 ppm), Co (<48ppm), and Ni (< 66 ppm). Ni/Cr ratios fall in the range 0.12–0.53, more similar to typical mantlepyrolite (Ni/Cr ~ 0.75) than chondritic values (Ni/Cr ~ 4.0). The evidence tentatively suggestsintroduction of a chondrite-contaminated component through volatile condensation and melttransport, represented by the pseudotachylites. Selective volatilization of the projectile andmixing with granitoid components may not allow direct identification of original meteoriticchemical parameters.
 Stratigraphic age limits on the age of impact are defined by overlying lower JurassicWoodleigh Formation circular basin sediments and by deformed middle Devonian sediments.Core samples from the central granitoid uplift yielded either Precambrian basement ages orsignify post-impact alteration, as follows: (1) biotite yielded a Rb–Sr model age of 835 Madetermined by R.A. Armstrong, and K-Ar ages of 800–700 Ma determined by S.P. Kelley; (2)zircons yielded a range of Precambrian U–Pb ages determined by J. Smith; (3) K-feldspars 3 Geological Survey of Western Australia4 Australian Geological Survey Organization
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 yielded ages mostly in the range of 180–130 Ma, younger than the overlying early Jurassicsediments, representing alteration; No K–Ar ages could be measured on the pseudotachyliteveins, due to loss of K, among other volatiles determined by S.P. Kelly. Diamictites from thebase of the inner ring syncline include clasts of shocked granitoid and siltstone fragmentscontaining Sakmarian (Early Permian) palynomorphs. The ductile deformation of clasts andtheir injection by flow-textured matrix suggests thermal alteration. K–Ar isotopic analyses ofillite and smectite from the diamictite yielded ages of (1) 364±8 Ma (551.9 m; 0.3–2.0 micronillite fraction); 352±8 Ma (585.2 m; <0.3 micron smectite fraction; (3) 342 Ma (586.9 m; <0.3micron smectite fraction analysed by T. Uyssal. The apparent conflict between a Late Devonianimpact age and the Early Permian diamictite clasts may be understood in terms of repeatedvertical isostatic movements of the central granitoid core, with consequent erosion and re-deposition of the granitoid and overlying crater lake sediments, resulting in sedimentary mixingof different age components. The results corroborate the significance of the Late Devonianglobal impact cluster, which also includes Charlevoix (Quebec), Siljan (Sweden), Ternovka andIlynets (Ukraine), Kaluga (Russia), and Elbow (Saskatchewan).
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 Figure 9: Plots of pseudotachylite veins (PTV) and diaplectic glass compositions (DG)versus mean scanned whole rock (WR) composition of shocked granitoid sample W149142from a drill core of GSWA Woodleigh 1A well. MgO and Al2O3 show strong enrichmentin PT and DG relative to WR, CaO is mostly enriched in PT and depleted in DG, SiO2 isconsistently somewhat depleted in PT and DG, K2O is consistently depleted in PT andvariable in DG, and Na2O is variable in PT and consistently depleted in DG. The strongenrichment of the refractory MgO within feldspars and the general depletion in the volatilealkalies in peseudotachylite and in melt spots/streaks suggest a role for vapor fractionationand transfer.
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 The Carolyn crater field: SL9-type cometary fragmentation or asteroid breakdown?
 A.Y. Glikson and J.D. Gorter5
 The discovery of Fohn – a late Eocene to pre-Langhian (37.5_24 Ma) impact structure,northern Bonaparte Basin, Timor Sea, allows tests of the origin of an ENE-striking 120×25 kmswathe of 43 analogous and smaller circular features excavated in the pre-Langhian erosionalsurface. Fohn forms a 4.8 km-diameter ring structure including a faulted central uplift, a circularrim syncline and a poorly defined raised outer rim. The rim syncline contains lower Mioceneinfill overlying a 350 meter-thick lens of melt breccia, showing high gamma counts and near-chondritic PGE anomalies and metal element ratios. The presence in the breccia of redepositedCampanian and Maastrichtian microfossils suggests rebound of strata from levels deeper than1250 m below the pre-Langhian unconformity and places upper limits on post-impact erosion.Larger craters of the strewn field are structurally similar to Fohn. Smaller circular features(diameter < 2 km) include crater-form and bulge-form structures, and are interpreted as bothoriginal and eroded remnants of larger craters. Morphometric analysis of crater diameter-depthand diameter-central uplift relations indicate poor seismic definition of the crater floors andstrong faulting of central structural uplifts. It is suggested the north Bonaparte Basin strewncrater field represents either a high impact flux of 3.8 × 10-10 impactors km-2.yr-1 (for craters~2.0 km-large) during the period 37.5–24 Ma or, alternatively, a cometary fragmentation eventor a low-angle asteroid breakdown event, possibly contemporaneous with the late Eocene globalbombardment episode. The minimum pre-disintegration diameter of the projectile is estimatedfrom Ir abundance as 800 meters. Platinum group elements and trace metal ratios in brecciasamples suggest a chondritic composition of the parent body. An analogy with theShoemaker–Levy–9 comet is suggested by the extensive fragmentation, the linear-to-back-scattered shape of the array of craters, and the chondritic composition.
 5 British-Borneo Australia Limited
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