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            Earth Physics Research Highlights Introduction Research into the structure and dynamics of the Earth uses a range of physical and mathematical techniques and is grouped into the three themes of Seismology and Mathematical Geophysics, Geophysical Fluid Dynamics, and Geodynamics. The work spans observational, theoretical, laboratory, computational and data oriented studies that are all directed towards understanding the structure and physical processes in the solid and fluid Earth, and their environmental consequences. The Area Coordinator for Earth Physics changed in September, from Prof B.L.N. Kennett (who took up the position of Director of the Research School) to Prof R.W. Griffiths (who was previously Interim Director of the School). New continuing appointments were made in observational seismology (Dr H. Tkalcic) under an initiative in earth sounding, and in ocean modelling (Dr A. Hogg) as a part of a broader ANU initiative in marine science. A further new continuing appointment (Dr M. Roderick) was made jointly with the Research School of Biological Sciences and the Faculty of Science in studies of the hydrological cycle and to coordinate the undergraduate ‘global and ocean sciences' program, again as a part of the marine science initiative. Work in geophysical fluid dynamics this year includes the continued development of a new theoretical model for the thermohaline overturning circulation of the oceans, based on insight from laboratory experiments with ‘horizontal convection', turbulent entrainment into descending bottom currents and the ways in which the ocean overturning might respond to global warming and the consequent changes in the conditions at the ocean surface. Conditions required for the shutdown of deep sinking (the scenario of the popular movie “The Day After Tomorrow”) have been examined. Other laboratory-based investigations include studies of lava flow dynamics, which include cooling and solidification of yield-strength fluid flows, and three- dimensional simulations of subduction zones to understand the flow around subducting plates, the motions of trenches and the interactions of subduction with upwelling mantle plumes. Computational ocean modelling activity focused on inter-annual and decadal scale variability of the Southern Hemisphere circulation arising from eddy-mean flow energy exchanges in the Antarctic Circumpolar Current, and on thermal and mechanical coupling of the atmosphere and Southern Ocean. Studies of the interaction of mantle dynamics with mantle chemistry, with the aid of new three-dimensional numerical models, suggest that early plate tectonics is a more viable concept than previously thought, which would change the expected cooling history of the mantle. Further, the age of mantle trace components depends little on the viscosity structure but mainly on the rate of processing through zones of melting. During the year the Seismology and Mathematical Geophysics group was formed as an administrative banner covering activities in seismology and the centre for Advanced Data inference. In May seismic data was collected from the EVA array, a set of 50 short period vertical component seismometers deployed over much of eastern Victoria, and the instrument were removed. The data is generally of high quality, with a large number of tele-seismic earthquakes detected. In early October 2006, an array of 40 3-component short period seismometers was deployed in southeast Tasmania as part of the SETA experiment. The array will be in place for a period of 
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Earth Physics Research Highlights Introduction
 Research into the structure and dynamics of the Earth uses a range of physical and mathematical techniques and is grouped into the three themes of Seismology and Mathematical Geophysics, Geophysical Fluid Dynamics, and Geodynamics. The work spans observational, theoretical, laboratory, computational and data oriented studies that are all directed towards understanding the structure and physical processes in the solid and fluid Earth, and their environmental consequences.
 The Area Coordinator for Earth Physics changed in September, from Prof B.L.N. Kennett (who took up the position of Director of the Research School) to Prof R.W. Griffiths (who was previously Interim Director of the School). New continuing appointments were made in observational seismology (Dr H. Tkalcic) under an initiative in earth sounding, and in ocean modelling (Dr A. Hogg) as a part of a broader ANU initiative in marine science. A further new continuing appointment (Dr M. Roderick) was made jointly with the Research School of Biological Sciences and the Faculty of Science in studies of the hydrological cycle and to coordinate the undergraduate ‘global and ocean sciences' program, again as a part of the marine science initiative.
 Work in geophysical fluid dynamics this year includes the continued development of a new theoretical model for the thermohaline overturning circulation of the oceans, based on insight from laboratory experiments with ‘horizontal convection', turbulent entrainment into descending bottom currents and the ways in which the ocean overturning might respond to global warming and the consequent changes in the conditions at the ocean surface. Conditions required for the shutdown of deep sinking (the scenario of the popular movie “The Day After Tomorrow”) have been examined. Other laboratory-based investigations include studies of lava flow dynamics, which include cooling and solidification of yield-strength fluid flows, and three-dimensional simulations of subduction zones to understand the flow around subducting plates, the motions of trenches and the interactions of subduction with upwelling mantle plumes. Computational ocean modelling activity focused on inter-annual and decadal scale variability of the Southern Hemisphere circulation arising from eddy-mean flow energy exchanges in the Antarctic Circumpolar Current, and on thermal and mechanical coupling of the atmosphere and Southern Ocean.
 Studies of the interaction of mantle dynamics with mantle chemistry, with the aid of new three-dimensional numerical models, suggest that early plate tectonics is a more viable concept than previously thought, which would change the expected cooling history of the mantle. Further, the age of mantle trace components depends little on the viscosity structure but mainly on the rate of processing through zones of melting.
 During the year the Seismology and Mathematical Geophysics group was formed as an administrative banner covering activities in seismology and the centre for Advanced Data inference. In May seismic data was collected from the EVA array, a set of 50 short period vertical component seismometers deployed over much of eastern Victoria, and the instrument were removed. The data is generally of high quality, with a large number of tele-seismic earthquakes detected.
 In early October 2006, an array of 40 3-component short period seismometers was deployed in southeast Tasmania as part of the SETA experiment. The array will be in place for a period of
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approximately 8 months to record large distant earthquakes. This project is in collaboration with colleagues at the University of Tasmania, who will carry out additional active source experiments that can be recorded by the SETA array. Tomographic analysis has been carried out using arrival time information from 90 distant earthquakes, and the resultant images exhibit significant lateral variations at 50-100 km depth between northern and southern Victoria.
 Continuing analysis of data from the SSCUA experiment (2002-2004) in the unexplored region of Central East Antarctica, has revealed strain in the deep lithosphere that is likely to be related to relict structure in the most ancient blocks of the continent. New deployments associated with the International Polar Year (2007/08) are likely to provide additional seismic data to further investigate the remote interior of East Antarctica.
 In the Centre for Advanced Data Inference projects have been conducted in seismic coda wave interferometry, airborne geophysics, ground motion estimation for seismic hazard assessment, statistical inference techniques, structural seismology, earthquake seismology and geodesy. This year saw continued development of the CADI inversion toolkit whereby CADI visitors and project participants have a simple interface to both software and hardware facilities including the Terrawulf parallel cluster.
 The glacial rebound work in 2006 has focused on the Fennoscandian and Laurentide Ice Sheets from 40 Ka up to the present with the goal of establishing constraints on the ice thickness and ice margins for some of the major phases of the last glacial cycle. A major compilation of field evidence for the ice margin locations and shoreline elevations and sea levels across the region has been completed and the inversion of these has led to new ice models from 140,000 years to 60,000 years ago, including the time of the renewed initiation of the ice sheets after the last interglacial. Geodetic research during 2006 has continued to investigate ways of improving the accuracy of space-geodetic analysis, in particular modelling the temporal variation of the atmospheric propagation effects. New developments have been made in identifying and using persistent scatterers in Interferometric Synthetic Aperture Radar for ground deformation studies of the Australian continent. A successful re-observation of GPS sites was made in Papua New Guinea on a transect of sites along the western border, in the Schouten Islands, central Highlands and the Papuan Peninsula region.
 Geodynamics Research Highlights
 Relative Sea-level Changes due to Recent Mountain Deglaciation Gisela Estermann Enhanced infrasound techniques for verification of the Comprehensive Nuclear-Test-Ban Treaty (CTBT)
 Douglas R. Christie
 Global Sea Level During the Last Interglacial Andrea Dutton The deformation of Australia observed with InSAR John Dawson Crustal Deformation observed by Space Geodesy Dan Zwartz Advances in the analysis of space geodetic data Paul Tregoning Water vapour feedback and global warming Peter Smythe
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Geophysical Fluid Dynamics Research highlights
 Seismology & Mathematical Geophysics Research Highlights
 Strengthening International Science and Science Commons - IAGA and e GY
 Charles Barton
 Thermo-chemical Evolution of the Australian Continent Justin Freeman Quantitative infra-red absorption spectroscopy Malcolm Sambridge Constraining source location and mechanism using coda wave interferometry
 David Robinson
 High resolution seismic imaging of southeast Australia using multiple array deployments Nick Rawlinson
 Simultaneous inversion of active and passive source datasets for 3-D seismic structure Nick Rawlinson
 Calibration and Inversion of Airborne Geophysical Data Ross Brodie Geomagnetism Ted Lilley Volcano-tectonic earthquakes and magma reservoirs; their roles in volcanic eruptions at Rabaul Caldera
 I. Itikarai
 Historical earthquakes: a case study for Adelaide 1954 earthquake Cvetan Sinadinovski P Wave Tomography of Western Australia Agus Abdulah Attenuation Tomography of Australia Agus Abdulah Earthquake location and upper mantle structure from P wave polarization in French Polynesia and Australia
 Fabrice R. Fontaine
 Tracking later arrivals in heterogenous velocity models Juerg Hauser Lithospheric structure, past and present tectonics in Central East Antarctica
 Anya M. Reading
 Group Velocity Tomography of Australian Continent from Ambient Seismic Noise
 Erdinc Saygin
 Terrawulf projects in 2006 Malcolm Sambridge Guided Seismic Waves from the Indonesian Subduction Zone to the Australian Craton
 Brian Kennett
 Dynamics and Chemical Evolution of the Earth's Early Mantle Geoffrey F. Davies Tectonic Evolution of the Earth Geoffrey F. Davies Thermal Evolution of the Core Geoffrey F. Davies Modelling the ocean thermohaline circulation in the laboratory Ross W. Griffiths How does the Southern Ocean respond to changes in wind forcing? Andrew McC. Hogg The Propagation and Morphology of Lava Flows Ross C. Kerr Interaction of coherent eddies with headland wake flows Melanie J. O'Byrne Mixing in ocean straits and overflows Tjipto J. Prastowo Subduction kinematics and dynamics in 3D space: Insight from laboratory and numerical modelling W. P. Schellart
 Three-Dimensional Flow and Temperatures in Subduction Zones Christopher Kincaid
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Relative Sea-level Changes due to Recent Mountain Deglaciation
 Gisela Estermann 1 , Kurt Lambeck 1
 1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia
 Sea-level changes are caused by several different processes, including ocean-water warming and freshening, changes in surface and groundwater storage and the loss of glacier ice mass. Observations show a sea-level rise of 1-2mm/year on a global average (Church et al. , 2001). According to the IPCC report 2001 melting of mountain glaciers contributes 0.2-0.4mm/year to sea-level rise. Direct observational constraints are unavailable and the different estimates are based on different model assumptions and parameters. Numerical calculations are based on indirect measures of ice-volume changes including the area of glaciated regions, temperature time series and parameters for mass balance sensitivities (Zuo et al. , 1997). Our modelled ice loss for 100 glaciated regions calculated for the period 1865-1990 is in agreement with the IPCC results, although closer to the lower limit. Results indicate that melt-water from Patagonia, the Himalayas, Alaska and Canada, and the Arctic Sea constitute more than 90% of the global total. A comparison with a compilation of ice-volume changes based on observational data (Dyurgerov et al. , 2005) shows similar results for the second half of the 20 th century. Dyurgerov et al. (2005) estimates a volume loss equivalent to an eustatic sea-level rise of 0.41mm/year for the period 1961-1990. This estimate is valid for mountain glaciers only and does not include independent glaciers at the edge of the Antarctica or Greenland ice sheet. The comparison in Figure 1 shows the regional differences of our numerical model to the observational model but also demonstrates the match in total ice-volume change of the numerical model. Hence, with the numerical model, it is possible to reconstruct the glacier loss for the last few decades and make predictions of the contribution to sea-level rise in the future.
 Changes in relative sea-level due to mountain deglaciation do not occur equally around the globe. The mass redistribution from the ice load to the ocean produces spatially varying changes in relative sea-level as shown in Figure 1c.). The regional pattern, and also the geodetic signal, are determined by the location of the largest changes in glacier volume ( Patagonia , the Himalayas , Alaska and Canada , and the Arctic Sea ) and, to a lesser degree, by the ocean-land geometry.
 It is necessary to improve the reliability of models of glacier volume changes in order to be able to predict the rebound and the change in gravitational attraction due to mass redistribution. A dense and highly accurate network for monitoring relative sea-level changes and vertical deformation of the Earth's surface may provide the possibility of extracting the contribution to the geodetic signal caused by nearby mountain deglaciation. However, its interpretation is complicated by tectonic deformation in many areas.
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Figure 1.
 References: Church J. A., Gregory J. M., Huybrechts P., Kuhn M., Lambeck K., Nhuan M. T., Qin D. and Woodworth P. L. (2001) Changes in Sea Level. In: Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change. Houghton J. T., Ding Y., Griggs D. J., Noguer M., Linden P. J. v. d., Dai X. and Johnson C. A. (eds.). Cambridge University Press, Cambridge , United Kingdom and New York , NY , USA .
 D yurgerov M. B. and Meier M.F. (2005) Glaciers and the Changing Earth System: A 2004 Snapshot. Occasional Paper No. 55, INSTAAR, University of Colorado .
 Zuo Z. and Oerlemans J. (1997). Contribution of Glacier Melt to Sea-Level Rise since AD 1865: A Regionally Differentiated Calculation. Climate Dynamics 13: 835-845.
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Enhanced infrasound techniques for verification of the Comprehensive Nuclear-Test-Ban Treaty (CTBT)
 Douglas R. Christie
 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Recent interest in infrasound research has been motivated by the establishment of a high-sensitivity global infrasound network. This network is used to monitor atmospheric nuclear explosions and thus ensure compliance with the Comprehensive Nuclear-Test-Ban Treaty (CTBT). The CTBT is the most significant non-proliferation initiative in the last ten years. This initiative deserves strong support. Infrasound research at RSES has been focused primarily on the delineation of key monitoring issues and the resolution of these issues through the development of techniques and procedures that can be used to ensure acceptable monitoring capability for CTBT verification. Three potentially serious problems have been identified. The first is associated with the decay of higher frequency signal components. The second results from the reduction in spatial correlation of infrasonic signals when the distance to the source is large. The third problem results from background noise generated by turbulent eddies in the atmospheric boundary layer. This is by far the most important technical problem in the field of infrasound. All of these problems have now been resolved.
 An examination of data recorded at infrasound monitoring stations has shown that the amplitude of higher frequency signal components from distant atmospheric explosions may be severely attenuated. This is a particularly serious problem when wave propagation is restricted to a thermospheric waveguide. In this case, signals from distant explosions may not be detectable in a conventional analysis at frequencies above 0.4 Hz. This problem can usually be resolved by including a low-frequency passband below 0.1 Hz in the data analysis procedure.
 A survey of the detection capability at Australian infrasound monitoring stations has revealed a potentially serious problem with the detection of atmospheric explosions at distances beyond about 500 km due to signal decorrelation at higher frequencies. Since the average separation between nearest-neighboring infrasound stations in the global network is about 2000 km, the loss in signal correlation at higher frequencies can limit the performance of the global monitoring system. In the past, it has been assumed that the optimum detection passband for infrasonic signals from distant explosions is centered around 1.5 Hz. We find, however, from signal correlation studies that the optimum passband lies at a significantly lower frequency centered around 0.7 Hz. The results of this investigation also show that a number of large aperture, 4-element infrasound stations in the global monitoring network will have, at best, only marginal detection capability for distant explosions. These stations need to be upgraded to 8-element array stations by the addition of a small aperture sub-array.
 The performance of many infrasound monitoring stations is limited by high levels of wind-generated noise. This is a long-standing unresolved problem. Wind noise reduction is usually achieved by using a series of pipes to sample and spatially average the micropressure field over a limited area surrounding an array element. Further refinements to pipe array designs are unlikely to lead to a reduction in wind-noise by more than a factor of two. However, in order to meet CTBT monitoring requirements, wind noise at stations located in high wind environments needs to be further reduced by at least two orders of magnitude. A new approach to this problem is clearly required. We have therefore developed a remarkably effective wind-noise-
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reducing system, which we will refer to as a turbulence reducing enclosure. This device is designed to a) lift the turbulent boundary layer above the sensor inlets, b) transform turbulent eddies into smaller scale eddies that produce micropressure fluctuations that lie outside the monitoring passband, c) extract energy from turbulent eddies at all frequencies, and d) direct any residual turbulence into the undisturbed flow aloft that is sweeping over the enclosure. We have evaluated several versions of these wind-noise-reducing devices. The devices are constructed from porous screens arranged in concentric walls with overlapping deep serrations inclined away from the center of the enclosure. These devices (see Figure 1) are essentially eddy shredding machines. The use of these devices provides a dramatic improvement in background noise reduction at 1 Hz. For example, version 2 of the device with 2.4 m high walls provides a reduction of more than two orders of magnitude in winds of 4.5 m/s. An improved version of this device is under evaluation and preliminary results indicate that the device reduces background wind noise by nearly four orders of magnitude in a typical high wind environment. In conclusion, we note that the turbulence-reducing enclosure described here essentially solves the infrasound wind-noise problem in the primary monitoring passband. The significance of this result is that the installation of these devices in the global infrasound monitoring network will ensure the reliable performance of the monitoring network and will also reduce the global monitoring threshold yield from the current value of 1 kT to less than 0.5 kT.
 Figure 1. Schematic diagram illustrating two versions of a turbulence-reducing enclosure.
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Global Sea Level During the Last Interglacial
 Andrea Dutton 1 , Kurt Lambeck 1
 1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia
 The last interglacial (LIG) has received much attention by paleoclimatologists because of its immediate similarity in temperatures and sea level position to the present interglacial. Although there are some important climatic differences between these two time periods, improving our understanding of relation between variables in the climate system such as temperature, sea level, CO 2 levels, and orbital parameters during the LIG can improve our understanding of both the dynamics of the natural climate system and the expected response of the climate system to current anthropogenic forcing.
 Previous studies have focused on elucidating the duration of the last interglacial highstand as well as the average temperature and sea level position during the LIG. These studies have reached a general consensus that the LIG was slightly warmer, had slightly higher sea levels than present, and lasted for roughly 11,000 yrs. There has been considerably more debate with respect to the temporal variability in sea level during the last interglacial highstand, due in part to the inherent difficulties in reconstructing small, meter-scale fluctuations in sea level on relatively short timescales. To address this outstanding question, we have combined glacio-hydro-isostatic models and observational data from multiple sites to evaluate the relative position of sea level between the beginning and the end of the last interglacial period.
 We have drawn upon existing relative sea level data consisting of precisely dated corals from two tectonically stable regions, Western Australia and the Bahamas. These are the most complete data sets available for relative sea level position during the LIG because they have a population of U-Th ages that span the duration of the highstand. Relative sea level curves generated from these observational data suggest a reasonably constant sea level position during the LIG (Fig. 1). However, model simulations demonstrate that both sites are subject to isostatic adjustments from water loading as the ice sheets melt. This effect can be seen in Figure 1 where the relative sea level (RSL) curves show decreasing sea levels during the LIG where eustatic sea level is assumed to rise by 3 meters during this 11,000-year time span. All the sites have observational data that suggests sea level higher than that predicted by the model during the latter part of the LIG. When these data sets are considered in the context of these glacio-hydro-isostatic changes, we extract a eustatic sea level signal from the observational data that indicates a 5-meter rise in sea level between the beginning and the end of the LIG. Although most of this sea-level rise could have been accommodated by melting from the Greenland ice sheet, it is likely that the Western Antarctic ice sheet also contributed some component of this sea level rise.
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The deformation of Australia observed with InSAR
 John Dawson 1 , Paul Tregoning 1
 1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia
 We assessed the accuracy of earthquake source parameters inverted from simulated Interferometric Synthetic Aperture Radar (InSAR) data. Using focal mechanisms of Australian earthquakes (1959 to the present), we simulated synthetic two-pass InSAR observations with realistic spatial noise derived from the characteristics of actual ERS-2 and ENVISAT InSAR data observed over Australia. The precision of two-pass satellite SAR interferometry with ERS2 and ENVISAT SAR data in the Australian region can approach ±2 mm (1 sigma) and is routinely at the ±4 mm level. The use of spatially uncorrelated observational weights has minimal impact on the accuracy of earthquake source parameters inverted from InSAR data but invalid a priori assumptions of the dimension of the earthquake rupture plane can bias depth estimates by up to 0.4 km. In most cases single geometry (i.e. ascending or descending) InSAR observations can be used to accurately determine earthquake source parameters, although typically two-pass geometry reduces the source parameter uncertainties by a factor of 1.5. In general, earthquakes of magnitude < 4.8 are unlikely to be detected by InSAR although deformation from very shallow events would be visible. InSAR is insensitive to magnitude 6.2 earthquakes deeper than 10 km, and magnitude 5.5 deeper than 6 km. For earthquakes magnitude > 5.8 (average depth 6.5 km) we could estimate the epicentre of the rupture with an average accuracy of 0.25 km, depth to within 0.5 km and the fault orientation to better than 2 degrees.
 Our ongoing research will focus on temporal image stacking and techniques for the identification of Persistent Scatterers (i.e. temporally phase stable radar reflectors) applied to the observation of ‘slow' (~1mm/yr) deformation processes. Our research will focus on new strategies for the identification of persistent scatterers and the application of new modelling techniques to regions where InSAR is known to not work as effectively, including humid and heavily vegetated regions of Australia and Papua New Guinea . The principal motivation and contribution of our research is to: a) demonstrate, 'tune' and develop new PSInSAR techniques, for the observation of 'slow' geophysical deformation phenomena in InSAR-adverse regions; and b) improve the accuracy, precision and computational efficiency of these techniques.
 Figure 1. Simulated inteferogram of surface deformation of the 1968 Meckering earthquake. Line-Of-Sight interferometric observations with spatially correlated noise from descending two-pass satellite InSAR (ENVISAT). Each colour fringe cycle represents 28mm of deformation. The centre of the earthquake rupture plane is located in the centre of each image.
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Crustal Deformation observed by Space Geodesy
 Dan Zwartz 1 , Herb McQueen 1 , Paul Tregoning 1
 1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia
 The geodetic field programme at RSES involves measuring crustal motions in Papua New Guinea (predominently horizontal) and glacial isostatic adjustment in East Antarctica (predominently vertical). The observations require deployments of GPS equipment for periods of several days to measure tectonic drift and deformation in plate boundary zones, and several years to detect the rebound rate of the crust after the melting of large ice caps.
 In 2006 a total of 15 sites were observed in Papua New Guinea using GPS with 7 of these reoccupations providing accurate estimates of the horizontal motions of the sites for the first time. Two new sites were installed - Wopasali and Balimo - to densify the existing network and provide greater spatial resolution of the transition from rigid Australian Plate in southwestern PNG to the deforming Highlands region. We now have accurate velocity estimates on a transect of sites from the southern coast of New Guinea, through the Highlands to the north coast above the subduction zone associated with the downgoing slab at the New Guinea Trench. From these velocities we can deduce that the rigid Australian Plate extends as far north as Kiunga, with a clear elastic deformation pattern extending from Yapsiei (north of the Highlands ) to the northern coast at Vanimo. We interpret this as evidence for locking on the New Guinea Trench that is causing elastic inter-seismic deformation of northern New Guinea .
 There was no summer field season in Antarctica in 2005/06, because of a lack of logistic support for remote fieldwork in Antarctica . A new set of equipment was developed and tested during 2006 for installation in Enderby Land during the 2006/07 summer season. This is the region where secular gravity changes have been identified from the GRACE space gravity mission, interpreted as either unmodelled post-glacial rebound or the location of considerable - and ongoing - snow accumulation. These scenarios would cause either uplift or depression of the surface. Our measurements of the actual motion of the crust will discriminate between these two hypotheses or, should no vertical motion be detected, identify significant errors in the interpretation of the GRACE secular gravity changes. Any of the three possible outcomes have
 significant repercussions for global mass-balance and sea-level variations.
 Figure 1. The community of Wopasali surveying the operation of the new GPS installation in their village in Papua New Guinea .
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Advances in the analysis of space geodetic data
 Paul Tregoning 1
 1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia
 In 2006 the focus of geodetic research and its applications to geophysical studies has continued to be to improve the accuracy of the analysis so that smaller geophysical signals can be detected. This required revising some of the models and assumptions used to compute the theoretical range from the ground-based receivers to the transmitting GPS satellites.
 Studies showed that the accuracy of the a priori surface pressure used to compute the hydrostatic atmospheric delay was critical for estimating accurate changes in height, required for studies such as glacial isostatic adjustment of Antarctica and North America caused by the melting of the Antarctic and Laurentide ice sheets. Software was modified to permit the use of observed surface pressure, values from numerical weather models or from a recent model derived from a spherical harmonic fit to surface pressure of the ECMWF global weather model (Boehm et al., 2006). The use of more accurate a priori pressure removed height errors of up to 10 mm, with an empirical error relation of ~0.2 mm height error per 1 hPa error in pressure (Tregoning and Herring, 2006).
 Sub-daily periodic variations in atmospheric pressure cause periodic elastic deformations of the surface of the Earth of up to 3 mm. If unaccounted for, such errors limit the capacity of space-geodetic techniques to identify other geophysical signals of this magnitude or smaller. The spatio-temporal variations of the diurnal and semi-diurnal atmospheric tides were characterised to try to understand why applying corrections for the associated elastic crustal deformation
 actually degraded the analysis (Tregoning and van Dam, 2005). From an analysis of several years of global pressure data, we demonstrated that the amplitudes of the periodic pressure variations change throughout the year, yet none of the available deformation models for use in geodetic analyses account for the temporal variation in amplitude. The research is ongoing to characterise the variations, generate new models for atmospheric tidal deformation and apply them to the analysis of geodetic data. This component of the research formed part of the Masters degree of Laurent Millet, a visiting student from Ecole Normale Superieure, Cachan , France .
 Figure 1. Difference between a) surface pressure derived from "standard" sea level pressure and the mean surface pressure derived from the model based on ECMWF global pressure (Boehm et al., 2006). b) station heights using the two sources of a priori pressure. c) Relation between a priori pressure differences and height differences.
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References: Boehm, J. R. Heinkelmann and H. Schuh (2006) Global Pressure and Temperature (GPT): A spherical harmonic expansion of annual pressure and temperature variations for geodetic applications, submitted to Journal of Geodesy.
 Tregoning, P. and T. A. Herring (2006) Impact of a priori zenith hydrostatic delay errors on GPS estimates of station heights and zenith total delays, Geophysical Research Letters, in press.
 Tregoning, P. and T. van Dam (2005) Atmospheric pressure loading corrections applied to GPS data at the observation level, Geophysical Research Letters, 32, L22310, doi:10.1029/2005GL024104 .
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Water vapour feedback and global warming
 Peter Smythe 1 , Paul Tregoning 1
 1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia
 Atmospheric water vapour is the most abundant greenhouse gas and knowledge of its changing distribution is critical for understanding its role in climate change. The presence of water vapour in the atmosphere retards GPS signals as they propagate from satellites to Earth-based receivers and thus space geodetic techniques are sensitive to the quantity and distribution of water vapour in the atmosphere. Estimation of the excess path length due to water vapour (the slant wet delay) is reliant upon an accurate model for the delay due to the dry atmosphere (the slant hydrostatic delay). Conventional models assume that the hydrostatic delay for space-geodetic observations at zenith can be modelled as a function of surface pressure measurements and can then be related to observations at arbitrary elevation angles by empirical mapping functions. These simplified models introduce significant errors into geodetic analyses and thus the estimation of atmospheric water vapour.
 Currently we are developing an a priori model for slant hydrostatic delays at arbitrary elevation and azimuthal angles for use in GPS data analysis. Contrary to the conventional approach, the slant hydrostatic delay will be modelled directly for each GPS observation by ray tracing through a model atmosphere, defined in terms of refractivity constructed from meteorological data at various pressure levels spanning the troposphere and lower stratosphere. The ray-traced slant hydrostatic delay will capture more accurately much smaller spatial and temporal variability than the current empirical mapping functions and horizontal gradients. It is anticipated that the resulting model, though computationally intensive when compared to the conventional method, will afford increased precision in geodetic analyses, in particular the estimates of slant wet delays. These estimates will be used to generate accurate three-dimensional water vapour distributions via GPS tomography, akin to seismic tomography. The improved knowledge of atmospheric water vapour will then be used in climate studies to investigate water vapour feedback processes.
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Dynamics and Chemical Evolution of the Earth's Early Mantle
 Geoffrey F. Davies 1 , Jinshui Huang 1
 1 Research School of Earth Sciences, Australian National University, Canberra ACT 0200, Australia
 Reconciliation of geophysical and geochemical observations of the Earth's mantle has been a challenging problem for about three decades. Numerical models are an essential tool in this work because they can simultaneously address the physical and chemical evidence within the framework of the physics governing mantle dynamics and evolution. One challenge has been to explain the persistence of chemical heterogeneity in the mantle for about two billion years despite the mixing effect of mantle convection. Another has been to understand quantitatively how the mantle reached its present condition as it evolved from earlier, hotter states. We have been using two-dimensional (2D) and three-dimensional (3D) numerical models to address these questions.
 Last year we reported that the main control on the survival of chemical heterogeneity seems to be the rate at which material fluxes through melting zones near the Earth's surface. Other factors such as the viscosity structure of the mantle and geometry seem to be secondary. These results have been confirmed and extended in spherical 3D models that include the excess density of simulated subducted oceanic crust, which tends to accumulate at the bottom of the models. A simple theory that successfully interpreted the results with neutrally buoyant chemical tracers has been extended to also account for the effect of the excess density. These results provide us with simplified formulas that will help to interpret geochemical observations.
 The 3D results are now being extended to higher resolution using another computer code, Citcom, which allows a regional segment of the mantle to be modelled (figure 13). The effects the higher resolution and of more realistic motions of tectonic plates are being investigated.
 2D models can be run at much higher resolution than 3D models, and they can therefore be used to explore the dynamics of the mantle early in Earth history when it was hotter and less viscous, plates were thinner and the flow was more complex. Initial results were reported last year showing that a dynamic stratification occurs in hotter mantles, with the denser subducted oceanic crust tending to settle out of the upper mantle, leaving it relatively depleted in that component. Since that component is also the most readily melted, this implies that new oceanic crust, formed by melting under mid-ocean ridges, would be relatively thin, only about 5 km rather than the 20-30 km expected at those temperatures. These results provide a straightforward explanation for evidence from ancient rocks that the early mantle was strongly depleted in the components associated with subducted oceanic crust.
 The robustness of these results has by now been explored more thoroughly, and they do not depend significantly on the presence of phase transformation effects, nor on the detailed distribution of internal heat sources. It has been found that the hottest models were not fully resolved initially, and as a result the crustal thickness has been revised upwards to the range 5-8 km.
 The ultimate goal of the 2D studies has been to let models evolve from the earliest mantle conditions to the present. This work has now begun, after an extensive exploration of model behaviours at particular temperatures. This will allow more definitive tests of earlier results on
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simulated isotopic ages, as well as revealing to what degree the early stratification survives to the present.
 Figure 1. Cutaway views of three-dimensional models of mantle convection with tracers representing components with basaltic composition. Left: temperature distribution; Right: tracer concentration, relative to the average concentration of 1. The 90-degree cutaway (centre of view) reveals the interior down to the core-mantle boundary. The surface of the view has the top 100 km removed. On the right of the left panel are spreading centres (yellow and red) and on the top and left are subduction zones (deep blue). The red surface area is under a simulated continental region where the hot mantle cannot cool. The remaining blue surface areas are occupied by oceanic plates that cool as the move away from spreading centres. The tracer distribution reveals the complexity of stirring in three dimensions, with high concentrations where simulated oceanic crust has subducted or is subducting (dark blue).
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Tectonic Evolution of the Earth
 Geoffrey F. Davies 1
 1 Research School of Earth Sciences, Australian National University, Canberra ACT 0200, Australia
 The dynamical modelling reported above has substantial implications for the tectonic evolution of the Earth. The thinner early oceanic crust would enhance the viability of plate tectonics, which in turn would provide a straightforward mechanism for cooling the mantle. Such a mechanism has been lacking, as the previously expected thick oceanic crust would tend to inhibit plate tectonics and mantle cooling. This is because oceanic crust is less dense than the mantle and so tends to inhibit or block subduction of plates. The implication that plate tectonics may have been viable very early in the Earth's history was greeted with considerable interest at a Penrose conference on “When Did Plate Tectonics Begin”, which is a controversial question. A jointly authored conference paper is in preparation.
 A further implication is that, although cooling of the mantle by plate tectonics is more viable, it is rate-limited by the thickness of the crust. The net result is that the mantle tends to be buffered in a hotter state than it would with unimpeded plates. It is possible there would be a transition, involving heightened volcanic and tectonic activity, into the present, cooler state once radioactive heat generation declined to a threshold level. This implication is still conjectural, but has also generated interest for its potential explanation of the episodicity of the record of tectonic activity. A paper has been contributed to a volume on “The Earth's Oldest Rocks”.
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Thermal Evolution of the Core
 Geoffrey F. Davies 1
 1 Research School of Earth Sciences, Australian National University, Canberra ACT 0200, Australia
 The thermal budget of the core is a key quantity relating the generation of the magnetic field, the growth of the solid inner core and the generation of plumes in the mantle. Recently modellers of the core dynamo responsible for generating the magnetic field have appealed to the possibility of radioactivity in the core to accommodate all of these phenomena, but the results of this study indicate this may not be necessary.
 The challenge is to reconcile the estimated rate of heat loss from the core, the energy required to maintain the magnetic field by dynamo action in the core, evidence for the magnetic field having existed through much of Earth history and the present relatively small size of the inner core, formed by solidifcation of the core as it cools. Previous attempts to avoid core radioactivity implied implausibly high core temperatures in the past.
 The present work has used a more appropriate parameterisation of the removal of core heat by plumes in the mantle, a lower estimate of core conductivity and a more thorough exploration of how the mantle modulates core heat loss, which reveals another family of solutions in which early core temperatures are not excessively high. The result is that the core dynamo could be maintained without radioactivity so long as no more than about 0.5 Terawatts of heat flow is required to maintain the dynamo.
 There are considerable uncertainties in some of the relevant parameters, and the study has identified the most important as being the present rate of heat loss from the core, the conductivity of the core, and the energy or entropy flow required to maintain the dynamo.
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Modelling the ocean thermohaline circulation in the laboratory
 Ross W. Griffiths 1 , Graham O. Hughes 1 , Melissa A. Coman 1 , Julia C. Mullarney 2
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 2 Department of Oceanography, Dalhousie University , Halifax , Canada
 We have developed a new theoretical model for the ocean overturning circulation and shown that the theory works well when tested against laboratory experiments. We have also examined the nature of circulation changes that may occur when heat and freshwater fluxes across the ocean surface change, as expected owing to global warming. The global meridional overturning circulation of the oceans (otherwise known as the thermohaline circulation) is forced by density differences owing to heat and water fluxes at the sea surface, wind stress on the surface and injections of energy into turbulent mixing from the winds and tides. In our approach we examine the extent to which the density differences and interior turbulent mixing together, but in the absence of large-scale wind stresses, could force the overturning.
 As outlined in a key paper last year (Hughes and Griffiths 2005) our calculations show that, after taking account of the behaviour of cold, dense currents sinking from localized surface regions to large depths in the oceans along gentle bottom slopes under the influence of Coriolis forces, the buoyancy-forced flow can account for a number of key features of the observed circulation: using the estimated poleward heat transport and the measured average interior vertical mixing rate we successfully predicted the top to bottom density difference, the dilution of dense currents by a factor of around three as they sink, the rate of formation of Antarctic Bottom Water (AABW) and North Atlantic Deep Water (NADW), and the thickness of the subtropical thermocline. Thus a simple model can provide powerful insights into the dynamics of the oceans. We concluded that substantially less energy than previously proposed for turbulent mixing is required for a convective circulation to be of the observed magnitude, partially as a result of turbulent entrainment into the dense sinking currents. This year we have modified the theory to describe laboratory experiments with this form of convective circulation (often termed “horizontal convection” by virtue of the forcing at only the horizontal sea surface). A detailed comparison of our own laboratory data from previous years with this theory has been outstandingly successful and provides a new explanation for the heat flux-Rayleigh number relationship, boundary layer thickness and overturning rate in terms of inviscid dynamics of the sinking currents and interior flow (Hughes et al . 2006).
 One remaining difficulty is that the model in its simplest form predicts an abyssal ocean density gradient much smaller than measured. A PhD student, Ms Coman, has used further experiments to examine the possibility that dual sinking regions, one in either hemisphere and generating waters of different density (the AABW and NADW) may produce a larger abyssal gradient (figure 3). This notion is born out by the results, but the effect is apparently not large enough to explain the ocean stratification and other factors will be explored in the coming year.
 In other experiments the convective circulation was brought to its equilibrium (steady) state and then the surface boundary conditions were changed, so as to mimick climate changes such as a warming or increased freshwater inflow in high latitude oceans, or a change in the radiative heat input in the subtropics. These changes disturb the balance within the circulation. For example, a cooling in the subtropical ocean leads to a temporary strengthening of the overturning, more vigorous sinking of colder water and an exponential adjustment to a new equilibrium much the same as the initial state (figure 4). The measured exponential timescale is
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easily predicted from a simple theory. On the other hand, a surface warming can lead to a shutdown of the deep sinking and the circulation quickly becomes confined to a shallow upper ocean layer around twice the thickness of the thermocline (figure 3). This state of shallow overturning is temporary. After a long period (several times the exponential timescale mentioned above) the circulation evolves through a period of large oscillations in the depth of convection, to the initial state of full-depth overturning.
 All of this work examines the fundamental dynamics of convective overturning, and ultimately examines the role of such convection in the global circulation. An important role for convection has not always been accepted, in part because it was ruled out by Sandstrom's theorem, a postulate drawn from experiments carried out at the beginning of the twentieth century and still referred to today. However, this theorem is in conflict with modern experiments. We therefore re-created those early experiments (Coman et al . 2006) and concluded that Sandstrom's report, hence the theorem, are incorrect: heating and cooling sources on the same geopotential surface do drive a persistent recirculation. Most of our experiments have been carried out in non-rotating tanks. However, the role of Coriolis accelerations is being studied in a series of runs in which the carefully designed convection apparatus sits on a precision rotating platform. The flow with rotation is far more complicated and three-dimensional, and is rich in wave and vortex motions, but is less readily scaled to ocean conditions.
 Figure 1. A photograph of dye in the convective overturning when a larger heat flux is applied to the left hand side of the base of a box, a weaker heat flux is applied to the right hand side of the base, and the central section of the base is cooled such that there is no net heat input. I this example the right hand plume drives a shallow cell, and its water (blue) is eventually entrained into the stronger plume at left and cycled throughout the box.
 Figure 2. Overturning driven by heating the left half of the base of a box and cooling the right half of the base. The photograph was taken shortly after the temperature of the heating base was increased by a small amount.
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Figure 3. Photographs of the evolution of overturning as in figure 2, but after the temperature of the base at the right was decreased. The flow evolves through a period of shallow convection before returning to a state of full-depth overturning.
 References: Hughes, G.O. and Griffiths, R.W. (2005) A simple convective model of the global overturning circulation, including effects of entrainment into sinking regions. Ocean Modelling 12 , 46-79 (doi:10.1016/j.ocemod.2005.04.001).
 Hughes, G.O. Griffiths, R.W., Mullarney, J.C. and Peterson, W.H. (2006) A theoretical model for horizontal convection at large Rayleigh number. J. Fluid Mech ., in press, accepted July 2006.
 Coman, M.A., Griffiths, R.W. and Hughes, G.O. Sandstrom's experiments revisited. (2006) J.Marine Res ., in press, accepted October 2006.
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How does the Southern Ocean respond to changes in wind forcing?
 Andrew McC. Hogg 1 , Michael P. Meredith 2
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 2 British Antarctic Survey, High Cross, Madingley Road, Cambridge CB3 0ET , UK
 The Southern Ocean is characterised by turbulent flow associated with the world's strongest ocean current, the Antarctic Circumpolar Current (ACC). This turbulence is dominated by mesoscale eddies – vortices which are small (~50km) compared with the size of the Southern Ocean. Mesoscale eddies play a variety of roles in the dynamics of the Southern Ocean: they help to balance the forces contributing circulation in this region, thereby controlling the zonal momentum balance of the ACC, and are responsible for carrying heat across the Southern Ocean.
 We can measure the energy contained in the ocean eddy field using satellite observations. These measurements show that there was a strong peak in the eddy energy between 2000 and 2002 (Meredith & Hogg, 2006). The spatial distribution of the excess eddy kinetic energy, as shown in Figure 1, are distributed around the Southern Ocean, and are not confined to a single region. These observations imply that variations in the eddy field are due to a spatially distributed source; the primary candidate for these variations is the strong westerly wind field that drives the ACC.
 Analysis of the westerly winds in the Southern Ocean reveal a peak in the wind stress in 1998, 2-3 years before the peak in the eddy field. This observation is compared with numerical simulations using an eddy resolving ocean model. The model indicates that a 2-3 year lag in the eddy field is to be expected, and also demonstrates the dynamics which cause this lag – the energy resides in the potential energy field before being converted into eddy energy through baroclinic instability (Meredith & Hogg, 2006). It is notable that standard ocean-climate models, which do not resolve small scale eddies, predict a completely different response to wind variability. This is of particular concern, given that the response of the circulation to changes in wind forcing has a number of other consequences, including the poleward heat transport, which may have feedbacks on the climate system.
 Figure 1. The eddy kinetic energy anomalies in the Southern Ocean for three different periods: 1993-1999, 2000-2002 and 2003-2004.
 References: Meredith M. P., and Hogg A. McC. (2006) Circumpolar response of Southern Ocean eddy activity to a change in the Southern Annular Mode. Geophys. Res. Lett. 33 , L16608, doi:10.1029/2006GL026499.
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The Propagation and Morphology of Lava Flows
 Ross C. Kerr 1 , Ross W. Griffiths 1 , Aaron W. Lyman 1 , Katharine V. Cashman 2
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 2 Department of Geological Sciences, University of Oregon, Eugene, OR 97403-1272, USA
 Using a powerful combination of laboratory experiments and theoretical analyses, we have investigated the propagation and morphology of basaltic and silicic lava flows. In one set of experiments, molten polyethylene glycol wax was released at a constant flow rate under cold water on a sloping plane (Figure 11). Initially, the wax spreads both down and across the slope at the same rate in an early-time viscous regime, before undergoing a transition to a long-time viscous regime where downslope flow is faster than lateral flow. Eventually, the lateral flow is stopped by the yield strength of the growing surface crust, and the flow then travels downslope in a channel of constant width. Using scaling analysis, we have derived expressions for the final channel width in both the early-time and long-time flow regimes, as a function of the flow rate, the slope, the density difference driving the flow, the lava viscosity, the thermal diffusivity, and the strength of the surface crust. We have also found a dimensionless flow morphology parameter that controls whether the subsequent channel flow occurs with a ‘mobile crust' morphology (involving lots of exposed melt and consequent high heat loss) or in a ‘tube' morphology (involving a complete solid roof and relatively small heat loss from the melt). The theory has been successfully applied to understand the formation of a basaltic sheet flow lobe in Hawaii, for which we estimated the crust strength of 60kPa. Our results provide important insight into conditions that promote lava tube formation, which is in turn responsible for greatly increasing the length of individual flows.
 In a second set of experiments, we rapidly released a fixed volume of molten polyethylene glycol wax , which propagated as a two-dimensional flow down a sloping channel under cold water. We found that four dynamical flow regimes can arise: an inertial slumping regime, a horizontal viscous regime, a sloping viscous regime, and a surface crust regime that finally stops the flow. With this dynamical understanding, we analyzed the flow of blocky andesite lava from the 1988-1990 eruption of Lonquimay Volcano, Chile. We found that the surface crust regime, for a crust strength of 2 MPa, is able to predict the entire propagation of the lava flow (figure 2). This discovery is very exciting, because it offers the prospect of being able to predict the evolution of future blocky lava flows, without the almost impossible task of predicting the rheology of the interior lava as a function of position and time. We hope that our work will encourage volcanologists to very carefully monitor both the erupted volume and flow length as a function of time in future flows, as such early detailed observations are crucial to allow dynamical models to be used to understand or predict the propagation of lava flows.

Page 23
                        

Figure 1. The formation of channelized lava flows, modeled using molten polyethylene glycol wax flowing down a wide uniform slope under cold water. The flow shown is in the mobile crust morphology. Molten wax is transparent, solid wax is white, and the base of the tank is black with a 20 cm grid.
 Figure 2. Flow length as a function of time (diamonds) for the 1988-1990 andesite lava flow of Lonquimay Volcano , Chile . The triangles show the predicted propagation in the crust strength regime, for a surface crust yield strength of 2 MPa.
 References: Kerr, R. C., Griffiths, R. W. and Cashman, K. V. (2006) The formation of channelized lava flows on an unconfined slope. Journal of Geophysical Research 111 , B10206, doi:10.1029/2005JB004225. Kerr, R. C. and Lyman, A. W. (2007) The importance of surface crust strength during the flow of the 1988-1990 andesite lava of Lonquimay Volcano, Chile. Journal of Geophysical Research , in press. Lyman, A. W. and Kerr, R. C. (2006) The effect of surface solidification on the emplacement of lava flows on a slope. Journal of Geophysical Research 111 , B05206, doi:10.1029/2005JB004133.
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Interaction of coherent eddies with headland wake flows
 Melanie J. O'Byrne 1 , Ross W. Griffiths 1 , Jason H. Middleton 2
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 2 School of Mathematics, University of New South Wales, Sydney, NSW 2052, Australia
 Flow around islands and headlands can trap suspended particles, bring nutrients up from deeper waters, influence the distribution of sediments and provide favourable environments for marine biota.
 As few islands or headlands are isolated bodies, it is important to understand how unsteady incident flow affects wake structure and behaviour.
 In 2006 we continued laboratory investigations into the effects that perturbations in the oncoming flow have on the wake of an idealised headland, using ultrasonic Doppler techniques to measure the velocity field.
 We have completed a series of experiments in a one-metre diameter rotating cylindrical tank. The headland, seafloor (base) and coast (sidewall) were impulsively set in motion relative to the still water. Thus, in a headland reference frame, there is oncoming flow.
 We find that for Reynolds numbers above approximately 1000, coherent incident eddies ‘lock-on' to shedding in the headland wake, resulting in a train of vortex dipoles downstream of the obstacle. This finding is potentially relevant to engineering applications such as design of offshore platforms, power cables or bridge pylons.
 Rotating experiments also reveal an interesting phenomenon analogous to classic amplitude modulation. For some Reynolds numbers between 800 and 1500, the wake from an upstream disturbance acts as a high-frequency carrier signal, modulating the amplitude of the signal from the headland wake.
 We aim to identify flow regimes and geometries where these behaviours may be observed, how they are triggered and thus whether they may be predicted.
 The limited flow time in a single revolution of the rotating table results in a transient headland wake, as shown in Figure 1. These still images, from two experiments with a Reynolds number of 1000, compare the unperturbed or natural flow (left column) with the perturbed flow (right column) around an idealised headland. The recirculating headland wakes look similar in both cases nine seconds after impulsively starting rotation. Twenty-four seconds later, the perturbed wake is considerably mixed and coherent eddies from upstream are clearly visible, while the natural headland wake is clear. Thereafter, the wake structure is lost regardless of upstream conditions, in part due to the presence of the curved wall and its thickening boundary layer.
 In order to ensure an established wake flow, we have begun studies using a new 3-metre flume in which the working fluid continually recycles through a series of pumps. This permits a typical flow time of 20 minutes. Preliminary results at low Reynolds numbers reveal that incident disturbances can significantly extend the length of the wake bubble. In future experiments, we will study the residence time and amount of leakage of fluid trapped in the headland wake.
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Figure 1. Still images of two experiments at a headland Reynolds number of 1000, without (left) and with (right) oncoming flow perturbations, reveal the transient wake structure in our experiments with an impulsively started flow. The idealised headland and coast (a vertical wall) are at the top of each image.
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Mixing in ocean straits and overflows
 Tjipto J. Prastowo 1 , Ross W. Griffiths 1 , Graham O. Hughes 1 , Andrew McC. Hogg 1
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 We have measured the amount of mixing that occurs when two fluids of different density exchange in opposite directions through a constriction or over a sill. Such exchange flows commonly occur through ocean straits and over bottom sills. The constrictions control the rate of transport of water into or out of estuaries and marginal seas and between abyssal ocean basins. Analytical methods are frequently used to estimate exchange flows through these constrictions; we have focused on extending the simple analytical solutions to more realistic cases. Exchange flows involve strong velocity and density gradients between the two layers flowing in different directions, and this flow can become ‘critical' (i.e. reach the speed of gravity waves on the density interface) so that there is a hydraulic control point in the strait or above the sill.
 We have observed that mixing occurs readily between the two layers by shear instability (figure 1). The mixing produces a large volume of water having mixed properties, and it also modifies the mass flux through the constriction. This year we have examined in a series of experiments the role of the constriction geometry. The results have been included in a paper (Prastowo et al . 2006) that concentrates on the amount of mixing and the effect of the mixing on the exchange rates through a horizontal constriction. We find that mixing in the flow reduces the exchange rate by approximately 16% relative to that predicted by inviscid hydraulic theory, and that sidewall friction leads to a further reduction. The reduction increases with constriction length and decreases with minimum constriction width. The mixing can be described in terms of a efficiency – the proportion of the available potential energy (released by the flow over a given time) that is used to raise the centre of mass by vertical mixing. We find that the mixing efficiency depends only upon a Reynolds number based on the constriction length (figure 8). For Reynolds numbers in excess of 5 x 10 4 the efficiency takes a constant value of 11±1%. These measurements are in agreement with our previously developed scaling theories that predict both the observed exchange rate and the measured mixing efficiency. We have also completed this year a series of closely related experiments on exchange flows over sills. Ongoing work is now concentrating on interpreting the data and applying our theories to these cases.
 Figure 1. Shear instability and mixing in an hydraulically-controlled exchange flow through a short constriction.
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Figure 2. The mixing efficiency (the proportion of potential energy released that goes into raising the centre of mass through mixing) computed from measurements of density profiles after the flow has proceeded for a given time.
 References: Prastowo, T. J., Griffiths, R. W., Hughes, G. O. and Hogg, A. McC. (2006) Mixing due to exchange flows through a horizontal constriction. J. Fluid Mech ., submitted.
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Subduction kinematics and dynamics in 3D space: Insight from laboratory and numerical modelling
 W. P. Schellart 1 , J. Freeman 1 , D. R. Stegman 2 , L. Moresi 2 & D. May 2
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 2 School of Mathematical Sciences, Monash University, Melbourne, VIC 3800, Australia
 During development of the plate tectonic theory in the 1960's and 1970's it was soon realized that the motion of the tectonic plates, which cover the Earth's surface, is primarily driven by dense subducted slabs located in the mantle. Subducted slabs form along convergent plate boundaries where an oceanic plate is thrust underneath an overriding plate into the Earth's mantle. The slabs are denser than the ambient mantle, forcing the slab to sink and pulling the trailing plate at the surface into the mantle, thus driving plate motion at the surface and flow in the Earth's mantle. The kinematics and dynamics of this sinking process and the flow that is induced by the sinking has been investigated extensively in two-dimensional space, but three-dimensional investigations are still in their infancy . Three-dimensional investigations are important, because subduction zones on Earth are limited in trench-parallel extent (~200-7000 km) and most are curved. We have recently attempted to address this deficiency by doing laboratory and numerical simulations of progressive subduction in 3D space [Schellart, 2004; Stegman et al., 2006]. These works have shown that in self-consistent dynamic models, where plate motions and trench migration are not imposed but evolve naturally, subducting slabs and associated trenches predominantly retreat oceanward, inducing flow in the mantle that is toroidal in nature and located exclusively around the lateral edges of the slab. We observed no poloidal flow around the slab tip, as was suggested by previous workers. The (non-) existence of poloidal flow around the slab tip is important for understanding the relationship between slab width and trench velocity. Current and previous works have shown that there is an inverse relationship between slab width and trench retreat velocity: the wider the slab, the slower the trench retreat velocity [Schellart, 2004; Stegman et al., 2006; work in progress]. Such a relationship is most easily explained if in fact, there is no (or negligible) trench rollback-induced poloidal flow around the slab tip. To address this issue in more detail, new laboratory and numerical models have been run to study the subduction-induced flow patterns in the mantle. Our models confirm previous observations that rollback-induced flow of the mantle occurs in a toroidal fashion and occurs exclusively around the lateral edges of the slab (Figs. 1, 2).
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Figure 1. 3D view of numerical simulation of subduction illustrating slab geometry and toroidal flow patterns in the mantle (arrows) at 200 km depth.
 Figure 2. Side view of laboratory simulation (composite image of nine photographs) of subduction illustrating slab geometry and poloidal flow patterns in the mantle in the centre of the subduction zone.
 References: Schellart, W.P., Kinematics of subduction and subduction-induced flow in the upper mantle. Journal of Geophysical Research 109 , B07401, doi:10.1029/2004JB002970, 2004.
 Stegman, D., J. Freeman, W.P. Schellart, L. Moresi and D. May, Influence of trench width on subduction hinge retreat rates in 3-D models of slab rollback. Geochemistry Geophysics Geosystems 7 , Q03012, doi:10.1029/2005GC001056, 2006.
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Laboratory Modelling of 3-D Flow and Temperatures in Subduction Zones with Back-arc Spreading and Plumes
 Chris Kincaid 1 , Ross Griffiths 2 , John Foden 3 , Charles Langmuir 4 , Richard Carlson 5 , David James 5
 1 Graduate School of Oceanography, University of Rhode Island , Narragansett , RI , USA 2 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 3 School of Earth and Environmental Sciences , University of Adelaide , Adelaide , SA 5005, Australia 4 Department of Earth and Planetary Sciences, Harvard University , Cambridge , MA , USA
 5 Department of Terrestrial Magnetism, Carnegie Institution of Washington, Washington DC , USA
 Subduction of lithospheric plates back into the mantle at subduction zones (ocean trenches) provides the dominant driving force for plate tectonics and causes thermal and chemical exchange with the Earth's interior. We have developed a laboratory apparatus for modeling 3D aspects of flow in subduction zones in response to various modes by which plates move and subduct into the mantle. These include both slab rollback, when the slab sinks with a backward retreating or horizontal component of motion, and periods where the angle of descent (slab dip) either increases or decreases with time. Previous work has documented the importance of these modes of plate motion on 3D shallow mantle return flow and both slab and mantle wedge temperatures (Kincaid and Griffiths, 2003; 2004). During a recent visit to RSES, Kincaid has been studying the role of back-arc spreading (BS) on slab/mantle evolution and the interaction between subduction and buoyant mantle upwellings (plumes). A series of experiments started in 2004 and completed here in 2006 (with collaborator C. Langmuir) characterize spatial and temporal patterns in slab and mantle wedge temperatures for various modes of plate sinking and back-arc spreading, including extension produced by slab/arc retreat versus motion of the overriding plate. Parameters explored include subduction style, width of the BS center, extension rate and the BS center–to–trench separation distance. Results show dramatic differences in the plate and overlying mantle wedge evolution depending on conditions. For example, BS due to trench/plate rollback produces very shallow flow trajectories in the wedge (which are unfavorable for decompression melting) but extreme lateral variations in slab heating and shallow back-arc temperatures (Figure 1). Extension produced by retreat of the overriding plate away from the arc/trench produces laterally uniform slab/wedge temperatures and steep return flow trajectories (favorable for decompression melting). Results are being related to recent data sets collected by C. Langmuir in the Tonga-Lau system.
 During his 2006 visit to the GFD facility at RSES, Prof Kincaid (with ARC collaborator J. Foden) has considered what temporal changes in plate motions (slab and BS) allow material from a hydrated boundary layer above the downgoing slab to be brought up into the melting zone beneath either the arc or the back-arc. Results are being related to geological data on the spatial and temporal distributions of Boninite magmas in subduction environments. This work is related to another long term NSF funded project involving a multidisciplinary, multi-institutional approach to studying the continental evolution of the northwestern USA (http://www.dtm.ciw.edu/research/HLP). The project includes geological and geochemical field work (T. Grove, MIT; A. Grunder & R. Duncan, OSU; W. Hart, Miami; R. Carlson, Carnegie), seismic imaging (D. James, Carnegie; M. Fouch, Arizona; R. Keller, UO; S. Harder, UTEP) and geodynamic modeling (Kincaid/Griffiths). We have added to the existing apparatus the ability to introduce plumes (with a controlled location, temperature and buoyancy flux) to model how both plume heads and tails are deformed by extreme three-dimensional shear flows that are produced in subduction zones with rollback and back-arc extension. Both generic cases to document basic
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plate-plume interaction modes and experiments with parameters (e.g., plate motion histories) specific to the Cascades-Yellowstone system will be run.
 Figure 1. Plots of temperature perturbations produced along the surface of the subducting slab (A) and beneath the back-arc spreading center. Values are plotted as a function on distance from either the center of the slab or the back-arc spreading axis. Values are laboratory perturbations, produced by subtracting off initial reference values (5°C for the slab, ~15°C for the back-arc). Slab surface temperatures are from a scaled depth of 160 km after ~30 Ma of subduction. Sub-back-arc values are from a scaled depth of 20 km after 30 Ma of extension for cases with a 250km trench - back-arc separation. (OP=overriding plate)
 References: Kincaid, C., and R. W. Griffiths (2003) Thermal evolution of the mantle during rollback subduction, Nature , 425 , 58-62
 Kincaid, C. and R. W. Griffiths (2004) Variability in mantle flow and temperatures within subduction zones. Geochem. Geophys. Geosyst. , 5, Q06002, doi:10.1029/2003GC000666
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Strengthening International Science and Science Commons - IAGA and e GY
 Charles Barton 1
 1 Visiting Fellow, Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Charles Barton served throughout the year as President of the International Association of Geomagnetism and Aeronomy (IAGA www.iugg.org/IAGA ), Chair of the International Committee for the Electronic Geophysical Year, 2007-2008 ( e GY www.egy.org ), and as a member of two National Committees of the Australian Academy of Science: Earth Science and Space Science. Duties involved two months working at the University of Colorado (Laboratory for Atmospheric and Space Physics) and participation in meetings and international conferences in Boulder ( e GY) , Vienna (EGS), Canberra (White Conference on Data Explosion), Singapore (AOGS), Beijing (COSPAR), Brussels (European Commission; Global Science Commons), and Beijing (CODATA). IAGA continues to serve as the pre-eminent international body for coordinating, promoting, and communicating the science of geomagnetism and aeronomy. Our growing dependence on space systems and manned space exploration has led to keen interest in space weather. IAGA is one of the seven Scientific Associations of the International Unipon of Geodesy and Geophysics ( www.iugg.org ). e GY was initiated by IAGA to mark the 50-year anniversary of the highly successful International Geophysical Year. It joins with the three other international science year programs: the International Polar Year, the International Year of Planet Earth, and the International Heliophysical Year. e GY adopts the IGY principles of promoting better science by sharing and providing ready access to data and information – but by using the power of modern information and communication technologies. e GY provides a common theme linking all the international science year programs as well as the ambitious Global Earth Observing System of Systems initiative that arose from the Earth Observation Summits. On the home front, a case is being prepared for Australia to rejoin CODATA (the International Council for Science's Committee on Data for Science and Technology) as a means of providing a focus for informatics and science commons developments in Australia .
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Thermo-chemical Evolution of the Australian Continent
 Justin Freeman 1 and Jean Braun 2
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 2 Department of Earth Science, University of Rennes , France
 A new view of regional and global scale tectonics is emerging in which chemistry has a very strong influence on the dynamics and evolution of planetary surfaces. That is, while thermal buoyancy is largely responsible for driving plates and generating plumes, small variations in chemistry (or phase) introduce compositional buoyancy that drastically adjust, and sometimes dominate, the dynamics. The strength and evolution of continents is known to require compositional buoyancy to explain their longevity and geology. Furthermore, the evolution of descending slabs in the mantle is affected by the well-known pressure-induced phase changes at 410 km and 660 km depth. A fundamental aspect of thermo-chemical convection is the entrainment that occurs at the chemical interface, strongly influencing the stability and evolution of plumes, and yet this is largely unaccounted for in current models. Whether continents, slabs, or plumes, these features have almost exclusively been studied in 2-D and yet, time and time again, studies have shown that the third dimension is essential for understanding their behavior. With widespread advances in computational resources and techniques, it is no longer necessary to continue working under the false assumption that the geometry of the system may be simplified. We have developed a 3-D geodynamic computational code for the modeling of thermo-chemical convection and are currently applying this state-of-the-art software to problems in the Earth and planetary sciences. One such example is the current investigation of the thermal structure of the Australian continent. Currently, the structure of the upper mantle of the Earth is constrained through seismic tomography models, regional geological models and the interpretation of geochemistry. The combination of such data sets allows for a picture of the interior to be built up and the processes governing such details may be inferred. Recent developments (Faul and Jackson, 2003; Priestley and McKenzie, 2006) have provided a method for determining upper mantle temperatures from shear wave tomography (Figure 1). Through combining such upper mantle temperature estimates with geophysical, geochemical and geological data sets, a picture of the Australian continent as well as the continental lithosphere and the upper mantle structure beneath Australia may be constructed. A natural extension of such a model is to incorporate these data sets into a 3-D thermo-chemical convection model of the Australian continent. Continental volumes may be represented as chemically distinct regions, including variable heat source distributions and thermodynamic properties (such as thermal diffusivities).
 Figure 1. Shear wave tomography (left) at a depth of 100 km beneath the Australian continent. Red regions correspond to fast velocities and blue is slow. Calculated upper mantle temperature
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(right) derived from the tomography model. The method to determine temperature from V s is from Priestly and McKenzie (2006). At this depth, hot upper mantle temperatures are observed in the east whilst the west shows regions with cooler temperatures. From Freeman et al. (in preparation).
 References:
 Faul, U. H. and Jackson, I., The seismological signature of temperature and grain size variations in the upper mantle EPSL, 234, 119-134, 2005. Priestley, K. and McKenzie, D., The thermal structure of the lithosphere from shear wave velocities EPSL, 244, 285-301, 2006.
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Quantitative infra-red absorption spectroscopy
 Malcolm Sambridge, Istvan Kovacs, Joerg Hermann, Hugh O'Neill, John Fitzgerald
 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 A new collaboration with members of the Earth materials area of the school was initiated this year in the area of I nfra-red (IR) spectroscopy. IR spectroscopy involves the measurement of light absorbance by anisotropic crystals. Important mineralogical applications include the quantification of water content of minerals like olivine and pyroxenes. The technique may also provide clues on the crystallography of water substitution. The governing physics requires solutions to Maxwell's equations for light propagation in media where both refractive index and absorption vary anisotropically, and these can become rather complicated. As a result this has largely neglected by modern practitioners in favour of empirically determined relationships between various quantities. In the present collaboration the fundamental physics (developed mostly in the latter part of the 19 th and early 20 th Centuries) has been re-examined. It has been possible to derive expressions for the distribution of polarized and unpolarized absorbance of linearly polarized light travelling in an arbitrary direction in weakly absorbing media.
 The figure shows the predicted and observed angular variation of absorbance as a function of the polarization angle of the incoming light. Each polar plot is for a different incoming light direction. The consistency between predictions and observations shows that the new theory is a good match to the data. Using the new theory it's possible to estimate total absorbance (and hence water concentration) in minerals from unpolarized light at random directions. From an experimental viewpoint use of unpolarized light avoids many of the difficulties encountered
 with polarized light, which widens the range of minerals to which the technique can be applied.
 Figure 1: Angular variation of integrated absorbance for random light directions. The dashed line shows the prediction from the new theory the dots show the observations.
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Constraining source location and mechanism using coda wave interferometry
 David Robinson 1 , Roel Snieder 2, Malcolm Sambridge 1
 1 Research School of Earth Sciences, Australian National University , Canberra , ACT 0200, Australia 2 Centre for wave phenomena, Colorado School of Mines, Golden , Colorado , USA .
 The waves arriving later in a seismogram arise from scattering and are known as coda waves. Most techniques for studying earthquake source properties such as location and mechanism do not use the coda. Coda wave interferometry relates the variation between two earthquake sources and the cross correlation of their coda waves. In this project we are researching the applicability of coda wave interferometry (CWI) for constraining the location and mechanism of double couple events. Snieder (2005) demonstrate how the separation between two double couple events with identical source mechanisms can be estimated using CWI. We have conducted numerical experiments in stochastic heterogeneous media to explore the range of applicability of CWI for estimating source separation. We observe that CWI estimates of separation are within one standard deviation of actual separation when the perturbation is less than one fifth the dominant wavelength. Moreover, we have demonstrated how CWI estimates of separation should be interpreted with the aid of a probability density function (PDF) which computes the probability of different actual separations for a given CWI estimate. An example of such a PDF is shown in Figure 1. We have also extended existing CWI theory to show how a change in the source mechanism between two identically located double couple sources can be estimated from the correlation of their coda. The mechanism perturbation is a simple function of the change in strike, dip and rake of the double couple. Applicability of the theory is tested using synthetic waveforms generated from a 3D finite difference solver for the elastic wave equation. Perturbations in strike, dip and rake are tested independently and simultaneously. In each case a cross-over point is identified such that the estimated source change is within one standard deviation of the actual change for all perturbations below the cross-over. After the cross-over the CWI estimates represent a lower bound for the change in mechanism. Cross-over points of 30, 62 and 56 degrees are observed when the strike, dip and rake are varied independently. When all angles are varied by the same perturbation simultaneously the cross-over point is 17 degrees. The new theory creates the potential for joint relative location and focal mechanism determination using information from seismic coda, a component of the waveform that is often discarded. We anticipate the publication of this work in 2007.
 Figure 1: Probability density function for the actual separation between two double couple events given a CWI estimate of 150 m. The vertical dashed line represents an actual separation of 150 m.
 References: Snieder, R., and M. Vrijlandt, Constraining Relative Source Locations with Coda Wave Interferometry: Theory and
 Application to Earthquake Doublets in the Hayward Fault, California , J. Geophys. Res., 110, B04301, 10.1029/2004JB003317, 2005
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High resolution seismic imaging of southeast Australia using multiple array deployments
 Rawlinson, N. and Kennett, B. L. N.
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 The Tasman Orogen, or “Tasmanides” occupies the eastern third of the Australian continent, and is distinct from the Precambrian cratonic terrane to the west both in terms of its subduction accretion style of emplacement, and its Phanerozoic age. Over the last decade up to 10 separate temporary seismic arrays have been deployed to target the southern half of this region of the Australian continent (see Figure 1). In most cases, vertical component short period seismometers have been used, with 3-D P-wave teleseismic tomography being the primary tool of analysis. Beginning with SETA in southeast Tasmania , a new generation of seismic equipment featuring 3-component short period sensors is now being used. One of our current goals is to combine data from all available experiments in a single inversion for the 3-D seismic structure of the upper mantle beneath this region.
 The EVA array (see figure), which covers much of eastern Victoria , comprises 50 short period vertical component seismometers, and was deployed in September 2005. After continuously recording for a period of approximately 8 months, the array was removed in May 2006. Considering the rugged terrain and significant forestation that characterizes much of eastern Victoria , the data is generally of high quality, with a large number of teleseisms detected. A preliminary teleseismic tomography model has been generated using arrival time information from 90 distant earthquakes, and the resultant images exhibit significant lateral variations in wavespeed. Of particular interest is a strong velocity contrast at 50-100 km depth between northern Victoria (higher wavespeed) and southern Victoria (lower wavespeed). Further work is required to properly understand the geological implications of these results.
 In early October 2006, an array of 40 3-component short period seismometers was deployed in southeast Tasmania as part of the SETA experiment. The array will be in place for a period of approximately 8 months to record large distant earthquakes. In addition, our collaborator Dr. Michael Roach from the University of Tasmania , will detonate several explosive sources to improve crustal path coverage. The use of 3-component seismometers should allow additional information on seismic structure to be inferred from techniques such as crustal receiver functions and S-wave tomography. In February 2007, the SEAL2 array will be deployed in NSW in a collaborative project with the NSW geological survey. Additional array deployments are expected to take place to the east and north of SEAL2 in late 2007 and early 2008.
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Figure 1: Distribution of temporary passive seismic arrays in southeast Australia over the last decade.
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Simultaneous inversion of active and passive source datasets for 3-D seismic structure
 N. Rawlinson and M. Urvoy
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Seismic body wave tomography is a well established tool for imaging subsurface seismic structure at a variety of scales, but most applications involve a single type of dataset, such as local earthquake, teleseismic, or refraction and wide-angle reflection. However, with ongoing seismic deployments around the world, it is becoming increasingly common for multiple datasets to span a common region of the Earth. Rather than treat each dataset separately, a combined inversion would in many cases be preferable, as the increased path coverage should result in a better constrained model.
 We have developed an innovative new tool for combining a variety of body wave data types in a simultaneous inversion for seismic structure and source location. The forward problem of traveltime prediction is solved using a new grid based scheme known as the multi-stage fast marching method, which can track phases comprising any number of reflection or refraction branches in 3-D heterogeneous media containing undulating interfaces. The inverse problem of adjusting velocity, interface and source location parameters is solved using an efficient subspace inversion method. The new iterative non-linear tomography scheme is capable of combining multiple overlapping body wave datasets of different geometry in a single inversion for velocity structure, interface geometry and/or hypocenter location.
 The new scheme has been applied to refraction, wide-angle reflection and teleseismic arrival time data from Tasmania in a simultaneous inversion for 3-D lithospheric P-wavespeed and Moho geometry. A total of 6520 teleseismic arrival time residuals from the 2002 TIGGER experiment and 3172 crustal refraction and reflection (Pn, PmP and Pg phases) traveltimes from the 1995 TASGO experiment are used to constrain 3-D seismic structure. The crossing path coverage of the teleseismic dataset is extensive in the lower crust and upper mantle, but virtually non-existent in the mid-upper crust. In contrast, the path coverage of the active source dataset is almost exclusively crustal, with some penetration of the uppermost mantle. As a result, the two datasets are highly complimentary, and their combined inversion holds the promise of properly resolving both crustal and upper mantle structure.
 The figure shows several several slices through the Tasmanian tomography solution model. In contrast to previous results from separate inversions of the active and passive source datasets, the new images reveal a zone of elevated wavespeed beneath the Cambrian Mt. Read Volcanics, and indicate that both crustal thinning and elevated wavespeeds occur beneath northeast Tasmania , which supports the case for the existence of a prior passive margin. Otherwise, most major inferences from the previous studies, including evidence for a remnant subduction and rustal shortening, are supported by the new results.
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Figure 1: Summary of Tasmania tomography results. (a) Crustal section at 15 km depth; (b) Moho structure; (c) upper mantle section at 52 km depth; (d) three east-west cross-sections. Several features of interest have been highlighted. TFS = Tamar Fracture System; MRV = Mt. Read Volcanics.
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Calibration and Inversion of Airborne Geophysical Data
 R. Brodie and M. Sambridge
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Prior to 2006, holistic inversion http://rses.anu.edu.au/cadi/ar/ar05/cadi5.html of frequency-domain airborne electromagnetic data had been successfully applied in situations where there was considerable prior knowledge of the geology and conductivity structure of the survey area to constrain the inversion (Brodie and Sambridge, 2006a). Over the last year we have investigated how well the method works when there is a lack of prior information. To simulate this scenario we inverted the same datasets without the use of a sophisticated prior reference model, downhole conductivity logs, or watertable depth constraints, all of which had been used in our previous work. We adopted a generalised multi-layer fixed layer thickness inversion model and used a homogenous reference model. To compensate for the lack of hard constraints we imposed vertical smoothness regularisation on the conductivity model to stabilise the inversion. is possible to extract information from the subsurface along the connecting path between two stations by just using Earth's ambient seismic noise field. Due to the inter-station distance and spectrum characteristics of the noise field, the extracted signal is mainly the Green's function of Rayleigh wave type surface wave for vertical components. The seismic broadband data was compiled from the temporary and permanent stations across the Australian continent from 1992 to 2006. The data was used to calculate the Green's function between each possible station pairs which resulted in a coverage of the continent as in earthquake tomography studies with over 1000 individual raypaths. Then seismic tomography was set to construct the group velocity image for Australian crust with frequency dependency. The image which was obtained from the seismic tomography, clearly maps the major geological units in the crust. The geologically older parts of the continent in the west have higher group velocities. In contrast to this, the relatively younger Phanerozoic belts are marked with lower group velocities Figure 1. A comparison of downhole log conductivity measurements and holistic inversion model conductivities. Although the downhole log data were not actually used in the inversion the correlation between the inversion model conductivities and downhole log data was high, as is demonstrated in Figure 1.
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Each point on this figure relates to the average conductivity over 5 m intervals for all the 44 available downhole logs. We have also found that gain and bias calibration parameters were similar to those we had estimated by other methods that had incorporated substantial information.The extracted wavefield which is the Rayleigh wave component of the Green's function, from the correlations of permanent station CTAO with other stations. Figure 2: The map in A shows the raypath distribution used in the group velocity tomography. Group velocity anomalies for two different frequencies are given in B for 0.2 Hz and C for 0.08 Hz.
 Figure 2 shows the conductivity of layer 12 of the holistic inversion model. Figure 3 shows an example of a section through the inversion models. It can be seen that the top of the conductive zone at around 15-20 m elevation is coincident with the elevation of the known
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depth of a saline watertable. Our research has led us to concluded that the holistic inversion can be successfully applied in cases where little or no prior information is available (Brodie and Sambridge, 2006b).
 Figure 3. A conductivity section through holistic inversion model along the profile labelled A on Figure 2. The top of the watertable surface is shown by the black line at approximately 15-20 m elevation.
 Since the multi-layer inversion requires many more inversion parameters we had to parallelise the holistic inversion code. For this we used the MPI paradigm implemented mainly via the PETSc code for distributed sparse matrix algebra. Parallelisation has allowed us to invert whole datasets, rather than subsets, for multi-layer models. We have run inversions with up to 8.07 million data and 3.40 million parameters on 64 nodes of the Terrawulf Cluster.
 References: Brodie, R. and Sambridge, M., 2006, A holistic approach to inversion of frequency-domain airborne EM data: Geophysics, 71, G301-G312. Brodie, R. and Sambridge, M., 2006, Holistic inversion without prior information: Australian Earth Science Convention 2006 - Melbourne , Australia , ASEG, Extended Abstracts.
 Geomagnetism
 F. E. M. Lilley
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Work has continued in 2006 bringing a number of contributions to publication stage. These are concerned particularly with electromagnetic induction in the Earth and its oceans. Contact has been maintained with Professor J.T. Weaver of Canada , regarding the analysis of magnetotelluric data for local geological distortion, and regional geological dimensionality. Discussion has continued with other Australian geophysicists pursuing research based on electromagnetic induction by natural source fields, and related topics .
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Volcano-tectonic earthquakes and magma reservoirs; their roles in volcanic eruptions at Rabaul Caldera
 Itikarai 1 , B.L.N. Kennett 1 , C. Sinadinovski 1 , N. Rawlinson 1
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Since seismic monitoring began in the late 1960s the seismicity in Rabaul caldera has been marked by intra-caldera high frequency volcano-tectonic earthquakes. The hypocentral distribution of these earthquakes defines an outward-dipping elliptical ring-fault in shallow depths (Mori et al., 1987). Before the 1994 eruption other prominent seismicity includes a swarm of earthquakes that occurred in May 1992 away from the caldera in a northeasterly direction.
 After the eruption the intra-caldera seismicity decreased significantly. The locatable events have been sparsely distributed within the caldera with majority of them located on the southern section of the ring-fault. These events have been overshadowed by a group of earthquakes that occurred northeast of the caldera. Observations between the ongoing eruptions at Tavurvur and the periodic episodes of northeasterly earthquakes between 1995 and 2005 show interesting correlations. Notable episodes of northeasterly earthquakes have been followed by intensified or renewed eruptive activity. The lead-time between earthquakes and either one of the types of eruptive activity is between few and several months. We speculate that the northeast earthquakes mark episodes of intrusions of a second magma source into the caldera magma reservoir allowing magma mixing to occur, hence resulting in the ongoing eruption at Tavurvur.
 P-wave traveltime tomography using the Fast Marching Method (Rawlinson and Sambridge, 2004) was used to map low velocity anomalies in and around Rabaul Caldera. 541 regional and local earthquakes detected by 20 seismic stations of the Rabaul Harbour Network, operating at different times, and giving rise to 3744 raypaths were used. The results suggests up to three possible magma reservoirs. One is the shallow caldera reservoir (Finlayson et al., 2003) and the other two, the first slightly deeper beneath the caldera and the second northeast of the caldera, are new finds (this study and Bai and Greenhalgh, 2005). The proximity of the northeast earthquakes to the north-northeasterly low velocity anomaly, evidence of magma mixing in Tavurvur eruptives, but not Vulcan, (Patia et al., 2002) and other information strongly suggests this anomaly is a magma reservoir, most likely basaltic in composition, and is the source of magma injected into the caldera reservoir.
 The above information, particularly the reasonable correlation between the northeast volcano tectonic earthquakes and the ongoing eruptions at Tavurvur between 1995 and 2005, could be useful for future eruption forecasting and disaster mitigation in Rabaul.
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Figure. 1 : Velocity perturbation (in %) from the 1- D reference velocity model for a N-S cross-section passing through the centre of Rabaul Caldera and the Tavui region.
 Figure. 2: Model for magma interactions in and around Rabaul Caldera.
 References
 Bai, C., and Greenhalgh, S., 2005. 3D multi-step travel time tomography: Imaging the local, deep velocity structure of Rabaul volcano, Papua New Guinea . Physics of the Earth and Planetary Interiors, 151, 259-275.
 Mori, J., and McKee, C. O., 1987. Outward-dipping ring fault structure at Rabaul caldera as shown by earthquake locations, Science, 235, 193-195.
 Patia, H., Eggins, S., McKee, C. O., and Johnson, R. J., 2002. The 1994 to 2001 eruption at Rabaul , Papua New Guinea : Evidence of repeated basaltic magma influx into a sub-caldera dacitic magma reservoir, 16th Australian Geological Convention, Adelaide , Abstract.
 Rawlinson, N., and Sambridge, M., 2004. Wavefront evolution in strongly heterogeneous layered media using the fast marching method, Geophysical Journal International, 156, 631-647.
 Roggensack, K., Williams, S. N., Schaefer, S. J., and Parnell Jr., R. A., 1995. Volatiles from the 1994 Eruptions of Rabaul: Understanding large caldera systems, Science, 273, 490-493.
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Historical earthquakes: A case study for Adelaide 1954 earthquake
 Cvetan Sinadinovski 1 , Stewart Greenhalgh 2 and David Love 3
 1 Research School of Earth Sciences, Australian National University, Canberra 0200 ACT 2 Physics Department, Adelaide University, Adelaide 5000 SA
 3 Primary Industries and Resources, South Australia, Adelaide 5000 SA
 The accuracy of a seismic risk assessment is related to the time span of the data base. The longer the seismicity of an area is observed, the better the ability to predict future activity. Historical records of earthquakes stretch back more than four times the period of instrumentally recorded earthquakes, so the value of historical earthquakes and isoseismal maps (for example Fig. 1) is of great importance for calibration of ground motion models. Building type is taken into account during assigning of the intensity values and such maps reflect the local geology and soil characteristics.
 Of interest to the insurers are also interrelated aspects of risk calculation such as the expected earthquake occurrences, maximum magnitudes and intensities, and anticipated damage. We have used a well documented case of the Adelaide 1954 earthquake to address these aspects and tried to compare the MM intensities with the damage ratios for the purposes of loss calculation. Our estimates are about 1% of the effective loss of the replacement value of insured dwellings in Adelaide. Earlier results of the Probable Maximum Losses studies based on aggregation of losses for several regions of MMI produced estimates in the range of 2 to 5% for a shallow earthquake with magnitude 5.6 below postcode 5000, with uncertainties in the results attributed to the modelling of the subsoils and choice of attenuation function.
 By 1957 most of Adelaide Plains had been urbanised with expansion of low density housing after WW-II with the growth of outer centres and southwards along the coast. With the southerly development of Adelaide's suburbs an event of similar size recurring today might be expected to cause significantly higher loss.
 Figure 1: Isoseismal map of Adelaide 1954 earthquake
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P Wave Tomography of Western Australia
 Agus Abdulah, Cvetan Sinadinovski and B.L.N. Kennett
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Geologically, Western Australia is characterized by four main geologic features: Pilbara, Bangamall, Capricorn and Yilgarn Cratons. Pilbara in the north and Yilgarn in the south are Achaean Cratons. These two cratons are separated by two younger sediments, they are Bangamall ‘Grenvillean' basin and Capricorn (early proterozoic orogen) [Betts et al., 2002]. This research is carried out to image the 3D structure of these geological features by using P-wave tomography technique.
 There are about 45 seismic stations across Western Australia (Figure 1) which record local and broadband earthquakes with magnitudes between 3.0 and 7.0mb and depth between 1.0 and 600 km. This station-event pairs produce nearly 600 raypaths.
 600 P wave traveltimes were hand picked and store it as data input for our tomography work. The tomography routine and the Fast Marching Method of Rawlinson et al. (2004 are used to trace seismic path in 1D model of ak135. Our area of study was discretised using grid node configuration with number of propagation grids are 30 x 46 x 55 for depth, latitude and longitude respectively.
 The preliminary result of the tomography image at -15km of Western Australia is shown in Figure 2. The color represents P wave perturbation in percent relative to the ak135 model. Green represents high seismic speed and brown represents low seismic speed. The Achaean Cratons of Pilbara in the north and Yilgarn in the south are associated with high seismic speed anomaly, while the Bangamall and Capricorn are associated with low seismic speed.
 Reference:
 Betts P. G., D. Giles, G.S. Lister and L. R. Frick. 2002. Evolution of the Australian lithosphere, Australian Journal of Earth Sciences, 49 , 661–695
 Rawlinson, N., and Sambridge, M., 2004. Wavefront evolution in strongly heterogeneous layered media using the fast marching method, Geophysical Journal International, 156, 631-647
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Attenuation Tomography of Australia
 A. Abdulah & B.L.N. Kennett
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 The strategic position of the Australian continent in the middle of seismicity belts which extend from Java to Sumatra and the mid-ocean ridge to the south of the continent provides a wealth of events at suitable distances to be used as probes into the seismic structure of the upper mantle. The extensive deployments of portable broadband seismic stations across the Australian Continent and Tasmania since 1993 offers robust seismological data with a dense coverage at distances from 5° to 45°. Over the last two decades, a wide range of studies have been used to gain information on one-dimensional and three-dimensional structure in the mantle which exploits different aspects of seismograms. P and S wave seismic traveltimes from nearly 4000 three-component seismic dataset from the record have been hand picked. The wave ratio method is then applied to estimate the spectral ratio between shear and compressional waves. Seismic spectra are estimated using the multitaper method with 512 points in window range of 30s to 45s and frequency range of 0.25Hz to 1.00Hz.
 Three-dimensional P and S wave speed tomography is conducted by inverting a kernel matrix obtained from a quasi three dimensional ray tracing which respect to P and S wave seismic traveltime residuals from the ak135 model. The study area from latitude 22° N to 65S° and longitude 78° to 189° and 0-1240km depth is discretised into 11100 cells with a cell size 3°x3° and depth increments of 35 or 200km. Both P and S -wave speed information from the seismic wave speed tomography are then utilised as data input for 3-D seismic attenuation tomography. In this inversion, it is assumed that QP=2.3QS. The seismic attenuation anisotropy in terms of the ratio between seismic attenuation derived from SV and SH component is also presented.
 The major feature that is revealed from the both seismic wave and seismic attenuation studies is a strong contrast in deep structure between central Australia and the eastern seaboard (as can be seen in the Figure). Further representation of seismic attenuation anisotropy suggests that in the region where seismic coverage is good, transverse component ( SH ) wave is less attenuated than radial component ( SV ). The Archaean and the Proterozoic rocks in the west and in the middle of the continent point to a high seismic wave speed anomaly and low seismic attenuation and the Phanerozoic rocks and the presence of recent volcanism and region of high heat flow in the east are associated with low seismic wave speed anomaly and high seismic attenuation.
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Earthquake location and upper mantle structure from P wave polarization in French Polynesia and Australia
 Fabrice R. Fontaine 1 , Guilhem Barruol 2 , Brian L.N. Kennett 1 , Götz H. Bokelmann 2 , Dominique Reymond 3
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 2 Laboratoire de Tectonophysique, Université Montpellier II, CNRS, ISTEEM, Montpellier, 34095 France
 3 Laboratoire de Géophysique, CEA, Pamatai, Faaa, 98702 French Polynesia
 We realized measurements of long-period P wave polarization in French Polynesia and in Australia. The 3D character of particle motion of P waves provides complementary and independent constraints on the upper mantle structure beneath a given station to that from shear-wave splitting. Analysis of the deviation of horizontal polarization and the vertical polarization angle as a function of event backazimuth are used to obtain information about: i) sensor misorientation, ii) seismic anisotropy, and iii) velocity heterogeneities. The measurements are realized with a method proposed by Schulte-Pelkum et al. (2001). We propose an alternative technique for temporary deployed seismic stations. Despite the availability of 15 years of data, the two permanent stations on Tahiti do not show any evidence of shear-wave splitting (Fontaine et al. , submitted) whereas P wave polarization observations do. Using the latter technique the fast axis azimuth is oriented N72°E close to the orientation of the ancient fracture zones . This direction is consistent with the observed fast axis orientation within the upper lithosphere from surface wave tomographic model by Maggi et al. (2006). This suggests that SKS waves sample either a complex upper mantle structure induced by the recent magmatism on Tahiti or a vertical mantle upwelling, while P waves identify an azimuthal anisotropy in the lithosphere at somewhat larger horizontal distance from the station, since the incidence angles are much larger than the SKS waves. Australia is ideally located for P wave polarization analysis due to the favourable distribution of seismicity around this continent. Moreover, some relatively dense networks of broadband seismometers were installed throughout the Australian region during the last decade that may give the possibility to discriminate between velocity perturbations and seismic anisotropy beneath some stations. We propose the existence of a dipping structure beneath some stations to explain our observations. In Tahiti, the tsunami warning centre uses only one seismic station in real-time to determine the earthquake location. The horizontal polarization of P waves deviates up to 10° depending on the backazimuth of the event. The introduction in the automatic earthquake location of a term for correction of the deviation of the direction of particle motion would improve the precision of the location and thus the accuracy of the tsunami warning system.
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Figure 1. The deviation of polarization of P waves can be the result of several causes: a) seismic anisotropy of the medium, b) the sensor misorientation, c) a velocity anomaly, and d) a dipping seismic discontinuity.
 References:
 Fontaine F. R., Barruol G., Tommasi A., and Bokelmann G. H. R. (2006) Upper mantle flow beneath French Polynesia from shear-wave splitting, submitted in Geophys. J. Int . Maggi A., Debayle E., Priestley K., and Barruol G. (2006) Azimuthal anisotropy of the Pacific region, Earth Planet. Sci. Lett. , doi:10.1016/j.epsl.2006.07.010. Schulte-Pelkum V., Masters G., and Shearer P. M. (2001) Upper mantle anisotropy from long-period P polarization, J. Geophys. Res. , 106, 21 917-21 934.
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Tracking later arrivals in heterogenous velocity models
 Juerg Hauser, Nick Rawlinson, , Malcolm Sambridge
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Continuous and discontinuous variations in seismic waves peed can cause a wave to travel to a receiver by more than one path. In such a situation Lagrangian wavefront tracking in reduced phase space can be used to calculate multivalued travel times. Source receivers ray paths can be estimated a posteriori by exploiting the connectivity between points on the wavefronts for all time steps. Our scheme currently allows calculation of later arrivals for a two dimensional velocity model with interfaces. In Figure 1 later arrivals for the reflected wave are generated due to the low velocity anomalies and the shape of the interface. This means that for some of the receivers up to 5 arrivals can be observed. However the travel time alone is not sufficient in order to identify potential later arrivals in observations. We therefore use the extracted ray paths for the calculation of synthetic seismograms. In the Gaussian beam method a synthetic seismogram is computed for a given ray path by shooting a fan of rays in the vicinity of the ray path and solving the dynamic ray equations for each ray. The seismogram is then given by a summation over those rays. In the figure synthetic seismograms are plotted for three receivers. For the receiver at 175 km the waveform is fairly complex due to the superposition of the five arrivals. For the receiver at 125 km the amplitude of the second arrival in the seismogram is larger than the one for the first arrival. This is due to a superpositon of the second and third arrival. The second and third arrival for this receiver have similar travel times. This is also visible in the ray paths of the second and third arrival being close to each other.
 Figure 1: Synthetic seismograms, wavefronts and ray paths for the reflected wave generated by a source above an interface. First arrival ray paths are plotted in red, second in blue, third in green, fourth in light blue and fifth in orange. For the orange receivers a normalized synthetic seismogram is plotted in the box above them.
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Lithospheric structure, past and present tectonics in Central East Antarctica
 Anya M. Reading
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 The multi-year SSCUA experiment (seismic structure of the continenent under Antarctica ) resulted in the successful collection of a unique seismic data set (2002-2004) from the previously unexplored region of Central East Antarctica, surrounding the Lambert Glacier Region (Fig. 1). In previous work, receiver function techniques were used to model the depth and the character of the seismic S-velocity profile beneath stations deployed across the region ( Reading , 2006) which lies at the probably junction of three major plates in the assembly of the supercontinent of Gondwana. More recent analysis has focused on the splitting of shear waves. This indicates that the seismic energy, on its path between the Earth's core and the recording station, has encountered a region, or regions of past or present strain within the lithosphere.
 Shear-wave splitting results for stations across the Lambert Glacier are shown (Fig. 2). The stations closer to the coast show fast directions parallel to the general west-east direction of the Antarctic coast-line. The strain in the deep lithosphere may be related to the rifting of the southern ocean when India and Australia broke away from this part of Antarctica . Stations furthest inland show strain in the deep lithosphere that is more likely to be related to relict structure in the most ancient blocks of the continent. New deployments associated with the International Polar Year (2007/08) are likely to provide additional seismic data to further investigate the remote interior of East Antarctica .
 Figure 1. Downloading data from a station of the multi-year SSCUA seismic deployment.
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Figure 2. Shear-wave splitting results from stations of the SSCUA seismic deployment, surrounding the Lambert Glacier, East Antarctica .
 References: Reading , A.M., 2006. The seismic structure of Precambrian and early Palaeozoic terranes in the Lambert Glacier region, East Antarctica . Earth and Planetary Science Letters , 244, 44-57.
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Group Velocity Tomography of Australian Continent from Ambient Seismic Noise
 Erdinc Saygin, Brian L.N. Kennett, Anya M. Reading
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 It is possible to extract information from the subsurface along the connecting path between two stations by just using Earth's ambient seismic noise field. Due to the inter-station distance and spectrum characteristics of the noise field, the extracted signal is mainly the Green's function of Rayleigh wave type surface wave for vertical components. The seismic broadband data was compiled from the temporary and permanent stations across the Australian continent from 1992 to 2006. The data was used to calculate the Green's function between each possible station pairs which resulted in a coverage of the continent as in earthquake tomography studies with over 1000 individual raypaths. Then seismic tomography was set to construct the group velocity image for Australian crust with frequency dependency. The image which was obtained from the seismic tomography, clearly maps the major geological units in the crust. The geologically older parts of the continent in the west have higher group velocities. In contrast to this, the relatively younger Phanerozoic belts are marked with lower group velocities.
 Figure 1: The extracted wavefield which is the Rayleigh wave component of the Green's function, from the correlations of permanent station CTAO with other stations.
 Figure 2: The map in A shows the raypath distribution used in the group velocity tomography. Group velocity anomalies for two different frequencies are given in B for 0.2 Hz and C for 0.08 Hz.
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Guided Seismic Waves from the Indonesian Subduction Zone to the Australian Craton
 1, B.L.N. Kennett, 2, T. Furumura
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia 2 Earthquake Research Institute, University of Tokyo
 Seismic wave propagation from the Indonesian subduction zone into the ancient lithosphere of the Australian cratons produces seismograms with a characteristic of low frequency onsets followed very quickly by a long duration high frequency coda for both P and S waves. Such effects are observed at the permanent array WRA and at portable stations across northern Australia . The propagation of high frequencies for up to 1500 km from the source requires very low attenuation of seismic waves along the path.
 Figure 1
 The example shows a seismogram for a station in the Northern Territory from a source at 35 km depth near 125 E. The upper three traces are the 3-component records with rotation along the great circle between source and receiver: Z is the vertical component, R the radial component along the path and T the transverse component to the path. The seismograms are shown without any filtering. The next set of three traces shows the energy on the vertical component (ZE), in the horizontal plane (HE) and the total energy (3E). The lower three panels show frequency-time analysis of the 3-component seismograms and display the persistence and slow decay of the high frequency components.
 The detailed character of the seismograms recorded in northern Australia depends on the source position along the subduction zone system and appears to be related to the nature of the transition between the thick Australian Lithosphere and the subduction zone. The duration of coda increases and the rate of coda decay decreases for sources further to the east where the thick lithosphere abuts
 To understand the structural factors controlling the appearance of the seismograms a range of numerical simulations have been carried out on the Earth Simulator supercomputer in Tokyo .
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The calculations have been carried out using 2-D finite difference calculations in media with stochastic random heterogeneity. The calculation domain is 1500 km long by 400 km deep, and the grid spacing is 62.5m in both the horizontal and vertical direction. A 16 th order staggered grid method is used with a parallel code and frequencies up to 16 Hz are included. Thses very large models involving propagations over hundreds of wavelengths require 5 hours of computation each on 32 nodes of the Earth Simulator.
 Based on prior experience with stochastic waveguides in subduction zones, the heterogeneity had much long scale lengths in the horizontal direction than the vertical and smaller scales in the crust than the mantle. The distribution of heterogeneity in the lower crust plays an important role in the development of the character of the seismograms but there is also a significant contribution from the structure in the mantle.
 Figure 2
 A suite of models of the transition between the thick lithosphere of the Australian Craton and the oceanic material in the subduction zone have been constructed based on tomographic imaging for the Indonesian region by Widiyantoro & van der Hilst (1997).
 The resulting 2-D numerical simulations to high frequency capture many of the characteristics of the observed seismograms, and indicate that the nature of the transition structure from the subduction zone to the Australian craton has a significant influence on the character of the arrivals. The differences are apparent in the figure where calculated vertical (Z) and radial (R) component seismograms are shown for the epicentral distance to WRA from the Banda Sea .
 The successful simulations include a quasi-laminated structure in the lower crust and mantle lithosphere on length scales well below those that can be directly imaged, whose origin is not yet understood. The stochastic waveguide acts to duct high frequency energy to large distances and the crustal heterogeneity helps to homogenize the energy between the three components.
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Terrawulf projects in 2006
 Malcolm Sambridge, Peter Rickwood, Justin Freeman and Yin Shan
 1 Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
 Terrawulf cluster
 As the Terrawulf computational Facility reaches its fourth year of operation, it has been used for a range of new and continuing projects. Some of these are featured below. As in previous years the projects have involved staff and students across the school as well as collaborators nationally (e.g. Geoscience Australia ) and overseas (e.g. University of Grenoble in France ). This year we said farewell to Peter Rickwood who has looked after the Terrawulf and its users for the past two and half years. Peter leaves us to take up Ph.D study in the Univ. of Technology Sydney . Peter remains a welcome regular visitor to the floor and has continued his research collaborations with staff. New appointments have been Drs. Justin Freeman and Yin Shan. Justin is engaged in several lines of research in computational geoscience. Yin has taken up Peter's position and assumed responsibility for the Terrawulf cluster and support of its users.
 The Terrawulf is now showing its age. Its warranty has expired and we have begun to loose nodes (primarily due to motherboard failure). This process is likely to continue, with node failure becoming more frequent over the next year. In 2007 we hope to be able to start building a replacement for the Terrawulf (funding permitting). Plans for Terrawulf II are underway. Watch this space…
 Inferring earthquake source properties from coda wave interferometry
 D. Robinson, M. Sambridge, R. Snieder The Terrawulf has been used to generate synthetic seismograms for assessing the applicability of coda wave interferometry theories for source separation and source variation. The systematic simulation of seismic waveforms in 3D complex media has provided an invaluable synthetic dataset for testing the theories. We have used these waveforms to determine probability density functions for source separation directly from the cross correlation of coda between displaced earthquake pairs. The data have also been used to demonstrate the applicability of a newly derived theory that relates the variation in source properties between two events to the interference pattern of their coda waves.
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Estimation of earthquake source parameters from InSAR
 J. Dawson, P. Tregoning The Terrawulf was used to assess the accuracy of earthquake source parameters inverted from simulated Interferometric Synthetic Aperture Radar (InSAR) data. Using focal mechanisms of Australian earthquakes (1959 to the present), we simulated synthetic two-pass InSAR observations with realistic spatial noise derived from the characteristics of actual ERS-2 and ENVISAT InSAR data observed over Australia. The precision of two-pass satellite SAR interferometry with ERS2 and ENVISAT SAR data in the Australian region can approach ±2 mm (1 sigma) and is routinely at the ±4 mm level. The use of spatially uncorrelated observational weights has minimal impact on the accuracy of earthquake source parameters inverted from InSAR data. Invalid a priori assumptions of the dimension of the earthquake rupture plane can bias depth estimates by up to 0.4 km. In most cases single geometry (i.e. ascending or descending) InSAR observations can be used to accurately determine earthquake source parameters, although typically a combined geometry reduces the source parameter uncertainties by a factor of 1.5. In general, earthquakes of magnitude < 4.8 are unlikely to be observable by InSAR although very shallow events would be detectable. InSAR is insensitive to magnitude 6.2 earthquakes deeper than 10 km, and magnitude 5.5 deeper than 6 km. For earthquakes magnitude > 5.8 (average depth 6.5 km) we could estimate the epicentre of the rupture with an average accuracy of 0.25 km, depth to within 0.5 km and the fault orientation to better than 2 degrees.
 Airborne frequency domain inversion
 R. Brodie, M. Sambridge
 The Terrawulf facility has been used to further enhance the "holistic" inversion of frequency-domain airborne electromagnetic. Before this development holistic inversions could only be run on subsets of airborne datasets, primarily due to the memory limitations of standalone processors.
 In 2006 the holistic inversion code was parallelised via MPI to allow inversion of whole datasets at appropriate resolutions. Inversion of complete datasets (at once) ensures consistency of resolved calibration parameters over the whole survey. Parallelisation also allowed the move to more generalised vertically smooth multi-layer conductivity inversion models, which require many more model parameters to be solved for, but are generally more suitable when there is little prior information about the survey area.
 The parallel code enabled the holistic inversion of a large (11,500 line kilometres) airborne electromagnetic survey involving 8.07 million data and 3.40 million parameters on 64 nodes of the Terrawulf in 8.22 hours using 51Gb of memory in total (Brodie and Sambridge, 2006).
 References: Brodie, R. and Sambridge, M., 2006, Holistic inversion without prior information: Australian Earth Science Convention 2006 - Melbourne , Australia , ASEG, Extended Abstracts.
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A Probabilistic approach to ground motion estimation
 R. Ruddick, M. Sambridge, T. Allen
 The development of Australian-specific ground-motion models is fundamental to assessing the risk to Australian communities from earthquakes. A Bayesian approach has been developed for Earthquake source and path inversion, based on the Neighbourhood algorithm. All development work was carried out on the Terrawulf cluster, and subsequent runs were carried out on a cluster at Geoscience Australia . This calculation requires significant computing time. Here we inverted for 45 parameters (including the magnitudes of the 36 events). It took 382 hours to generate 712,500 models using 20 nodes on a cluster of Linux PCs with a Portland group F90 compiler. In comparison the same inversion took 65 hours using 100 nodes of a Linux cluster with the Intel FORTRAN comiler. Details of the method and preliminary results are reported on elsewhere.
 GPS data processing
 P. Tregoning
 A multi-cpu cluster like the Terrawulf is ideally suited to ensemble data processing tasks such as that required in use of GPS data. In 2006 the Terrawulf was used to investigate
 1) the effects of a priori hydrostatic delay errors on height and zenith delay estimates (For more details of this work see Tregoning, P . and T. A. Herring, 2006.) 2) the effects of atmospheric pressure loading and mapping functions on the uplift rate estimates of tide gauges in the southwest Pacific (manuscript in preparation). 3) reprocessing of a decade of GPS data in Papua New Guinea for present-day crustal motion studies.
 References: ‘Impact of a priori zenith hydrostatic delay errors on GPS estimates of station heights and zenith total delays' . Tregoning, P . and T. A. Herring, Geophys. Res. Lett. , in press , 2006.)
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Extracting denudation and relief history from thermochronological age-elevation profiles
 Peter van der Beek 1 , Jean Braun 2 , Cristina Persano 3 , Frederic Herman 4* , and Erika Labrin
 1 Laboratoire de Géodynamique des Chaînes Alpines, Université Joseph Fourier, BP 53, 38041 Grenoble Cedex , France
 2 Géosciences Rennes, Université de Rennes I, 35042 Rennes Cedex , France 3 Department of Geographical and Earth Sciences, University of Glasgow , Glasgow G12 8QQ , UK 4 Research School of Earth Sciences, Australian National University , Canberra ACT 0200, Australia
 * Present Address: Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena , CA 91125 , USA .
 We explore the capacity of low-temperature thermochronology data, in particular thermochronological age-elevation profiles, to provide joint constraints on the denudation and relief history of mountain belts. Thermochronological age-elevation profiles have been widely used to infer regional denudation histories but, in general, these analyses have considered the problem as one-dimensional, neglecting potential effects of topography or laterally varying denudation rates on age-elevation profiles. Although the influence of temporally steady-state topography on thermochronological age-elevation profiles is well understood, the potential effects of transient topography have not as yet been addressed in detail. To answer the question whether we can differentiate regional changes in exhumation rate from relief changes by analyzing thermochronological age-elevation profiles, we combine a three-dimensional thermal-kinematic model to predict thermal histories and thermochronological ages from an input denudation and relief history with an inversion scheme based on the neighborhood algorithm. We explore both synthetic data and a new thermochronological (zircon and apatite fission-track, apatite (U-Th)/He) dataset collected along an age-elevation profile in the French western Alps , a region that has experienced modest tectonic activity but intense glaciation during the last few myr. Our results suggest that multiple thermochronometers are required along an elevation profile to discriminate between different denudation and relief history scenarios, and that relief has increased significantly in our study area over the last few myr, possibly resulting from focused glacial valley erosion during Quaternary glaciations.



						
LOAD MORE                    

                                    


                
                    
                    
                                        
                

                

                        


                    

                                                    
                                Curso de Tecnologia em Gestão de Recursos Humanosfanap.br/Documentos/INTERDISCIPLINAR RH.pdf · de Projeto Integrador. Terá carga horária semanal de 04 (quatro) ... Desenvolvimento

                            

                                                    
                                Management et gestion des ressources humaines › sites › cci › files › media-files › management-rh.pdf · Apprendre les bases pour exercer pleinement son rôle d’employeur,

                            

                                                    
                                Server Motherboard GA-3CESL-RH - GIGABYTEdownload.gigabyte.cn/FileList/EBrochure/ga-3cesl-rh.pdf · Server Motherboard GA-3CESL-RH Overview Given versatile applications desirous for

                            

                                                    
                                Copy of objectivos de RH.PDF

                            

                                                    
                                Strategija razvoja ženskog poduzetništva u Republici Hrvatskoj za razvoj zenskog poduzetnistva u RH.pdf · Strategija razvoja ženskog poduzetništva u Republici Hrvatskoj izrađena

                            

                                                    
                                SILKWORM REARING HOUSES - CSRTI), Myscsrtimys.res.in/sites/default/files/phamplets/en-00-rh.pdf · SILKWORM REARING HOUSES CENTRAL SERICULTURAL RESEARCH AND TRAINING INSTITUTE Central

                            

                                                    
                                Teatar i digitalizacija u Republici Hrvatskojkulturologija.unios.hr/.../04/Ana-Lederer-Teatar-i-digitalizacija-u-RH.pdf · * u estetičkom smislu kazalište kao stilsko razdoblje;

                            

                                                    
                                e30fe8a2 a3d0 414a a6fd Fad26fda4d9b Ar2006 Indonesia

                            

                                                    
                                climat social RH.pdf

                            

                                                    
                                Earth Materials Introduction - Australian National Universityrses.anu.edu.au/research/annrep/ar2006/em/Earth Materials RH.pdf · modelling studies exploring fluid-driven growth of

                            

                                                    
                                ROCKWELL AUTOMATION  AR2006

                            

                                                    
                                healthcare networkbdms.listedcompany.com/misc/ar/ar2006.pdf · International Hospital (RAIH) in Siem Riap, Cambodia, whose operation commenced in January 2007. 3 ... Bor.Mor.Jor

                            

                                                    
                                PowerPointova prezentacija - Naslovna marikulture u RH.pdf · Title: PowerPointova prezentacija Author: Ana Lukin Created Date: 1/23/2014 1:04:08 PM

                            

                                                    
                                loubignac.orgloubignac.org/wp-content/uploads/2015/04/Dossier-2013-RH.pdf · concours option session epreuve d'admission modalitÉs capet-cafep externe Économie et gestion communication,

                            

                                                    
                                Makroekonomska analiza prehrambene industrije RH.pdf

                            

                                                    
                                2006 personal - Equal Exchangeequalexchange.coop/sites/default/files/annual_report/ar2006... · Dominicana; Tadesse Meskela, OCFCU, Ethiopia; Miguel Paz Lopez, CECOVASA, Peru; Roberto

                            

                                                    
                                Izvještaj 10. č - iztzg.hriztzg.hr/UserFiles/Pdf/Izvjestaj-10-Strategija-razvoja-turizma-RH.pdf · strateških odrednica razvoja, na osnovi stohastičkih i ... – uz birokratiziranost

                            

                                                    
                                jarden   AR2006

                            

                                                    
                                ASL MARINE HOLDINGS LTD.aslmarine.listedcompany.com/misc/ar2006.pdf · 02 ASL Marine Holdings Ltd. (“ASL Marine”) is a vertically-integrated marine company principally engaged

                            

                                                    
                                cza.nic.incza.nic.in/uploads/documents/reports/english/ar2006-07.pdfCreated Date 8/10/2016 12:11:42 PM

                            

                                                    
                                Reading And Beyond AR2006

                            

                                                    
                                projeto de estagio rh.pdf

                            

                                                    
                                DIRECTORIO - CETis No. 7 RH.pdf · DIRECTORIO Emilio Chuayffet Chemor SECRETARIO DE EDUCACIÓN PÚBLICA Rodolfo Tuirán Gutiérrez SUBSECRETARIO DE EDUCACIÓN MEDIA SUPERIOR Juan

                            

                                                    
                                let’sGROW - ChartNexusir.chartnexus.com/axisreit/docs/ar/ar2006.pdf ·  · 2015-07-08Our principal objective is to translate our business philosophy into best management practises

                            

                                                    
                                Plano de Curso - trainingcare.pttrainingcare.pt/.../MBA-GESTAO-DOS-PROCESSOS-ESTRATEGICOS-DE-RH.pdf · •Parecer do processo seletivo – apresentação da metodologia. ... -A ética

                            

                                                    
                                Sage Suite RH - groupe-infoclip.com Suite RH.pdf · • Construction du plan de formation. • Suivi budgétaire. • Déclaration fiscale CERFA 2483. • Gestion du catalogue de

                            

                                                    
                                Sbank Ar2006 Eng

                            

                                                    
                                Izvještaj 13 - Strategija razvoja turizma RH - iztzg.hriztzg.hr/UserFiles/Pdf/Izvjestaj-13-Strategija-razvoja-turizma-RH.pdf · GLAVNI PLAN I STRATEGIJA RAZVOJA TURIZMA ... udruge

                            

                                                    
                                Predsjednica Republike Hrvatskepredsjednica.hr/files/Predstavljanje prijedloga mjera populacijske politike RH.pdf · Republika Hrvatska izgubit će oko 1 130 000 stanovnika. UN World

                            

                                                    
                                CHAIRMAN’S STATEMENT - Malaysia Building Society …mbsb.listedcompany.com/misc/ar2006.pdf · CHAIRMAN’S STATEMENT SENIOR MANAGEMENT ... 2006 Chairman YBhg Tan Sri Abdul Halim

                            

                                                    
                                Reprint – information current in 1997era.daf.qld.gov.au/id/eprint/1650/4/3grow-rh.pdf · Reprint – information current in 1997 REPRINT INFORMATION – PLEASE READ! For updated

                            

                                                    
                                Kingsmen Creatives l Annual Report 2006 - listed companykingsmen.listedcompany.com/misc/ar2006.pdf · Kingsmen Creatives Ltd ... key accounts, which include Adidas, Baccarat, 

                            

                                                    
                                - RECURSOS HUMANOS - u-erre.mxu-erre.mx/img/Posgrado-MBA-RH.pdf · Recursos Humanos · Desarrollo Organizacional · Desarrollo de Habilidades Directivas y Empresariales · Administración

                            

                                                    
                                Spherical, hyperbolic and other projective geometries ...fillastre.perso.math.cnrs.fr/pdf/rh.pdf · of the Lorentzian geometries of Minkowski, de Sitter and anti-de Sitter spaces

                            

                                                    
                                METOLOGÍA - TEMA I RH.pdf

                            

                        
                    

                                    

            

        

    

















    
        
            
                	About us
	Contact us
	Term
	DMCA
	Privacy Policy



                	English
	Français
	Español
	Deutsch


            

        

        
            
                Copyright © 2022 VDOCUMENTS

            

                    

    








    


